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ABSTRACT 

 

Glucocorticoid receptor (GR) is known to associate with KATs and KDACs to 

regulate transcription. The current model of GR-mediated transcription focuses on 

agonist-dependent recruitment of KATs to acetylate histones and casts KDACs as 

corepressors in the presence of antagonist. Recent studies have shown KDACs to 

function as coactivators in the GR-mediated activation of the MMTV promoter and 

inhibition of KDACs impairs this activation. Nevertheless, the effect of KDAC 

inhibition on the GR-regulated transcriptome is unknown. Our expression profiling 

studies in a glucocorticoid (GC) responsive hepatoma-derived cell line, show that 

the class I-selective KDACi, VPA, has a profound impact on the GR-regulated 

hepatic transcriptome.  VPA treatment alone mimics GC signaling at some GR-

target genes and cooperates with GC to activate a small number of genes. 

However, the predominant effect of VPA, seen in more than 50% of the GR-target 

genes, is impairment of normal GR-mediated activation. This suggests that KDACs 

play a significant role in facilitating GR signaling. We have shown that VPA does 

not impair GR processing and that the inhibitory effects of VPA are due to impaired 

transcription. We have also determined that apicidin, a structurally distinct class I-

selective KDACi, impairs GR-transactivation similar to VPA, while valpromide, a 

structural analog of VPA without KDACi activity, does not. In addition, siRNA-

mediated depletion of KDAC1 fully or partially mimics the effects of VPA at most 

of the VPA impaired GR-target genes and co-depletion of KDACs 1 and 2 caused 
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full or partial impairment of Dex-activation at a few other genes. Collectively, our 

results show that class-I KDACs facilitate GR-mediated transcription at most of the 

GR-target genes and that KDAC1 alone or in co-operation with KDAC2 is required 

for efficient GR-mediated transactivation. Furthermore, ChIP assays have shown 

that active KDACs are constitutively present at the gene promoters and that KDAC 

inhibition does not affect GR binding to the DNA. Thus KDACs could potentially 

deacetylate the coregulators necessary for transcriptional activation. Finally, 

KDACs are known targets of a group of drugs either being used or evaluated in 

the treatment of cancer and other diseases. Our results demonstrate a significant 

impact of KDAC inhibitors on GR-transcriptome and pose ramifications for the use 

of these drugs.  
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CHAPTER 1: INTRODUCTION 

 

Glucocorticoids and their functions 

Glucocorticoids (GCs) are steroid hormones secreted by the adrenal cortex under 

the control of the Hypothalamus-Pituitary-Adrenal (HPA) axis. The hypothalamus 

secretes corticotrophin releasing hormone (CRH) which stimulates the pituitary 

gland to secrete adrenocorticotropic hormone (ACTH). ACTH stimulates the 

adrenal glands to produce and secrete glucocorticoid hormones (GCs). In a 

negative feedback regulation, glucocorticoids suppress the release of CRH and 

ACTH to restore homeostasis. Glucocorticoids are secreted in a circadian (daily) 

and ultradian (hourly) fashion and in response to stressful events such as an injury 

or a burn. Natural glucocorticoids include cortisol, corticosterone and aldosterone 

of which cortisol is the major glucocorticoid in humans. Prednisolone, prednisone, 

dexamethasone, triamcinolone and betamethasone are some examples of 

synthetic glucocorticoids that are used clinically to treat a variety of conditions in 

humans. GCs regulate a number of biological processes and function to maintain 

homeostasis in normal as well as stressful conditions. [1] 

 

Glucocorticoids play a major role in regulating carbohydrate, protein and lipid 

metabolism. They increase hepatic gluconeogenesis and glycogen synthesis, 

inhibit peripheral glucose uptake in muscle and adipose tissue and increase 

lipolysis in adipose tissue, all resulting in increased blood glucose concentration. 
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GCs accelerate the growth of organs and systems in fetal tissue; in particular they 

stimulate lung maturation through synthesis of surfactant proteins. They cause 

catabolic changes in skin, muscle and connective tissue. GCs may increase 

cardiac output and peripheral vascular tone and regulate adrenergic receptors, 

thus playing a role in cardiovascular functions. They regulate calcium metabolism 

by inhibiting intestinal calcium uptake and increasing renal excretion. They inhibit 

osteoblast function and cause osteocyte apoptosis thus affecting bone 

metabolism. Brain is an important tissue target of glucocorticoids and excess or 

deficiency of these hormones manifests in a variety of psychological abnormalities, 

indicating their role in CNS functions.  

 

However the most important function of GCs is their powerful immunosuppressive 

and anti-inflammatory actions through the repression of various inflammatory 

proteins such as cytokines, chemokines, adhesion molecules and prostaglandins. 

These GC functions make synthetic glucocorticoids one of the most widely 

prescribed class of drugs. GCs are used in the treatment of a number of 

inflammatory and auto-immune diseases such as asthma, allergy, sepsis, 

rheumatoid arthritis, ulcerative colitis, multiple sclerosis as well as lymphoid 

system cancers such as leukemia, lymphoma and myeloma. Unfortunately chronic 

treatment using GCs results in severe adverse effects including obesity, 

hyperglycemia, diabetes, osteoporosis, glaucoma, hypertension and visceral fat 

accumulation. [2] [3] Understanding the mechanism of cellular response to 
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glucocorticoids is a crucial step in eliminating or moderating their adverse side 

effects. These hormones mediate their actions through the glucocorticoid receptor 

(GR), a member of the nuclear receptor superfamily.  

Glucocorticoid receptor 

Structure of GR 

GR is also known as nuclear receptor superfamily 3, group C, member 1 (NR3C1). 

It has three main domains, an N-terminal transactivation domain (NTD), a central 

DNA binding domain (DBD) and a C-terminal ligand binding domain (LBD). The 

DBD and LBD are separated by a hinge region that contains an agonist dependent 

nuclear localization signal, NLS-1 whereas a second NLS, NLS-2, is found within 

the LBD. The DBD is the most conserved domain among the nuclear receptor 

superfamily and has 2 zinc finger motifs which recognize and bind the target DNA 

and also facilitate receptor dimerization. GR contains two transactivation domains: 

(i) activation function -1 (AF-1) located in the NTD that can interact with 

coregulators and basal transcriptional machinery and is the primary site for post 

translational modifications (ii) AF-2 positioned in the LBD that interacts with other 

transcription factors in a ligand dependent manner. [4] GR is derived from a single 

gene; however alternate splicing and translation initiation mechanisms result in a 

number of GR isoforms each with different tissue expression pattern and unique 

transcriptional response. 
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Figure 1.1. Domain structure of hGR GR has a N-terminal transactivation 

domain, a central DNA binding domain and a C-terminal ligand binding domain. [4] 
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Isoforms of GR 

The gene encoding human GR (hGR) consists of exons 1-9, of which exon 2 

encodes NTD, exons 3 and 4 encode DBD and exons 5 to 9 encode the hinge 

region and LBD. Differential splicing of the gene results in five different isoforms, 

GRGRGR, GR-A and GR-P. GRand GRare generated by alternate 

splicing of exon 9 and are the more ubiquitously expressed isoforms. GR is the 

classical GR that binds to GCs and regulates transcription of target genes, while 

GR neither binds GCs nor regulates the glucocorticoid target genes and is 

believed to be a dominant negative regulator of GR. However recent studies 

using cDNA microarrays have shown GR to have intrinsic transcriptional activity 

on many endogenous genes that are not regulated by GR. This could be through 

interaction with other transcription factors and co-factors or binding to DNA 

sequences that may be unique to GR. [6] Murine GR (mGR) also exists in two 

isoforms GR and GR that are formed by differential splicing of intron 8 and have 

structural and functional similarity to the human isoforms. [7] Alternate translation 

initiation from exon 2 results in 8 additional GR proteins. Therefore GR mRNA 

can give rise to GR-A, GR-B, GR-C1, GR-C2, GR-C3, GR-D1, GR-D2 

and GR-D3. Similarly GR-, GR-A and GR-P can each produce similar cohort of 

translational isoforms with unique transcriptional profiles. These distinct isoforms 

are expressed at varying levels, with GR-A and GR-B being the most abundant 

GR proteins in many cell types. [8] Thus alternate splicing of the primary transcript 
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and differential translational initiation of the mature mRNA can result in a number 

of GR isoforms with distinct and unique expression and functional profiles. These 

various isoforms can function as monomers, homo- or hetero- dimers and undergo 

a number of post translational modifications resulting in a huge diversity of 

glucocorticoid response [9] Since a hepatoma-derived cell line was used in our 

experiments and GRis expressed at high levels in the liver as compared to all 

other isoforms, the rest of this dissertation is focused on the transcriptional 

responses of GR.   
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Figure 1.2. Human GR structure and isoforms (A) hGR is composed of 9 exons 

that can give rise to multiple variants. (B) Alternative splicing of exon 9 gives rise 

to two isoforms GR and GR. (C) Alternative initiation from exon 2 gives rise to 

eight isoforms. [4] 
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GR signaling 

In the absence of ligand, GR resides in the cytoplasm where it is maintained in a 

transcriptionally inactive but ligand binding-competent conformation by a number 

of chaperone proteins including heat shock protein (Hsp) 90, immunophilins 

FKBP51 or FKBP52 and p23 [10] Upon ligand binding GR can function through 

both non-genomic and genomic pathways. Non-genomic signaling of GR involves 

a number of pathways that ultimately regulate various kinases such as 

phosphoinositide-3-kinase, AKT and mitogen activated protein kinase (MAPK). GR 

may also localize in the caveolae of plasma membrane through interaction with 

caveolin-1, bind to glucocorticoids and subsequently regulate intercellular 

communication via gap junctions as well as neural progenitor cell proliferation. [8] 

However the principal effects of GR are mediated through genomic signaling 

pathways involving transcriptional regulation of gene expression. 

 

Transcriptional regulation by GR 

Upon binding of an agonist ligand the glucocorticoid receptor undergoes a 

conformational change which exposes the two NLS. This GR-ligand complex 

translocates to the nucleus through nuclear pores involving an ATP-dependent 

process and dissociates from the chaperone proteins. The GR-ligand monomer or 

dimer then binds to DNA and recruits co-regulators resulting in transcriptional 

modulation. (Fig. 1.3). [11] GR transcriptional regulation comprises diverse 

mechanisms by which target genes are either activated or repressed. 
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Understanding the transcriptional response of GR requires elucidation of myriad 

factors involved in this process such as GR response elements, location of GR 

binding sequences (GBS), types of ligand, interaction with other transcription 

factors and recruitment of nuclear receptor co-regulators (coactivators and 

corepressors). 
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Figure 1.3. Schematic of GR genomic signaling  
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Factors regulating GR transcription 

Glucocorticoid response elements (GREs) 

GR binds to DNA sequences called glucocorticoid binding sequences (GBS), 

through its DBD to regulate gene expression. Typically GBS are imperfect 

palindromic hexameric half sites separated by 3 base pair (bp) spacers. The 

consensus GBS is believed to be 5’-AGAACAnnnTGTTCT-3’ but may vary from 

gene to gene as well as from cell to cell. (Fig 1.4) [12] Regardless of the variation 

of GBS sequence seen from gene to gene, GBS at individual genes are found to 

be conserved across species. GBS are a part of the glucocorticoid response 

elements (GREs) that are either simple elements with binding sequences for only 

GR or more commonly composite elements with binding sequences for GR and 

other transcription factors. The flanking binding sequences may also vary from 

gene to gene but are conserved across species. [13] GR can bind to classical 

GREs and induce gene repression as seen in the repression of Hes1 gene. [14] 

Ligand bound GR has also been shown to bind negative glucocorticoid response 

elements (nGREs) and assemble a repressor complex resulting in gene 

repression. nGREs are palindromic sequences CTCC(n)0-2GGAGA, with inverted 

repeat (IR) motifs that are separated either with 0, 1 or 2 bp spacers and are called 

IR0 nGRE, IR1 nGRE or IR2 nGRE. [15]  
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Figure 1.4. A position weighted matrix of GR binding sites from a GR-ChiP 

seq study in two different cell line [12] 
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The GRE sequence is believed to be a crucial factor in regulating gene expression. 

Luciferase reporters made with GR binding sequences (GBS) containing as little 

as 1 bp difference showed variable induction ranging from 2-fold to 20-fold when 

treated with Dexamethasone (Dex), a synthetic glucocorticoid. Crystal structure 

studies confirmed that differences in GR binding sequences manifest as structural 

changes in the GR DBD. Based on this evidence the authors postulated that 

changes in the sequence of GBS influence the receptor mediated recruitment of 

cofactors and alter the transcriptional response. [16] In another study conserved 

GBS were used to predict GR occupancy at glucocorticoid target genes in mouse 

mesenchymal stem cells (C3H10T1/2 cells). At activated genes the level of 

conservation of GBS was well correlated with the extent of GR occupancy but at 

repressed genes the same GBS were unoccupied by GR, suggesting that GBS 

conservation can be used to predict the GR occupancy and function at induced 

genes. [17] In contrast a genome wide profiling of negatively regulated GR 

enhancers in lipopolysaccharide (LPS)-stimulated macrophages showed the 

presence of classical GREs as well as tethered sites along with NF-B and Ap-1 

binding sites at both activated and repressed inflammatory enhancers. Additionally 

IR nGRE motifs were not enriched at either of the inflammatory enhancers.[18] 

These findings suggest that GRE sequence alone is insufficient in predetermining 

the nature of the transcriptional response of GR target genes and that chromatin 

context and epigenetic regulators play a critical role. 
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Location of GBS 

The location of GREs has been shown to vary from gene to gene but at individual 

genes was found to be conserved across species. GREs are thought to be equally 

distributed upstream and downstream from the transcription start site (TSS) and 

are mostly found at least 10kb from the TSS suggesting that GR usually acts in a 

distal manner. [13] Reddy et al investigated GR binding using chromatin 

immunoprecipitation (ChIP) followed by DNA sequencing. Dex mediated changes 

in gene expression were analyzed using RNA sequencing. These studies revealed 

that GR bound to the gene at a median distance of 11Kb from TSS in activated 

genes while in repressed genes it was 146Kb from TSS. This suggests that GR-

mediated repression generally does not involve promoter proximal GR-DNA 

interactions. This study also showed that GR preferentially binds to regions 

upstream of TSS and in first introns. [19] 

 

Ligand Binding 

Binding of different ligands is believed to induce ligand-specific conformations 

exposing distinct interacting surfaces that lead to differential recruitment of 

coregulators and result in ligand-selective transcriptional responses. Induction of 

the tyrosine aminotransferase (TAT) gene by GR in the presence of seven different 

GR ligands was studied in GRH2 rat hepatoma cells. It was found that GR bound 

to deoxycorticosterone (DOC) did not induce transcription of the TAT gene even 

though binding to the TAT-GRE, recruitment of p300 (coactivator) and GR 
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phosphorylation occurred normally. This is believed to be due to induction of a GR 

conformation by DOC that is distinct from that induced by Dex. Glucocorticoid 

receptor interacting protein 1 (GRIP1) is a coactivator that also functions as a 

corepressor at certain genes. [20] The authors believe that the DOC-induced GR 

conformation promotes the corepressor function of GRIP1 leading to impairment 

of transcription. [21] 

 

GC concentration can also modulate GR transcription. In general GR-mediated 

activation requires ten times higher concentration of GCs than required for GR-

mediated repression, suggesting that differential mechanisms are involved in GR-

mediated repression as compared to the activation. [22] [23] However an exception 

is the period 1 (PER1) gene, a transcription factor involved in circadian rhythm, 

which is induced at very low doses of Dex. [19] 

 

Interaction with other transcription factors 

GR is known to regulate transcription through interactions with other transcription 

factors that may or may not involve direct binding to the DNA. GR interacts with 

the signal transducer and activator of transcription 5 (STAT5) to activate STAT5 

target genes such as -casein, synergistically, without direct binding to DNA. [24] 

GR interacts with NFB and AP-1, two transcription factors involved in 

inflammatory pathways, to repress their target genes. Transrepression of NFB 

may be mediated by physical interaction of GR with NFB thereby blocking its DNA 
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binding and/or transactivation functions. GR can also recruit corepressors to 

deacetylate histone H4K8 and K12 and interfere with coactivator recruitment and 

activity at the promoter to repress the NFB genes. [25] [26] [4] GR can also 

repress genes by binding to nGREs located in close proximity to other transcription 

factor binding regions, resulting in displacement of these transcription factors from 

the DNA as seen in the repression of human osteocalcin gene. GR binds to the 

GRE that overlaps with the TATA box at the osteocalcin promoter, leading to steric 

hindrance of the transcription factor IID (TFIID), preventing the formation of a pre-

initiation complex resulting in osteocalcin repression. [27]  

 

Corepressors and coactivators  

The aforementioned studies highlight the significance of various factors in 

regulating GR-mediated transcription. However the diverse responses of GR due 

to these factors is mainly through recruitment of co-regulators, either corepressors 

or coactivators. Differential recruitment of coactivators is believed to play a key role 

in the cell and promoter specific variations of transcriptional regulation. The 

corepressors recruited by GR include N-CoR (Nuclear hormone receptor co 

repressor) and SMRT (Silencing mediator of retinoid and thyroid hormone 

receptors), LCoR (Ligand dependent corepressor) that interact with the LBD of the 

receptor and recruit additional corepressor proteins ultimately resulting in gene 

repression [28] There are several classes of proteins that interact with GR and 

mediate chromatin modifications and recruitment of basal transcriptional 
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machinery [RNA polymerase II and other general transcription factors (GTFs)], 

thus facilitating transcriptional activation and function as coactivators. The 

coactivators mainly include factors that alter the structure of chromatin (chromatin 

remodeling complexes), factors that serve as adaptors between the receptor and 

general transcriptional machinery (mediator complexes) and factors that covalently 

modify the histone proteins, among others (Fig 1.5). 
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Figure 1.5. Coactivators in GR-mediated transcriptional activation [29] 
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Nucleosomes are the basic structural units of chromatin that consist of a protein 

octamer made of histones H3, H4, H2A and H2B around which 146 base pairs (bp) 

of DNA is wrapped. The nucleosomes are connected by 20 bp of DNA (linker 

DNA). The linker histone H1 makes contacts with the nucleosome and the linker 

DNA and promotes chromatin folding. Wrapping of DNA around histones and 

higher-order folding of nucleosomes can impair the access of transcription factors 

to their binding sites. [30] ATP-dependent chromatin remodelers such as the 

SWI/SNF and ISWI complexes can shift the positions of nucleosomes to allow 

increased access of transcription factors and RNA pol II to the DNA. These 

complexes can interact with the AF-1 of GR and are recruited to the promoter either 

directly by GR or indirectly through other coactivators. Thyroid receptor associated 

proteins and vitamin D receptor interacting proteins (TRAP)/(DRIP) and ARC are 

some of the mediator complexes that directly interact with the basal transcriptional 

machinery during transcriptional initiation as well as elongation. The mediator 

proteins can interact with GR through AF-1 or AF-2, though in some cases they 

may interact through both activation domains. MED14 associates with AF-1 and 

MED1 associates with AF-2 of GR. Interaction of these two proteins leads to 

synergistic activation by GR [31] 

 

The amino terminal tails of histones are sites for diverse post-translational 

modifications (PTMs) such as methylation, phosphorylation, acetylation, 

sumoylation and ubiquitination that lead to chromatin remodeling and regulation of 
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nuclear processes. Methylation of histone tails on specific residues can lead to 

either gene activation or repression. Lysine methylation is regulated by the SET 

domain family of histone methyl transferases and LSD family of demethylases. 

Arginine residues are methylated by protein arginine methyl transferases (PRMT) 

family and demethylated by the Jumonji C (JMJC) family of demethylases. Histone 

phosphorylation occurs on serine, threonine and tyrosine residues and is 

modulated by various kinases and phosphatases. [32] Histone acetylation is 

mediated by the enzymes lysine acetyl transferases (KATs) and deacetylation by 

lysine deacetylases (KDACs). Acetylation of lysine residues in histone H3 and H4 

tails inhibits chromatin folding and is associated with a relaxed decondensed 

chromatin state which facilitates transcription. Therefore HATs have been 

considered to be transcriptional coactivators and KDACs function in transcriptional 

repression. 

 

The importance of post translational modification of histones has been extensively 

studied however a growing body of evidence suggests that post translational 

modifications of non-histone proteins such as transcription factors and co-

regulators are equally important and warrant a thorough study of their involvement 

in transcriptional regulation.  

 

Post translational modifications of GR play a major role in regulation of GR 

transcriptional activity, of which phosphorylation is most extensively studied. 
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Mitogen-activated protein kinases (MAPKs), cyclin-dependent kinases (CDKs), 

casein kinase II and glycogen synthase kinase-3 (GSK-3) have been shown to 

phosphorylate GR and play a crucial role in GR protein stability, subcellular 

localization and protein interactions, leading to changes in GR transcriptional 

activity. [5] [33]  [34] Similarly sumoylation on lysines 277, 293 and 703 can alter 

transcriptional activity and ubiquitylation of GR at lysine-419 targets the receptor 

for proteosomal degradation. [8] These studies highlight the role of various post 

translational modifications of GR in regulating GR transcriptional activity. However 

the impact of acetylation on GR and its co-regulators and their role in GR signaling 

is still widely unknown. A large proteomics study revealed that thousands of 

proteins including transcription factors, chaperone proteins, protein kinases, KATs 

and KDACs were acetylated. Thus there is a need for elucidation of the role of 

acetylation mediated by KATs and KDACs in GR-mediated transcriptional 

regulation. 

 

KATs and KDACs 

Transcriptionally active regions of genome are enriched in acetylated histones 

while inactive regions of genome are depleted of acetylated histones. Many of the 

transcriptional coactivators possess KAT activity and acetylate the histones. In 

contrast KDACs are found associated with transcriptional repressor complexes, 

deacetylate histones and are believed to function as corepressors. 
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KATs 

There are a number of proteins with KAT activity. The predominant families of 

KATs are Gcn5-N-Acetyltransferase (GNAT) family, MYST family, TAFI family, 

CBP/p300 family and steroid receptor coactivator (SRC) family (Fig. 1.6).  

 

The SRC family of proteins are key coactivators of GR and include three members, 

SRC-1, SRC-2 (TIF-2, GRIP-1), and SRC-3 (ACTR, AIB1). These proteins interact 

largely with the AF-2 of GR through LXXLL motifs (NR boxes). They possess two 

activation domains, AD-1 that contains binding site for CBP/p300 and AD2 that 

binds the methyl-transferases, CARM1 and PRMT1. They possess weak KAT 

activity and mainly function as adaptor molecules to recruit other coactivators such 

as the robust KATs, CBP and p300. [35]  

 

CBP/p300 are also essential coactivators that can potentiate GR-mediated gene 

expression. Cortisol stimulation of human amnion fibroblasts results in binding of 

GR to GRE and subsequent recruitment of p300 to the hexose-6-

phosphodehydrogenase (H6PD) gene promoter leading to increased expression, 

partly through increased H3K9 acetylation [36] CBP/p300 can interact with GR but 

are recruited predominantly through the SRC coactivators.  They mainly function 

through the KAT activity however p300 is known to recruit SWI/SNF chromatin 

remodeling complexes as well as some of the mediator complex proteins. In 
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addition this recruitment is partially dependent on H4K8 acetylation mediated by 

p300. [37]  
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Figure1.6. KAT Family The five major classes of lysine acetyl transferases [38] 
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KDACs 

There are 18 KDACs classified into four main groups based on their homology to 

the yeast proteins (Fig 1.7). [39] [40] Classical KDAC family is dependent on Zn2+ 

for their deacetylase activity and constitutes class I, II and IV KDACs. Class III 

KDAC family consists of sirtuins, SIRT 1-7 that are dependent on NAD+ for their 

activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

 

Figure 1.7. KDAC Family The four major classes of lysine deacetylases [41] 
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Class I KDACs (KDAC1, 2, 3 and 8) have structural homology to the yeast KDAC, 

Rpd3, and are ubiquitously expressed in the nucleus. They are known to play an 

important role in cell survival and proliferation. KDACs 1, 2 and 3 are expressed in 

high abundance and exist in multi-protein complexes. KDAC1 knockout mice show 

embryonic lethality with proliferation defects and general growth retardation. [42] 

KDAC2 knockout mice die within 24h of birth due to severe cardiac defects. [43] 

Deletion of KDAC3 in postnatal mouse livers results in hepatomegaly (hepatocyte 

hypertrophy) and carbohydrate and lipid metabolic imbalance. [44] In contrast to 

KDACs 1-3, KDAC8 is found in low abundance and knockout mice develop 

perinatal lethality due to cranio-facial defects. 

 

Class II KDACs are related to the yeast KDAC, Hda1 and are classified into class 

IIa (KDAC 4, 5, 7 and 9) and class IIb (KDAC 6 and 10). Class IIa KDACs have 

very low deacetylase activity due to a Tyr-His substitution in their catalytic domain 

and are believed to function as scaffold proteins. These KDACs can associate with 

myocyte enhancer factor 2 (MEF2) and 14-3-3 proteins.  They can exist in both the 

nucleus and cytoplasm and possess intrinsic nuclear import and export signals for 

nucleocytoplasmic signaling. Class IIb KDAC6 has tandem deacetylase domains 

and a C-terminal zinc finger and is important for deacetylation of cytoplasmic 

proteins. KDAC10 has only one deacetylase domain and a leucine rich C-terminal; 

its function is poorly understood. Class IV consists of KDAC11 which has 
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sequence similarity to both class I and II KDACs; however its functional role has 

not yet been elucidated. 

 

Sirtuins are related to Sir 2 (Silent information regulator 2) of yeast. SIRT1 is known 

to play a role in cell survival and cell differentiation and SIRT2 controls cell cycle 

and cell motility. SIRTs 3, 4 and 5 play a role in metabolism while SIRTs 6 and 7 

are involved in DNA repair and transcription.  

 

The balance of protein acetylation is important for proper cellular function and 

alterations in KATs and KDACs result in a number of diseases such as various 

cancers and neurological disorders [42] [45] Mutations in CREB binding protein 

(CBP) and p300 that inactivate their KAT activity are known to result in Rubinstein-

Taybi syndrome. Loss of heterozygosity of CBP is found in a subset of lung 

cancers, while loss of heterozygosity of p300 is found in about 80% of the 

glioblastomas. KDACs are not commonly mutated in cancer. However mutation of 

KDAC2 was found in some colon and endometrial cancer cell lines. More 

commonly changes in expression levels of KDACs are found in many cancers. 

Increased KDAC1 expression was seen in gastric cancer, while KDAC2 and 

KDAC3 are increased in colon cancer. On the other hand reduced expression of 

KDAC5 and KDAC10 is found in lung cancer and is believed to be an indicator of 

poor prognosis. KDACs are also known to be involved in leukemia and 

lymphomas. Therefore KDACs have emerged as crucial drug targets and KDAC 
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inhibitors (KDACi) are either being used or evaluated for use in the treatment of a 

number of diseases. 

 

KDAC inhibitors 

KDACi constitute a diverse set of chemicals that inhibit zinc-dependent KDACs 

with varying specificities and efficiencies. These include hydroxamates, cyclic 

peptides, aliphatic acids and benzamides. The hydroxamates are pan-inhibitors 

that inhibit both class I and II KDACs (TSA, SAHA) while the others selectively 

inhibit class I deacetylases (VPA, Romidepsin). [42] Vorinostat, a hydroxamate 

and Romidepsin, a cyclic peptide, have recently been approved for the treatment 

of cutaneous T-cell lymphoma (CTCL). Valproic acid (VPA) has been used in the 

treatment of epilepsy, bipolar disorder and migraines. VPA and other KDACi are 

being evaluated in clinical trials for use either as monotherapy or combination 

therapy in the treatment of hematological as well as solid tumors. In order to have 

a better understanding of the therapeutic role of KDACi and to improve their 

efficacy, it is important to elucidate the molecular mechanisms of KDACs in 

signaling pathways.  

Role of KATs and KDACs in GR-regulated transcription 

Based on the current understanding of the function of KATs and KDACs in 

transcription, a model of glucocorticoid regulated transcription has been 

established. The GR bound to an agonist ligand translocates to the nucleus and 

dimerizes. This GR-GC dimer binds to the DNA and recruits coactivator complexes 
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containing KATs which facilitate transcription. [46] [47] Conversely GR bound to 

an antagonist ligand recruits corepressor complexes containing KDACs that inhibit 

transcription (Fig 1.8). [48] [49] [50] However, as described below, KDACs are 

known to facilitate GR transcription through other pathways. 
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Figure 1.8. Model of role of KATs and KDACs in GR-mediated Transcription 

[46] 
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KDAC6 facilitates glucocorticoid receptor processing  

Glucocorticoid receptor in the absence of ligand resides in the cytoplasm where it 

is bound to a chaperone complex made of various proteins including heat shock 

protein 90 (HSP90) dimer, FKBP52 and p23. This chaperone complex maintains 

GR in a competent ligand binding conformation.  It also keeps GR in an inactive 

state by preventing its nuclear translocation and binding to DNA and co-regulators 

in the absence of ligand. Hsp90 dimer plays a critical role in this process and 

inhibition of Hsp90 by geldanamycin was shown to prevent hormone binding, 

nuclear translocation and subsequent transcriptional activation mediated by GR 

[51] Acetylation of Hsp90 causes it to disassociate from GR and co-chaperone 

p23. This leads to the proteosomal degradation of GR resulting in impaired 

transcriptional activity. KDAC6, a class IIb KDAC deacetylates Hsp90, restores its 

chaperone activity and thus plays a crucial role in GR transcriptional activity. [52] 

 

KDACs facilitate GR mediated transrepression  

One mechanism by which agonist bound GR mediates gene repression is through 

recruitment of KDACs to the gene promoters. Dex stimulated GR binds to a half 

site in the Hes1 promoter and recruits KDAC1. This leads to decreased histone H3 

acetylation, disassociation of p300 and resultant repression of Hes1 transcription. 

KDAC2 is required for the Dex-mediated repression of the POMC gene that occurs 

through protein-protein interactions between GR and NGFI-B (Nur77 or NR4A1). 

KDAC2 inhibition by VPA, TSA or sodium butyrate was shown to inhibit this 
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transrepression of POMC. Brg1, the ATPase subunit of the Swi/Snf chromatin 

remodeling complex, acts as a scaffold to stabilize the interactions between GR 

(repressor) and NGFI-B (activator) and GR and KDAC2, leading to histone H4 

deacetylation as well as impaired RNA pol II promoter clearance. [53] KDAC2 is 

also required for repression of NF-B mediated induction of granulocyte 

macrophage colony stimulating factor (GM-CSF). Knock down of KDAC2 leads to 

dissociation of GR from p65 subunit of NF-B. This inhibits the repressive activity 

of GR. However KDAC2 knockdown did not affect the nuclear translocation of GR, 

it’s binding to DNA, or GR-mediated transcriptional activation, suggesting that 

KDAC2 is essential for GR mediated transrepression at some genes. [26] Similarly 

GR-mediated recruitment of KDACs to the NF-B site in the interleukin-8 (IL-8) 

promoter led to deacetylation of histone H4 and resulted in inhibition of basal and 

induced IL-8 release. Treatment with TSA attenuated the GR-mediated inhibition 

further proving that KDACs are necessary for the GR-mediated repression of pro-

inflammatory proteins. [54] 

 

GR acetylation 

GR is known to be acetylated after ligand binding at K494 and K495 of the KXKK 

motif in the hinge region and this acetylation impairs its transrepressional activity 

by preventing its association with the p65 subunit of NF-kB. KDAC2 deacetylates 

GR and increases its ability to then bind p65 subunit of NF-kB. This then allows 

GR to repress NF-B target genes. [55] Nader et al found that the lysine 
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acetyltransferase, Clock (circadian locomotor output cycles kaput) interacts with 

GR through the LBD in a ligand dependent manner and acetylates GR at lysines 

480, 492, 494 and 495 in the hinge region. Chromatin immunoprecipitation assays 

showed that the Clock/Bmal1 complex acetylates GR, reduces the binding of GR 

to GREs in selected target genes and impairs GR transcriptional activity. Dex-

activated transcription from the mouse mammary tumor virus (MMTV), 

glucocorticoid inducible leucine zipper (GILZ) and glucose-6-phosphatase (G6P) 

promoters was repressed by overexpression of Clock and Bmal1. [56] A 

subsequent study done using peripheral blood mononuclear cells from human 

subjects showed that both Clock and Bmal1 levels change in a circadian fashion 

and that these changes were reflected in the levels of acetylated GR, which 

increased with increased levels of CLOCK. [57] The increased levels of acetylated 

GR caused both transcriptional activation as well as repression of a number of 

target genes. These findings suggest that acetylation of GR could affect its 

transcriptional activity in a gene and cell specific context. 

 

KDACs facilitate GR mediated activation of MMTV promoter  

KDACs are involved in transcriptional activity of GR at the mouse mammary tumor 

virus (MMTV) promoter. GR binds to this promoter and derepresses it through 

chromatin remodeling, thereby allowing binding of other transcriptional factors and 

the activation of trancription. KDAC inhibitors such as sodium butyrate and 

trichostatin A (TSA) inhibit the glucocorticoid-mediated transactivation of the 



49 

 

MMTV promoter. However TSA represses this gene at a rapid rate even in the 

absence of GCs. Interestingly TSA mediated repression of MMTV promoter is not 

mediated through impaired GR binding, chromatin remodeling or histone 

deacetylation but through effects on the core promoter. [58] TSA impairs the 

reinitiation, rather than de novo transcriptional initiation from the core promoter, by 

preventing the recruitment of RNA polymerase II to the promoter. [59] These 

studies proved that KDACs were needed for the activation of MMTV promoter.  

 

siRNA mediated knockdown of KDAC1 and KDAC2 caused a significant decrease 

in Dex-mediated MMTV transcription proving that KDAC1 and KDAC2 are involved 

in the transcriptional activation of the MMTV promoter and function as 

transcriptional coactivators. Furthermore simultaneous knockdown of KDACs 1 

and 2 showed significant decrease in activation as compared to KDAC1 or KDAC2 

knockdown alone indicating that they act synergistically to activate the MMTV 

promoter. [60] KDAC1 was shown to associate with the promoter in the absence 

and presence of liganded GR. Upon ligand binding GR recruits several 

coactivators including p300 to the MMTV promoter. With continued hormone 

stimulation p300 acetylates KDAC1 leading to a loss of its deacetylase activity and 

decreased MMTV transcription, suggesting that KDAC1 is required for 

transcription from the promoter. Acetylated KDAC1 is associated with inactive 

MMTV promoter whereas deacetylated KDAC1 is associated with the induced 

MMTV promoter. [61]   
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Previous studies in vitro have suggested that transcription factor interaction with 

promoters is stable and long lasting. However recent studies have shown that this 

interaction is highly dynamic and transient, usually lasting only a few seconds. Qiu 

et al used fluorescence recovery after photobleaching (FRAP) techniques on an 

MMTV array and revealed that association of KDAC1 with the MMTV promoter is 

highly mobile but that the kinetics of its promoter association shifts with changes 

in its acetylation state. Deacetylated KDAC1 is highly mobile at the activated 

promoter and acetylated KDAC1 mobility decreases along with the decrease in 

activation of promoter. The association of GR with the promoter is also highly 

dynamic. However its mobility does not change with KDAC1 mobility suggesting 

that KDAC1 is recruited to the promoter both in a GR dependent and independent 

fashion. They also showed that KDAC1 is functional only in multiprotein complexes 

and that disruption of the complex impairs KDAC1 binding to the promoter. This 

suggests that changes in acetylation state of KDAC1 could lead to changes in the 

multi protein complex which can ultimately affect transcription. [62] These studies 

of the MMTV promoter indicate that the role of KDACs in GR-regulated 

transcription is not limited to repression but also may also extend to activation. 

Nevertheless MMTV is a viral promoter and the role of KDACs in regulating cellular 

GR promoters is still unclear.  

Transcriptional regulation of genes is a highly complex and dynamic process, 

dictated by the interlinking of numerous factors that are modified in a gene-, cell-

and context-specific manner. Consistent with the current model of transcriptional 
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regulation that is based on the acetylation status of histones there is evidence to 

support a role for KDACs as corepressors in GR-mediated gene repression. 

However we and others have strong evidence that KDACs function as coactivators 

in the GR mediated transactivation of MMTV promoter. Furthermore this 

transactivation does not correlate with changes in histone acetylation suggesting 

that KDACs may target non-histone proteins to facilitate GR-activated 

transcription. Choudhary et al used high resolution mass spectrometry and 

identified over 1800 acetylated proteins in many cellular compartments. [63] These 

include histones, chaperone proteins, protein kinases, KATs and KDACs as well 

as proteins involved in DNA replication and repair, RNA transcription, RNA splicing 

and nuclear hormone signaling among others. It is also interesting to note that 

many of these acetylated proteins exist in complexes that are known to be involved 

in GR-activated transcription. However very little is known about the effect of 

acetylation on their functionality. It is highly possible that KDACs play a more 

versatile role in transcription through deacetylation of a wide variety of regulatory 

proteins.  

 

There is a clear need for further investigation in to the role of KDACs in 

transcriptional regulation Do KDACi effect glucocorticoid signaling? Can KDACs 

function as coactivators at endogenous genes? These are some of the questions 

that we have addressed through this research. We hypothesize that KDACs 

facilitate GR-mediated transcriptional activation of endogenous genes. We hope 
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that elucidating the role of lysine deacetylases in glucocorticoid signaling will allow 

a better understanding of the impact of KDACi on endocrine pathways. 
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CHAPTER 2: MATERIALS AND METHODS 

 

Materials 

Cell Culture 

Murine hepatoma cells (Hepa1c1c7) were maintained in Minimum Essential Media 

 (MEM) (Gibco, Invitrogen, 12561056) containing 10% fetal bovine serum (FBS) 

(Gemini Bio-Products, 900-108) and 0.1% Gentamycin (Gibco, Invitrogen, 15710-

072). Murine mammary adenocarcinoma cells (1470.2) were maintained in 

Dulbecco’s modification of Eagle’s medium (DMEM) containing 10% FBS and 

0.1% Gentamycin. 

Antibodies and Reagents 

Anti-acetylated -tubulin (sc-23950), -GR (sc-1002), lamin A/C (sc-6215), gapdh 

(sc-25778), HDAC3 (sc-11417) and HDAC8 (sc-17778) were obtained from Santa 

Cruz biotechnology. The antibodies against -tubulin (2144S) and HDAC2 

(2540S) were obtained from Cell Signaling technology. Anti- acetylated histone H3 

(06-599) and anti-HDAC1 (05-100) antibodies are from Millipore. Anti-

Glucocorticoid receptor (Ab-2) mouse monoclonal antibody (BUGR2, GR32L) was 

obtained from Calbiochem. The secondary anti-mouse (115-035-146) and anti-

rabbit (111-035-144) antibodies were purchased from Jackson Immunoresearch 

and anti-goat (sc-2056) was purchased from Santa Cruz biotechnology. VPA, 

Trichostatin A (TSA) and apicidin were obtained from Sigma-Aldrich. 
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Methods 

RNA Analysis 

Cells were seeded in 6-well plates at 2X105 cells per well and grown overnight. 

Cells were treated with VPA (5mM), TSA (200M) or apicidin (0.5g/ml) for 5h and 

Dex (100M) for 4h followed by lysis in Trizol (Invitrogen). Total RNA was isolated 

using Nucleospin RNA II kit (Clontech). cDNA was synthesized using iScript cDNA 

synthesis kit (Bio-Rad). qPCR was performed using the Applied Biosystems 

Stepone instrument with SYBR Green mastermix (Bioline) according to 

manufacturer’s specifications. Primers sequences are found in table 2.1. The test 

gene Ct values were normalized against glyceraldehyde phosphate 

dehydrogenase (GAPDH) Ct values (Ct) and the various treatment Ct values 

were normalized against untreated control Ct values (Ct) in each experiment. 

In the knockdown experiments the Ct values of Dex-treated KDAC siRNA were 

normalized against the Ct values of Dex-treated control siRNA samples to obtain 

the Ct values. Primary efficiency was calculated using the standard curves and 

used to convert the Ct value into fold change which was used to graph results 

and calculate SEM. The Ct values of two different treatments (Dex alone vs. 

Dex+Drug or Dex+contol siRNA vs. Dex+KDAC siRNA) were used in a paired t-

test (two-tailed) to determine whether changes were statistically significant. Values 

of P≤ 0.05 were deemed significant. 
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Nascent RNA analysis 

Cells were seeded in 6-well plates at 2X105 cells per well and grown overnight. 

Cells were treated with either Dex (100M) alone for 0.5, 1, 2 or 4h or a 

combination of Dex and VPA (5mM), followed by lysis in Trizol (Invitrogen). VPA 

was added an hour before the respective Dex treatment. Total RNA was isolated 

using Nucleospin RNA II kit (Clontech). cDNA was synthesized using iscript cDNA 

synthesis kit (Bio-Rad). Sequences of selected target genes were obtained from 

Ensembl and were used in the Vector NTI software to design primers to amplify 

intron-exon borders. qPCR was performed using the Applied Biosystems Stepone 

instrument with SYBR green mastermix (Bioline) according to manufacturer’s 

specifications. To ensure that the PCR products were generated from cDNA rather 

than contaminating genomic DNA, DNAse was used during the preparation of RNA 

and Ct values obtained using intron-exon primer sets were compared to Ct values 

obtained using exonic primers sets for each gene tested. Because nascent 

transcripts are present at lower levels than fully processes mRNA, we expect that 

the Ct values from the intron-exon primer sets will be significantly higher than those 

obtained from the exonic primer sets. As expected the Ct values obtained with 

intron-exon primers were between 28-30 while with exonic primers the Ct values 

were between 20 and 24.  

The RT-qPCR results were analyzed using the following method. The test gene Ct 

values were normalized against glyceraldehyde phosphate dehydrogenase 

(GAPDH) Ct values (Ct) and the various treatment Ct values were normalized 
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against untreated control Ct values (Ct) in each experiment. Primary efficiency 

was calculated using the standard curves and used to convert the Ct value into 

fold change which was used to graph results and calculate SEM.  

Co-Immunoprecipitation 

Hepa1c1c7 and 1470.2 cells were seeded in 150mm plates at a density of 2X106 

cells per plate. After 48h they were treated with VPA or TSA for 0, 1 and 5h. 

Following treatment cells were trypsinized, washed with D-PBS and pelleted by 

centrifugation at 1000 rpm for 4min (Juoan CR3i). The cell pellet was resuspended 

in ice cold HEDW buffer [(10mM HEPES pH 7.4, 1mM EDTA pH 8.0, 10mM sodium 

tungstate, 2mM DTT and protease inhibitor cocktail (Roche)]. Cells were then 

lysed using a Dounce homogenizer and glycerol was added to a concentration of 

10%. The lysate was centrifuged at 100000xg for 45min to obtain the cytosolic 

extract.  Protein A-agarose and protein G-agarose slurry was used to pre-clear 

500g of cytosolic protein diluted in HEDW buffer containing 10% glycerol. To this 

supernatant 5g of either anti-GR (BuGR2) antibody or anti-GFP antibody and a 

mixture of protein A-agarose and protein G-agarose beads was added and rotated 

for 2h at 4oC. The beads were pelleted and washed three times with buffer 

containing 10mM HEPES pH 7.4, 1mM EDTA pH 8.0, 10mM sodium tungstate, 

50mM NaCl, and 0.5% tween-20.  The bound proteins were eluted using 2X SDS-

PAGE Buffer (20% glycerol, 4% sodium dodecyl sulfate, 0.0025% bromo phenol 

blue, 0.125M Tris Hcl, pH 6.8) followed by incubation at 95oC for 4-5 minutes prior 

to separation by SDS-PAGE.  
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Western Blotting 

Cell lysates were prepared by adding 2X SDS-PAGE Buffer to treated cells.  

Proteins were separated by SDS-PAGE and transferred onto a nitrocellulose 

membrane (Biorad) at 400 mA for 2.5hrs. The membrane was blocked with 2% 

non-fat milk for 1h, followed by exposure to primary antibodies at 4oC overnight. 

After subsequent exposure to appropriate secondary antibodies, the membrane 

was washed 3 times with 1X TBS/0.1% Tween-20 solution. The proteins were 

visualized using a 1:1 ratio of hydrogen peroxide and luminol (Pierce) with the 

Chemi Doc XRS+ molecular imager (Bio-Rad).   

siRNA Mediated KDAC Knockdown 

Hepa1c1c7 cells were plated in 24 well dishes at a density of 2X104 cells/well in 

antibiotic-free MEM. DharmaFECT reagent 1 (Dharmacon) was used at a 

concentration of 0.75l/well according to manufacturer’s specifications to 

transiently transfect the cells with siRNA.  KDACs 1, 2, 3 and 8 were knocked down 

using corresponding ON-TARGET plus SMART pool ORF siRNA (Dharmacon).  

Knockdown efficiency was assessed using western blotting. Lamin siRNA and 

non-targeting siRNA were used as controls.  

Expression Profiling 

Hepa1c1c7 cells were seeded in 6-well plates at 5X105 cells per well and grown 

overnight. Cells were treated with VPA (5mM) for 5h and Dex (100nM) for 4h and 

total RNA was isolated using Nucleospin RNA II kit. RNA quality control, labeling, 

purification and hybridization were performed by the Genomics Shared Service at 



58 

 

the University of Arizona Cancer center. GeneChip Mouse Gene 1.0 ST arrays 

(Affymetrix) were used for the hybridization. Bioconductor software 

(www.bioconductor.org) was used for statistical analysis of the microarray data. In 

the data analysis RMA (Robust Multichip Algorithm) was used for data 

preprocessing, including background correction, normalization, and PM (perfect 

match) correction, then log2-fold change analysis was performed to detect 

candidate genes that were either up- or down regulated. Results of the expression 

profiling data have been submitted to the Gene Expression Omnibus (GEO). 

Chromatin Immunoprecipitation  

Hepa1c1c7 cells were seeded in 150mm plates at a density of 2.2X106cells/15-cm 

plate. After 48h they were treated with either VPA for 2h, Dex for 1h or a 

combination of both. The cells were then fixed with 1% formaldehyde at room 

temperature for 10min and neutralized using 0.125M glycine. Fixed cells were 

scraped using ice cold PBS with 2% FBS, washed once with ice-cold PBS, and 

resuspended in lysis buffer (0.625% SDS, 10mM EDTA, 50mM Tris, pH 8.0). 

Chromatin was then fragmented to 400-500bp at 4oC with 35 cycles (30s on, 30s 

off) in a Bioruptor (Diagenode). 5% of the chromatin was removed for use as input. 

The sonicated chromatin was pre-cleared with Protein A- and Protein G-agarose 

that was pre- treated with 1g/ml salmon sperm DNA and 1mg/ml BSA, for 45min. 

The chromatin supernatants were then rotated overnight at 4oC with either 

antibodies against acetylated histone H3 (Millipore) or glucocorticoid receptor 

(BuGR2, Calbiochem) or no antibody. Protein A and G agarose beads (Pierce) 

http://www.bioconductor.org/
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were added and incubation continued for 45 min. Following incubation the beads 

were pelleted and washed sequentially once with low salt buffer (0.1%SDS, 1% 

triton-x 100, 2mM EDTA, 20mM Tris pH 8.0, 150mM NaCl), high salt buffer 

(0.1%SDS, 1% Triton-X 100, 2mM EDTA, 20mM Tris pH 8.0, 500mM NaCl) and 

lithium chloride buffer (0.25M LiCl, 1% NP-40, 1% sodium deoxycholate, 1mM 

EDTA, 10mM Tris pH 8.0) and twice with TE buffer (10mM Tris pH8.0, 1mM 

EDTA). All buffers contained protease inhibitor cocktail and 100nM TSA. Bound 

chromatin was eluted with sequential washes of high SDS buffer (1.5% SDS, 0.1M 

NaHCO3 in TE) and low SDS buffer (0.5% SDS, 0.1M NaHCO3 in TE). Crosslinks 

were reversed by incubation at 65oC with 200mM NaCl and 10g of RNAse A for 

5h followed by proteinase K digestion at 45oC in 10mM EDTA, 40mM Tris pH 6.8 

for 2h. DNA was extracted twice with Phenol-chloroform-isoamyl alcohol (25:24:1) 

and ethanol-precipitated in the presence of glycogen. Input and bound DNA was 

amplified in 2X SYBR buffer (Bioline) using real time qPCR (ABI StepOnePlus). 

Primer sequences are provided in Table 2.2. Ct values for the bound DNAs were 

normalized against the input Ct values (Ct) and the various treatments were 

normalized against control (Ct). Primer efficiency was calculated using standard 

curves and used to convert the Ct into fold change. The Ct values from various 

treatments were compared with those of untreated control within each experiment 

and were used in a paired t-test (one tailed) to determine whether changes were 

statistically significant. Values of P≤ 0.05 were deemed significant. 
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CHAPTER 3: VALPROIC ACID IMPAIRS ACTIVATION OF 

GLUCOCORTICOID TARGET GENES THROUGH A DIRECT EFFECT ON 

TRANSCRIPTION 

 

Most of the figures in this section are derived from: Kadiyala V, Patrick NM, 

Mathieu W, Jaime-Frias R, Pookhao N, An L, and Smith CL. 2013. J. Biol. Chem. 

288, 28900-28912 

 

Introduction and Rationale 

Glucocorticoids regulate biological processes through activation or repression of 

target genes by the glucocorticoid receptor (GR). According to the current model 

of GR-activated gene expression, GR bound to an agonist ligand translocates to 

the nucleus, binds to its recognition sequences in target genes and recruits a 

coactivator complex containing KATs and other chromatin modifying and 

remodeling factors. [46] [47] The GR-associated KATs acetylate the histone tails 

to relax surrounding chromatin. This allows the binding of RNA polymerase II and 

other basal transcription factors which results in transcriptional activation. On the 

other hand when GR is bound to an antagonist ligand, it recruits corepressor 

complexes containing KDACs and inhibits transcriptional activation.[48] [49, 50] 

 

The model of agonist-bound GR action predicts that KDAC inhibition would prolong 

and/ or increase the magnitude of gene activation due to unopposed KAT activity 
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resulting in increased or prolonged histone acetylation. However KDACs are 

known to function as coactivators in the GR-mediated activation of the MMTV 

promoter and inhibition of KDACs impairs this activation. [61] To address the 

generality of this observation, we wanted to evaluate the effect of KDAC inhibition 

in GR mediated transcriptional activation of endogenous cellular target genes in a 

mouse hepatoma cell line using a known KDACi, valproic acid. 

 

Valproic acid (VPA) is a class-I selective KDAC inhibitor that is a widely prescribed 

anti-epileptic drug used for treating generalized and focal epilepsies. [64] [65] It is 

also used for treating bipolar disorder and migraines and as a mood stabilizer. [66] 

In addition it is being evaluated in clinical trials for use in the treatment of cancer, 

HIV and other neurological disorders such as Alzheimer’s disease. [66] [67] VPA 

is a relatively safe drug, however long term usage was found to result in metabolic 

side effects such as weight gain, central obesity, dyslipidemia, hyperinsulinemia, 

insulin resistance and hepatic steatosis. [68] [69] [70] These side effects are similar 

to the symptoms of excess secretion of glucocorticoids in the liver. This similarity 

in side effects suggests that valproic acid may impact glucocorticoid signaling. 

Therefore we decided to determine the effect of VPA on GR-regulated gene 

expression.  
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Results 

Effect of VPA on GR-activated genes 

Previous studies in our lab showed that KDAC inhibition by TSA impaired both 

basal and GR-activated transcription of the MMTV promoter. To determine if this 

applies to endogenous genes we took a candidate gene approach and selected 

known GR target genes that are activated in response to glucocorticoids. We 

treated a mouse hepatoma cell line, Hepa1c1c7 with 100nM Dexamethasone 

(Dex), a synthetic glucocorticoid, 5mM VPA or a combination of both. In the 

combination treatment, the cells were pre-exposed to VPA for an hour to allow for 

KDAC inhibition before being treated with Dex for 4h. The changes in gene 

expression were measured using RT-qPCR. We found four genes where VPA 

impaired the Dex mediated activation as seen in Fig 3.1 A. At three of these genes 

Dex mediated activation is completely abolished in the presence of VPA. VPA 

mimics Dex activity at two other genes (Fig. 3.1 B) whereas at MT2, VPA and GR 

show an additive effect (Fig. 3.1 C). Lcn2 was the only gene where there was no 

effect of VPA (Fig. 3.1 D). The genes at which Dex activation was impaired by VPA 

are also expressed in a mouse mammary adenocarcinoma-derived cell line 

(1470.2) and changes in their expression levels with VPA co-treatment were 

evaluated. It was noteworthy that these four genes were also impaired in this cell 

line in the presence of VPA as shown in Fig. 3.1 E, suggesting that the inhibitory 

effect of VPA was not cell type specific.  
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Figure 3.1. Effect of VPA on expression of GR target genes (A-D) Hepa1c1c7 

cells were treated with VPA (5mM) for 5h, Dex(100nM) for 4h or a combination of 

both. (E) 1470.2 cells were treated with TSA (200nM) or VPA (5mM) for 5h, Dex 

(100M) for 4h or a combination. RT-qPCR was used to determine the effect on 

gene expression. (* - p≤ 0.05) 

 

 

 

 

(E) 
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Effect of VPA on GR-mediated hepatic transcriptome 

The fact that VPA treatment impaired the activation of genes in two cell lines 

derived from different tissues led to the speculation that KDAC inhibition may have 

a major impact on GR-mediated transcriptome. To test this we carried out 

expression profiling of the mouse hepatoma cell line. Hepa1c1c17 cells were 

treated with 100nM Dex for 4h in the presence and absence of 5mM VPA. In the 

case of the combination treatment cells were exposed to VPA one hour prior to 

Dex. Cells were harvested; RNA was extracted and sent to the genomics core 

facility for quality analysis followed by microarray analysis.  

 

Expression analysis results are represented in a heat map shown in Fig. 3.2. The 

heat map includes only genes that are significantly regulated by Dex and contains 

four columns. Columns 2, 3 and 4 are comparisons of the changes in gene 

expression due to drug treatments relative to control (no treatment). Column 4 

compares the changes in gene expression observed with co-treatment of VPA and 

Dex to those of Dex treatment alone. Therefore red color in column 1 indicates 

increased gene expression with the co-treatment as compared to Dex alone, green 

color indicates decreased gene expression with the co-treatment and black color 

indicates no change in gene expression. Interestingly we found that the Dex-

activated target genes could be classified into four categories similar to what we 

observed with our candidate gene approach.  
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Category 1 is composed of genes where VPA has no effect. The small number of 

these genes confirms our speculation that VPA has a profound impact on the GR-

mediated hepatic transcriptome. Category 2 contains genes that are activated by 

VPA alone. In the case of these genes VPA mimics Dex. The co-treatment does 

not have any effect on gene expression as compared to Dex treatment alone. 

Category 3 includes genes where VPA and Dex co-operate with each other to 

increase gene expression. The co-treatment shows greater activation than seen 

with either treatment alone; however the effect is only additive and not synergistic. 

The last category is the largest with about 50% of the total GR-activated genes. 

The Dex activation of these genes is impaired by VPA co-treatment and based on 

the degree of impairment they are divided in to two categories. 4A consists of 

genes where VPA alone does not show any significant effect and the co-treatment 

leads to moderate impairment of Dex activation. 4B consists of genes where Dex 

activation is strongly impaired by VPA and VPA alone has a strong repressive 

effect on some of these genes indicating that its impact is both dependent and 

independent of GR activation. There are a few Dex repressed genes in the heat 

map that are either unaffected by VPA co-treatment or show slight impairment of 

the Dex-mediated repression. 
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Figure 3.2. Effect of VPA on GR-regulated hepatic transcriptome Heat map of 

GR-regulated gene expression with VPA and Dex treatment 
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In order to confirm the microarray results we selected a few genes and tested the 

effect of VPA on their expression using RT-qPCR. These results are presented in 

Fig. 3.3 and were found to correlate well with the microarray results. Fig. 3.3A 

shows genes at which VPA alone has no significant effect but co-treatment leads 

to impairment of the Dex activated genes. Cry2 and Per2 are cryptochrome and 

period genes that are important players in the circadian rhythm. VPA alone 

activates these genes, thus mimicking Dex (Fig. 3.3B). This VPA mediated 

activation of circadian clock genes may have implications for the metabolic side 

effects of VPA. We tested a gene, NfkBia whose Dex mediated expression is 

unaffected by VPA co-treatment. 
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Figure 3.3. VPA treatment has diverse effects on GR target genes GR target 

genes are divided into different categories depending on the effect of VPA (A) VPA 

impairs Dex-mediated activation (B) VPA mimics Dex signaling (C) VPA has no 

effect on Dex activation (* - p≤ 0.05, ** - p≤ 0.01) (Contributed by V. Kadiyala and 

W. Mathieu) 
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Figure 3.4. Expression of GRwith VPA and Dex treatment There is no 

significant change in the expression levels of GR with VPA and Dex treatment 
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From the expression profiling results we concluded that VPA has a huge impact 

on the Dex-mediated hepatic transcriptome predominantly through impairment of 

normal GR-mediated activation. This suggests that VPA has a negative impact on 

the GR signaling pathway. GR is the classical GR that binds to GCs and regulates 

transcription of target genes, while GR neither binds GCs nor regulates the 

glucocorticoid target genes and is believed to be a dominant negative regulator of 

GR. [5] It is possible that the GR-mediated transcriptional impairment observed 

with VPA co-treatment could be due to increase in levels of GR, which is 

interfering with the regulation of GR transcriptome. To test this possibility we 

tested the change in levels of GR with the various treatments using RT-qPCR 

(Fig 3.4). The results show that there is no significant change in the levels of GR 

with VPA co-treatment strongly suggesting that the impairment of GR-regulated 

transcriptome is due to negative effects on GRsignaling. 

 

VPA mediated impairment of Dex-activated genes – Is it through processing or 

transcription? 

The disruption of GR-mediated genomic signaling by VPA treatment could be 

either due to impairment of GR processing or direct interference of transcription. 

In the absence of ligand, GR resides in the cytoplasm and is bound by a chaperone 

complex containing Hsp90 that helps it to maintain a competent ligand binding 

conformation. [10] Acetylation of hsp90 disrupts the GR-Hsp90 interactions 
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resulting in the degradation of GR and impairment of its signaling pathway. A class 

IIb KDAC, KDAC6 deacetylates Hsp90 which can then chaperone GR and facilitate 

its signaling. [52] We wanted to explore if VPA is affecting GR processing by 

disruption of the GR-Hsp90 interaction through inhibition of KDAC6. Therefore we 

proceeded with co-immunoprecipitation assays to determine the effect of VPA on 

GR-hsp90 interaction. Furthermore we also analyzed the changes in levels of -

tubulin acetylation.  

 

Effect of KDACi on GR processing through inhibition of KDAC6 

Hepa1c1c17 cells were treated with 5mM VPA or 200nM TSA over a period of 5h. 

TSA is a pan-KDACi that inhibits both class I and II KDACs and was used as a 

positive control. Cytosolic extracts were obtained and GR was immunoprecipitated 

with specific antibody. The immunoprecipitated proteins were separated by SDS-

PAGE and transferred to a nitrocellulose membrane which was then 

immunoblotted with antibodies against Hsp90 or GR. We found that TSA treatment 

impaired the GR-Hsp90 interaction and caused degradation of GR after 1h (Fig. 

3.5A). On the contrary VPA does not affect the GR-Hsp90 interaction even after 

treatment for 5h and GR levels remain unaffected (Fig. 3.5B). Remarkably when 

we treated the mouse mammary adenocarcinoma derived cell line, 1470.2, with 

TSA for 5h, we found that there was no impact on the GR-Hsp90 interaction and 

GR levels were unaffected (Fig 3.5C), even though the GR transcriptional activity 
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was impaired (Fig. 3.1E). This difference in the effect of TSA on Hsp90 in the two 

different cell lines could be due to differences in the rate of acetylation of Hsp90. 
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Figure 3.5. Effect of TSA and VPA on GR-Hsp90 interaction Hepa1c1c7 and 

1470.2 cells were treated with TSA or VPA for 5h. In Hep1c1c7 cells (A) TSA 

disrupts GR-hsp90 interactions and (B) VPA does not disrupt GR-hsp90 

interaction. In 1470.2 cells (C) TSA does not disrupt GR-hsp90 interaction. 
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-tubulin, a cytosolic protein is also deacetylated by KDAC6 and inhibition of 

KDAC6 should increase levels of acetylated -tubulin. To test this we treated 

Hepa1c1c7 cells with three different KDACi, 200nM TSA, 5mM VPA and 0.25g/ml 

apicidin over a period of 5h and collected the cytosolic extracts. The proteins were 

separated by SDS-PAGE and transferred to a nitrocellulose membrane which was 

then immunoblotted with antibodies against -tubulin, acetylated -tubulin and 

acetylated histone H3. GAPDH was used as a loading control.  

As seen in Fig 3.6 A, TSA causes a large increase in the acetylated levels of both 

-tubulin and histone H3 indicating that KDAC6 is being impaired. On the other 

hand VPA and apicidin show increased levels of acetylated histone H3 but not 

acetylated -tubulin, suggesting that these KDACi do not inhibit KDAC6 (Fig. 3.6 

B and C). Overall the results suggest that Hsp90 acetylation and disrupted GR 

processing does not account for impaired GR transactivation in the presence of 

VPA.  
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Figure 3.6. Effect of TSA, VPA and apicidin on acetylated histone H3 and 

acetylated -tubulin levels (A) TSA increases the levels of acetylated histone H3 

and -tubulin (B) and (C) VPA and apicidin do not increase the levels of acetylated 

histone H3 and -tubulin 
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Effect of VPA on Dex-induced transcription 

From our observations of the GR-Hsp90 interaction and the acetyl -tubulin levels 

we concluded that VPA is not affecting GR processing through inhibition of 

KDAC6. In order to evaluate the effect of VPA on transcription we designed intron-

exon primers for a few GR target genes at which Dex activation is significantly 

impaired by VPA co-treatment. These primers were used to determine the changes 

in expression of nascent un-spliced RNA transcripts which are a direct measure of 

changes in transcription. We treated Hepa1c1c7 cells with 100nM Dex with or 

without 5mM VPA over a period of 4h. When used in combination VPA was 

exposed to cells an hour before Dex treatment. We tested six GR target genes 

using RT-qPCR and the results are shown in Fig. 3.7. We found that VPA treatment 

led to a significant impairment of the Dex mediated transcription at four of the six 

genes tested. In particular the Dex mediated transcription was completely 

abolished at the Ampd3 gene (Fig. 3.7 A). At the other three genes there is a slight 

transcriptional response with the co-treatment within 30min to 1h that either 

plateaus or decreases as time progresses (Fig. 3.7 B, C, D). Thus transcription 

was significantly impaired with the co-treatment as compared to Dex alone in these 

genes. Remarkably at two of the genes, Ror1 and H6pd, VPA co-treatment had no 

effect on the Dex-mediated transcription (Fig 3.7 E, F), although we see a 

significant impairment of the mRNA levels (Fig 3.3 A). This suggests that VPA 

shows post transcriptional effects at these genes.  
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Figure 3.7. Effect of VPA on Dex-induced transcription (A-D) VPA impairs the 

Dex-activated transcription. (E-F) VPA does not have impair the Dex-activated 

transcription. (Contributed by V. Kadiyala and N. Patrick) 
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Discussion 

VPA is used as a first line of therapy in the treatment of many types of epilepsy as 

well as for treating bipolar disorder, migraine and schizophrenia [66]  It is generally 

considered to be a safe drug however long term usage results in many metabolic 

side effects, some of which are similar to the symptoms of excess secretion of 

glucocorticoids in the liver. [68-70] This suggests an effect of VPA on GC signaling. 

In the current study we explored the changes in GR-mediated transcription due to 

VPA treatment in a mouse hepatoma cell line Hepa1c1c7. Expression profiling 

study of Hepa1c1c7 cells treated with VPA revealed very few GR-target genes that 

were completely unaffected by this drug (Fig. 3.2). These results substantiate our 

hypothesis that VPA has a major impact on the GR-regulated hepatic 

transcriptome. VPA alone activated a subset of GR target genes thus mimicking 

the effects of glucocorticoids. At a few other genes VPA and Dex showed additive 

response. However the predominant effect of VPA was impaired transcriptional 

activation of almost 50% of the cellular GR-induced target genes.  

 

Although VPA mimics Dex at some genes and had additive response at others, 

the impairment of normal GR-mediated transcription observed with VPA cannot 

explain the similarity of the side effects observed with VPA to the symptoms seen 

with excess secretion of glucocorticoids. This discrepancy could be due to 

differences in the length of VPA treatment. Our experiments are focused on 

understanding the acute changes in GR signaling due to VPA and hence involve 
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treatment over a period of only 5h whereas patients are required to take VPA every 

day for prolonged periods of time. In addition, the half-life of VPA in humans is 8-

10h [71]. 

 

The impairment of GR-mediated transactivation suggests an adverse effect of VPA 

on GR-signaling pathway. Co-immunoprecipitation assays show that VPA does 

not disrupt the GR-Hsp90 interaction indicating that it does not inhibit GR 

processing. Furthermore, analysis of nascent RNA transcripts using intron-exon 

primers showed that VPA treatment either abolishes or attenuates the 

transcriptional response at some of the tested GR target genes. Remarkably in the 

case of Ror1 and H6pd, VPA had no effect on Dex-induced transcription even 

though accumulation of their mRNA in response to Dex treatment was impaired. 

This suggests that VPA is affecting these genes at the post-transcriptional level. 

Overall our results have shown that VPA has a huge impact on GR-mediated 

transcriptional activation through effects at both transcriptional and post-

transcriptional levels. However this leads to the question-Is VPA impairing the Dex-

mediated gene activation through KDAC inhibition or other off targets? This will be 

addressed in the next chapter. 
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CHAPTER 4: KDACs 1 AND 2 FACILITATE GLUCOCORTICOID RECEPTOR 

MEDIATED TRANSCRIPTIONAL ACTIVATION IN A GENE-SPECIFIC 

FASHION 

 

Most of the figures in this section are derived from: Kadiyala V, Patrick NM, 

Mathieu W, Jaime-Frias R, Pookhao N, An L, and Smith CL. 2013. J. Biol. Chem. 

288, 28900-28912 

 

Introduction and Rationale 

VPA has numerous targets in vivo, some of which are regulated through unknown 

mechanisms. VPA is known to inhibit KDACs directly and thus has significant 

potential as a drug in the treatment of cancer and latent HIV [65] [66] [67] VPA also 

increases the levels of the neurotransmitter GABA by directly inhibiting the 

enzymes GABA transaminase and succinic semialdehyde dehydrogenase. This 

may be a potential mechanism of VPA action in the treatment of epilepsy. [72] VPA 

inhibits sodium, calcium and potassium channels as well as inositol and 

phospholipid signaling through unknown mechanisms. [72] GSK3 is inhibited by 

VPA through both direct and indirect mechanisms. [73] VPA activates MAPK 

pathway possibly through attenuation of protein kinase A (PKA). [74] 

Phospholipase A2 catalyzed arachidonic acid release is reduced by VPA through 

as yet unknown mechanisms. [72] The role of these various targets in VPA’s 

pharmacological actions is still undefined. Our previous results have shown that 

VPA has a profound impact on GR-induced transcription potentially through 
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inhibition of KDACs. In order to explore the mechanism by which VPA attenuates 

the Dex-mediated transcriptional activation we used two different but 

complimentary approaches – a pharmacological approach and a knockdown 

approach. In the pharmacological approach, the role of KDACs in GR-mediated 

transcription was determined using a structurally distinct-KDACi, which would be 

unlikely to share off-targets with VPA and a structural analog of VPA without KDAC 

inhibiting activity. In the knockdown approach siRNA-mediated depletions of class 

I KDACs were carried out and their effect on Dex-mediated transcription was 

assessed.  

 

Results 

Pharmacological approach to determine role of KDACs in mediating the effects 

of VPA on GR-transactivation 

VPA may inhibit the transcriptional activation mediated by GR either through 

KDACs or through other targets. To investigate the role of KDACs we compared 

the effects of VPA to those of a structural analog of VPA that does not inhibit 

KDACs, as well as a structurally distinct KDACi. If VPA and the other KDACi have 

distinct effects on GR target genes then the impaired transactivation is not through 

KDAC inhibition. However if it is due to involvement of KDACs then the two KDACi 

would have similar effects and the structural analog without KDAC inhibiting 

activity would have distinct effects. 
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Valpromide (VPD) is an amide analog of VPA which is also used as an anti-

epileptic and anti-psychotic drug. [75] VPD is not a KDACi and due to its close 

structural similarity to VPA, it is expected to have similar off-target effects as that 

of VPA. 

KDACi are a structurally diverse set of chemicals. They inhibit KDACs with varying 

specificities and efficacies. [42] VPA is an aliphatic acid that inhibits class I and 

class IIa KDACs. Since class IIa KDACs are not known to have in vivo deacetylase 

activity, VPA may mediate its effects through class I KDAC inhibition.  In order to 

explore the effects of class I KDAC inhibition on GR transactivation we initially 

chose MGCD0103, a benzamide. However MGCD0103 did not increase histone 

H3 acetylation until after 8h of treatment. Our previous studies included treatment 

with VPA for 5h which was not plausible with MGCD0103, hence we used apicidin, 

a cyclic peptide class I-selective KDACi.  
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Table 4.1. Classes of KDAC inhibitors KDACi are structurally distinct set of 

chemicals that inhibit KDACs with varying specificities and efficacies. Adapted 

from [42] 
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Figure 4.1. Structures of Valproic acid (VPA), Valpromide (VPD) and Apicidin 

Valproic acid is an aliphatic acid, valpromide is an amide analog of VPA and 

apicidin is a cyclic peptide KDACi 
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Effect of apicidin and valpromide on histone H3 acetylation 

Hepa1c1c7 cells were treated with increasing concentrations of VPA and VPD for 

2h and 5h. Cytosolic extracts were prepared and proteins were separated by SDS-

PAGE. They were transferred to a nitrocellulose membrane and immunoblotted 

with antibodies against GAPDH and acetylated histone H3. Similarly Hepa1c1c7 

cells were treated with increasing concentrations of apicidin for 5h and acetylated 

histone H3 levels were determined as shown in Fig 4.2. VPA and apicidin being 

KDACi show increased acetylated histone H3 levels whereas VPD does not. 
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Figure 4.2. Effect of valproic acid, valpromide and apicidin on acetylated 

histone H3 levels VPA and apicidin increase acetylated histone H3 levels 

whereas VPD does not. 
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Effect of apicidin and valpromide on expression of GR target genes 

Hepa1c1c7 cells were treated with 2.5g/ml apicidin or 5mM VPD for 5h in the 

presence and absence of 100nM Dex. Cells were harvested with TRIzol, RNA 

extracted and cDNA synthesized according to the protocol in the methods section. 

We used RT-qPCR to measure changes in gene expression of Dex-activated 

genes in response to the various treatments. We chose two categories of genes; 

genes whose Dex mediated activation is impaired by VPA and genes that are 

unaffected by VPA (Fig. 3.1 A, D and 3.3 A, C). Results are shown in Fig 4.3. 
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Figure 4.3. Effect of Valpromide and Apicidin on VPA impaired Dex target 

genes (A) (C) VPD has no significant effect on the VPA impaired GR target genes 

(B) (D) Apicidin significantly impairs the Dex mediated activation of VPA impaired 

(C) 
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GR target genes (E) (F) VPD and Apicidin do not have any significant effect on the 

Dex mediated activation of VPA unaffected genes (Contributed by V. Kadiyala and 

W. Mathieu) 
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In the case of genes at which VPA impairs activation by Dex (Fig. 3.1A, 3.3A), VPD 

does not have a significant effect except at Sgk1 (Fig. 4.3 A, C). On the other hand 

apicidin significantly impairs the activation of all of the tested genes (Fig. 4.3 B, D). 

In the absence of Dex both VPA and apicidin have modest repressive effects on 

some of the genes but VPD does not. In case of genes at which activation by Dex 

was unaffected by VPA, both VPD and apicidin do not show any significant effects. 

(Fig. 4.3 E, F). These findings support our hypothesis that VPA impairs Dex-

mediated activation of GR-target genes through KDAC inhibition.  

 

Knock down approach to determine role of KDACs in mediating the effects of 

VPA on GR-transactivation 

From our previous experiments we found evidence that class I KDACi have a huge 

impact on GR mediated transcriptional activation implying a role for them in this 

process. However not much is known about which of the class I KDACs (KDAC1, 

2, 3 and 8) are involved in the transcriptional activation by GR. Activation of MMTV 

promoter by Dex requires KDAC1 and KDAC2 but their role in the activation of 

endogenous cellular genes is unclear. To answer this question we transfected the 

Hepa1c1c7 cells with siRNA to knock down the class I KDACs. Efficiency of knock 

down was assayed by analyzing the protein levels of KDACs using western 

blotting. Fig 4.4 shows representative western blots of various KDAC knock downs. 
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Figure 4.4. Efficiency of KDAC knock down was determined by western 

blotting Efficiency of knockdown of KDACs was confirmed using specific 

antibodies. GAPDH was used as a loading control. 
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Effect of individual KDAC knockdown on VPA impaired GR target genes 

Hepa1c1c7 cells were transfected with non-targeting or KDAC-specific siRNA for 

24h. Transfection media was removed, fresh media was added and the cells were 

left for 24h. At the end of 48h they were treated with Dex for 4h and harvested with 

TRIzol. RNA was isolated and cDNA synthesized. Thirteen GR target genes 

impaired by VPA were chosen for analysis. The extent of Dex activation in the 

presence of control, non-targeting siRNA was compared to the Dex activation in 

the presence of KDAC siRNA. Interestingly, KDAC1 knock down had the most 

significant effect and, based on the response to KDAC1 knockdown, the genes 

were classified into three groups. 

 

The first group consists of seven out of the thirteen genes tested (Fig. 4.5). 

Compared to Dex activation in the presence of control siRNA, the fold induction of 

Dex activation in the presence of KDAC1 siRNA was significantly impaired (Fig. 

4.5 A, C). The magnitude of impairment is similar to that seen with Dex plus VPA 

treatment relative to Dex alone (Fig. 4.5 B, D). Hence KDAC1 depletion fully 

mimics KDAC inhibition at these genes. In addition, depletion of KDACs 2, 3 or 8 

did not have any significant effect on the Dex activation of any of the seven genes, 

suggesting that KDAC1 is sufficient for the efficient GR transactivation of these 

genes (Fig. 4.6). 
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Figure 4.5 – Effect of KDAC1 knockdown on VPA impaired GR target genes 

(A) and (C) KDAC1 depletion significantly impaired Dex-mediated activation as 

compared to control siRNA. (B) and (D) VPA impaired Dex-mediated activation of 

GR-activated genes. 
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Figure 4.6. Effect of knockdown of KDACs 2, 3 and 8 on VPA impaired GR-    

target genes   KDACs 2, 3 and 8 depletions have no effect on the Dex activation 

of any of the GR-target genes that were affected by KDAC1 depletion  

(E) 
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The second group consists of two genes at which KDAC1 depletion partially 

mimics KDAC inhibition. The Dex activation with KDAC1 siRNA is significantly 

impaired as compared to that of control siRNA (Fig. 4.7 A) but this impairment is 

not to the same extent observed with VPA treatment (Fig. 4.7 B). Thus for these 

genes KDAC1 depletion partially mimics the effect of KDAC inhibition. As 

determined for the first group of genes, other class-I KDAC depletions did not 

significantly impair the Dex activation of these two genes (Fig. 4.7 C, D and E).  
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Figure 4.7. Effect of KDAC1, 2, 3 and 8 knock down on VPA impaired Dex 

target genes  KDAC1 depletion fully mimics KDAC inhibition at Fam107a (A) but 

has no effect on Ampd3 (B) Depletion of KDACs 2, 3 and 8 depletion does not 

impair Dex-mediated activation  
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The final group consists of four genes where VPA and apicidin significantly impair 

the Dex mediated activation as seen in fig. 4.8 A. For these genes KDAC1 

depletion has no significant effect on the Dex activation as compared to the control 

(Fig. 4.8 B). In addition depletion of KDACs 2, 3 or 8 had no effect on Dex-mediated 

transactivation (Fig. 4.8 C, D, and E). 
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Figure 4.8. KDAC depletion resistant genes (A) KDACi impair the Dex-mediated 

activation of GR target genes (B-E) Depletion of KDACs 1, 2, 3 and 8 does not 

impair the Dex-mediated activation of the tested GR-target genes 

(Some of the KDAC 3 KD data from the above graphs was contributed by W. 

Mathieu and some of the KDAC8 KD data was contributed by R. Jaime-Frias) 
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Effect of multiple KDAC knockdown on VPA impaired GR target genes 

KDACs 1 and 2 are known to form homo- and heterodimers and exist in same 

complexes. In the case of MMTV promoter both KDAC1 and KDCA2 are required 

for its activation. Therefore it is possible that KDAC1 and KDAC2 heterodimer may 

be involved in the transactivation of the genes at which KDAC1 depletion partially 

mimics the effect of VPA treatment as well as the genes that were resistant to 

KDAC1 depletion. To explore this possibility we simultaneously depleted KDACs 

1 and 2. Interestingly at Fam107a, where KDAC1 depletion showed a partial effect 

we see that the co-depletion of KDAC1 and KDAC2 caused severe impairment of 

Dex activation (Fig. 4.9 A). The magnitude of this impairment was similar to that 

seen with VPA co-treatment as compared to Dex treatment alone, suggesting that 

KDACs 1 and 2 co-operate to facilitate GR transcription at this gene.  
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Figure 4.9. Effect of co-depletion of KDACs 1 and 2 (A) Depletion of KDACs 1 

and 2 fully mimics KDAC inhibition at Fam107a but has no effect on Ampd3 (B-D) 

Depletion of KDACs 1 and 2 fully or partially minics KDAC inhibition at some genes 

but has no effect on others (Contributed by V. Kadiyala and W. Mathieu) 
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In the case of KDAC resistant genes, co-depletion of KDACs 1 and 2 partially 

impaired the GR transactivation of Sdpr and Slc35d1 genes (Fig. 4.9 B). It is 

possible that in addition to KDACs 1 and 2 other KDACs may be necessary for the 

transactivation of these genes. For most of the other genes, the simultaneous 

depletion did not change the effects of KDAC1 depletion alone. In contrast Ampd3, 

Tsc22d3, Sgk1 and D8ertd82e were not impaired with the co-depletion (4.9 A, C 

and D). This could be due to an indirect effect of the KDAC1 and KDAC2  co-

depletion. 

 

In the case of  Ror1 and H6pd none of the individual KDAC depletions or the co-

depletion had any effect on GR transactivation suggesting that other KDACs may 

be involved. To test this we depleted both KDACs 1 and 3 and found that this co-

depletion causes a partial impairment of Ror1 and Sdpr activation as seen in Fig 

4.10 A. However, most of the other genes are unaffected by the co-depletion of 

KDACs 1 and 3 (Fig 4.10 B-D).  
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Figure 4.10. Effect of co-depletion of KDACs 1 and 3 (A-E) Co-depletion of 

KDACs 1 and 3 partially impairs the depletion of Ror1, Sdpr, Tns1 and Fam107a 

but not the other tested GR-target genes (Contributed by V. Kadiyala and R. 

Jaime-Frias) 

 

 

(B) 

(D) 
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Effect of individual and multiple KDAC depletions on VPA unaffected GR target 

genes 

All of our previous results focused on the effect of KDAC depletions on GR target 

genes whose activation was significantly impaired by VPA co-treatment. However, 

there were some GR target genes at which VPA co-treatment had no significant 

effect on the Dex activation. We wanted to determine if KDAC depletions had any 

impact on GR transactivation of these genes. 
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Figure 4.11. Effect of KDAC depletions on GR target genes unaffected by 

VPA (A) KDACi does not impair the Dex-mediated activation of some of the GR 

target genes. (B) KDAC1 depletion impairs the Dex activation of Pfkfb3. (C) 

KDAC2 depletion impairs the activation of Zfp36 (D) KDAC1 and 2 co-depletion 

impairs the Dex-mediated activation of Nfkbia. 
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Fig 4.11 shows that KDAC1 depletion has no effect on the tested genes except for 

Pfkfb3. Similarly KDAC2 depletion affects Zfp36 and KDACs 1 and 2 co-depletion 

impairs Nfkbia. All these genes show small but significant impairment with the 

different KDAC depletions, even though Dex activation of these genes was not 

impaired by either VPA or apicidin treatment. This leads us to believe that the small 

impairment could be due to indirect effects of KDAC depletions. 

 

Discussion 

According to the current model of acetylation in transcriptional regulation, KDACs 

deacetylate histones and thereby contribute to the condensation of chromatin 

which inhibits transcription, thus functioning as corepressors. [35] [76] In contrast, 

numerous studies have shown KDACs to be transcriptional coactivators for the 

MMTV promoter. [61] [58] [77] In our current study we have demonstrated that 

KDACs are necessary for the transactivation of a number of endogenous cellular 

GR target genes. Our experiments have shown that VPA impairs GR-mediated 

transactivation through inhibition of KDACs. Treatment with a structurally distinct 

class I-selective KDACi, apicidin resulted in a transcriptional response that was 

very similar to the response observed upon VPA treatment. Apicidin impaired the 

Dex-mediated transcriptional activation of GR target genes that were also impaired 

by VPA. Additionally genes that were unaffected by VPA were also not impaired 

by apicidin (Fig. 4.3 B, D and F). In contrast, valpromide, a structural analog of 

VPA that does not inhibit KDACs, did not affect the Dex-induced transcription of 
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any of the VPA impaired GR-target genes, strongly suggesting that attenuation of 

GR transactivation by VPA is due to inhibition of KDACs and not through off-target 

effects (Fig. 4.3 A,C and E).   

 

siRNA-mediated depletion of KDACs was carried out to further confirm our 

hypothesis that KDACs function as transcriptional coactivators at target genes. We 

found that depletion of KDACs impaired GR transactivation at many of the GR 

target genes that were impaired by KDAC inhibition.  In particular KDAC1 was 

found to be a principal player in GR-mediated transcriptional activation because it 

alone was sufficient for effective transactivation of seven of the thirteen genes 

tested (Fig. 4.5 A, C). In the case of two other genes KDAC1 depletion showed a 

partial impairment of GR-mediated transactivation (Fig 4.7 A). In addition there 

were four genes at which KDAC1 depletion had no significant effect on Dex-

mediated activation, indicating that other KDACs may be necessary for efficient 

activation of these genes. However, individual depletion of KDACs 2, 3 or 8 did not 

significantly impair Dex activation of any of the tested GR target genes. KDACs 1 

and 2 are known to co-exist in the same complexes so it was possible that a 

KDAC1 and KDAC2 heterodimer is involved in the GR-mediated transactivation. 

To explore this possibility simultaneous depletion of KDAC1 and KDAC2 was 

carried out. In the case of Fam107a, at which KDAC1 partially impaired Dex 

activation, the simultaneous depletion fully mimicked the effects of KDAC 

inhibition. At two other genes that were resistant to KDAC1, co-depletion of KDACs 
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1 and 2 partially mimicked the effects of VPA. It is highly possible that other KDACs 

co-operate with KDACs 1 and 2 to activate these genes.  

 

To explore the probability of other class I KDACs co-operating with KDAC1 to 

activate GR target genes, we carried out a double knockdown of KDACs 1 and 3. 

This co-depletion resulted in partial impairment of Dex activation of Ror1 and Sdpr, 

two KDAC1 depletion resistant genes. Interestingly a majority of the GR-target 

genes that we found to be sensitive to KDAC1 depletion alone were unaffected by 

the co-depletion of KDAC3 and KDAC, indicating that crosstalk exists between 

these two KDACs. 

 

Finally we wanted to examine the effect of KDAC depletions on the GR-target 

genes that were unaffected by VPA co-treatment. Individual knock down of KDACs 

1 and 2 had diverse effects on the four genes that were tested. KDAC1 depletion 

had a small but significant impairment of Pfkfb3 whereas KDAC2 depletion 

impaired Zfp36. Similarly co-depletion of KDAC1 and KDAC2 showed a slight 

impairment of the activation of Nfkbia. Since KDAC inhibition by VPA or apicidin 

did not have any significant impact on the Dex-activation of these genes we believe 

that the slight impairment seen with various KDAC depletions are due to indirect 

effects of siRNA mediated knock downs. 
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Altogether we showed that class I KDACs, specifically KDACs 1 and 2 facilitate 

the Dex-mediated transcriptional activation of GR target genes. KDAC1 plays a 

major role while KDAC2 in combination with KDAC1 has a limited role. However 

the mechanism by which KDACs function as coactivators for GR-target genes still 

needs to be defined. 
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CHAPTER 5: KDAC INHIBITION DOES NOT IMPAIR GR-TRANSCRIPTIONAL 

ACTIVATION THROUGH EFFECTS ON GR BINDING TO THE GRE 

 

Some of the figures in this section are derived from: Kadiyala V, Patrick NM, 

Mathieu W, Jaime-Frias R, Pookhao N, An L, and Smith CL. 2013. J. Biol. Chem. 

288, 28900-28912 

 

Introduction and Rationale 

In the previous chapter we have established that KDACs are essential for the 

transcriptional activation of endogenous GR-target genes. However the role of 

KDACs in this process needs to be elucidated. KDACs 1 and 2 have been shown 

to be associated with the MMTV promoter and function as coactivators in the GR-

mediated induction of the promoter. [61] [60] Treatment with TSA leads to a rapid 

decrease in transcription from the MMTV promoter. A study of the mechanism of 

the transcriptional impairment revealed that KDAC inhibition disrupts 

transcriptional re-initiation by preventing the recruitment of RNA polymerase II to 

the promoter. [59] KDACs may be present either in the nucleoplasm or they may 

be present directly at the target genes and deacetylate proteins. Therefore we 

wanted to confirm the presence of KDACs at the GREs. In addition acetylation of 

nuclear receptors has been shown to affect their transcriptional regulation. 

[78]Increased MR acetylation has been shown to attenuate its transcriptional 

activity by interfering with its binding to the DNA. [79] Similarly acetylation of GR 
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by Clock was shown to modulate its transcriptional activity in a gene-selective 

fashion. [56] Hence we also wanted to determine whether VPA treatment is 

potentially affecting GR binding to the GREs through increased acetylation of GR. 

To this end chromatin immunoprecipitation (ChIP) assays were carried out. Dr. 

Gordon Hager’s lab at the NIH provided us with ChIP-sequencing data that was 

used to design RT-qPCR primers for GREs of a few GR-target genes at which Dex 

activation was impaired by VPA co-treatment and two genes that were unaffected 

by VPA. 

 

Results and Discussion 

Effect of VPA on histone H3 acetylation at the promoter 

We predict that if KDACs are present in GRE regions of target genes we will 

observe a rapid increase in histone acetylation after exposure to VPA. To test this 

possibility we carried out ChIP assays. Hepa1c1c7 cells were treated with 5mM 

VPA and/or 100nM Dex for 1-2h. The cells were treated with 1% formaldehyde to 

cross link the DNA-protein and protein-protein interactions and lysed to obtain the 

chromatin. The sheared chromatin was then immunoprecipitated with specific 

antibody against acetylated histone H3. The crosslinks were reversed and DNA 

was purified. The changes in histone H3 acetylation at the GREs of GR-target 

genes were measured using RT-qPCR and the results are shown in Fig. 5.1.  
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Figure 5.1: Effect of VPA treatment 

on Histone H3 acetylation at the 

promoter (A) Increased histone H3 

acetylation is seen with VPA 

treatment at the GREs of GR-target 

genes at which Dex activation is 

impaired by VPA co-treatment. 

Differential histone H3 acetylation is 

seen at the distal and proximal GRE 

of a GR-target gene at which Dex activation is impaired by VPA co-treatment (B)  

and at GREs of GR-target genes that are unaffected by VPA co-treatment (C).    (* 

- p ≤ 0.05, ** - p ≤ 0.01) (Contributed by V. Kadiyala and R. Jaime-Frias) 
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Dex treatment shows an increase in histone H3 acetylation at GREs in three of the 

five genes at which Dex activation was impaired by VPA co-treatment. VPA 

treatment however results in a significant increase of histone H3 acetylation at 

most of these genes (Fig. 5.1 A). Remarkably two GREs in the Sgk1 gene show 

distinct responses to the treatments. Increased histone H3 acetylation was 

observed at the distal GRE with both Dex and VPA treatment whereas histone 

acetylation at the proximal GRE was unaffected (Fig. 5.1 B). Dex and VPA 

treatments also had distinct effects on two of the genes at which Dex activation 

was unaffected by VPA. Lcn2 showed increased histone acetylation with VPA 

treatment but not Dex treatment whereas histone acetylation at Lcn2 was 

unaffected by either treatment (Fig. 5.1 C). These results show that changes in 

histone acetylation are highly dynamic and indicate the presence of active KDACs 

at the GREs. Moreover the diverse responses of the two GREs of Sgk1 to VPA 

treatment indicate that the changes in histone acetylation are likely due to changes 

in activity of KDACs present in specific gene regions and not due to non-specific 

inhibition of KDACs in the nucleoplasm. Co-treatment of VPA with Dex did not 

show any significant differences in histone acetylation as compared to Dex or VPA 

treatment alone. These findings suggest that histones may not be the primary 

targets of KDACs at these genes and that their potential targets may be either GR 

or the co-regulators recruited by GR. 
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Effect of VPA on GR binding at the promoter 

We wanted to determine whether the potential increase in GR acetylation may be 

disrupting its binding to the GRE and thus impairing the transactivation. 

Hepa1c1c7 cells were treated with 5mM VPA and/or 100nM Dex for 1-2h. The cells 

were treated with 1% formaldehyde to cross link the DNA-protein interactions and 

lysed to obtain chromatin. The sheared chromatin was then immunoprecipitated 

with specific antibody against the glucocorticoid receptor. The crosslinks were 

reversed and DNA was purified. The changes in GR binding at the GREs of GR-

target genes were measured using RT-qPCR and the results are shown in Fig. 

5.2.  
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Figure 5.2: Effect of VPA treatment on 

GR binding to the GRE at the promoter 

GR binding is unaffected with VPA 

treatment at all the GREs tested. Paired 

t-tests (one tailed) were carried out to 

determine significance. (* - p ≤ 0.05, ** - p 

≤ 0.01, # - p ≤ 0.001, **** - p ≤ 0.0001) 

(Contributed by V. Kadiyala and R. 

Jaime-Frias) 
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Treatment with Dex lead to a significant binding of GR at all of the GREs tested 

(Fig 5.2). Interestingly the two GREs in the Sgk1 gene show a considerable 

difference in GR binding. Dex treatment leads to a greater increase in GR binding 

at the proximal GRE as compared to the distal GRE (Fig. 5.2B). More importantly 

there was no significant difference in GR binding with the VPA co-treatment as 

compared to Dex treatment alone at all of the tested GREs. These findings prove 

that VPA is not disrupting the GR binding to the DNA and that KDACs may be 

necessary for downstream processes such as recruitment of coactivators or the 

basal transcriptional machinery. There was no significant binding of the GR with 

the VPA treatment at five out of the eight GREs tested. However we observed a 

slight but significant increase in GR binding at three of the GREs. We believe this 

could be due to non-specific binding of GR.  
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CHAPTER 6: OVERALL CONCLUSIONS AND FUTURE STUDIES 

 

Overall Conclusions 

Glucocorticoids regulate numerous biological processes through transcriptional 

modulation by the glucocorticoid receptor. A number of factors are involved in this 

process, including recruitment of co-regulators that play a major role in the gene-, 

cell- and tissue- specific transcriptional responses of the target genes. According 

to the current model of GR-mediated transcriptional regulation, KDACs are 

believed to function as corepressors.  

In our current study we have established that  

- VPA has a profound impact on the GR-mediated transcriptome and may 

change the cellular response to GCs, thereby posing ramifications for the 

clinical use of KDACi 

- KDACs are necessary for GR-mediated transcriptional activation 

- KDAC1 alone is sufficient for efficient transactivation of a majority of the 

GR-target genes tested 

- KDACs 1 and 2 co-operate with each other to activate a few target genes, 

however KDAC2 alone is not sufficient for activation of the genes, thus 

questioning the functional redundancy of KDACs 1 and 2 

- KDACs may regulate gene expression through post-transcriptional effects 
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The significance of our findings that KDACi have a major impact on GR-regulated 

transcriptome and that KDACs function as coactivators are further elucidated 

below. 

 

Effect of VPA on GR-mediated transcriptome 

Expression profiling of a mouse hepatoma-derived cell line, Hepa1c1c7 cells 

revealed very few GR-target genes that were unaffected by VPA co-treatment 

indicating that VPA has profound effects on GR-target gene expression. Current 

models of agonist-induced GR action would predict that KDAC inhibition would 

increase the magnitude of the transcriptional response to GC.  However, only a 

few genes show increased expression in the presence of both Dex and VPA 

relative to Dex alone and the increase is only additive.  At another larger group of 

genes VPA alone mimics Dex responses at some genes, suggesting that some 

cellular responses to glucocorticoids might be inappropriately induced through 

VPA exposure. However at almost 50% of the target genes, VPA impairs GR 

transcription through attenuation of normal GR-mediated activation. At some of 

these genes VPA strongly represses their basal expression (Chapter 3). These 

results show that VPA co-treatment has a major impact on Dex-mediated 

transcriptional response and suggest a deregulation of GR signaling with 

implications for endocrine disruption. VPA has been previously reported to cause 

obesity, insulin resistance, dyslipidemia, hyperinsulinemia, insulin resistance [68] 
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[80] [81] and hepatic steatosis [69] These side effects imply a disruption of 

endocrine signaling further supporting our findings. 

 

Valproic acid is a first line therapy in many forms of epilepsy that has a wide 

spectrum of anti-convulsant activity and is prescribed for both adults and children. 

[64] [82] It is also being evaluated in a number of clinical trials for treatment of 

various diseases. [66] [81] Furthermore other KDAC inhibitors are either used or 

being evaluated for use in the treatment of cancers and other diseases. [83] [84] 

[85] [86] [40] Therefore there is a high likelihood of increased human exposure to 

KDAC inhibitors in the near future. We have provided compelling evidence 

indicating deregulated GR signaling and possibly endocrine disruption and this has 

high ramifications for the use of KDACi in humans. Our findings suggest that 

exposure to KDACi should be of short duration and that chronic exposures should 

be avoided to limit endocrine side effects. 

 

Role of KDACs in facilitating transcriptional activation 

The role of KDACs in VPA mediated GR-transcriptional impairment was addressed 

by two approaches. The first compared the effects of apicidin and valpromide 

(VPD) on Dex-mediated transcription to those of VPA. Apicidin, a structurally 

distinct class I-selective KDACi, impaired the Dex-induced activation of GR-target 

genes that were also impaired in the presence of VPA. In addition, Dex-induced 

transcription of genes that were unaffected by VPA was also unaffected in the 
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presence of apicidin. In contrast VPD, a structural analog of VPA without KDAC-

inhibiting activity, did not impair the transcription of any of the tested target genes. 

Together these results strongly suggest that the impairment of GR-mediated 

transactivation by VPA was due to KDAC inhibition and not off-target effects. The 

second approach to addressing the function of KDACs in GR transactivation 

involved siRNA-mediated KDAC depletions. The results showed that KDAC1 

depletion either fully or partially mimics the effects of KDAC inhibition at most of 

the GR-target genes tested, further supporting our hypothesis that KDACs facilitate 

the transactivation of GR-target genes and that KDAC1 is the principal player 

(Chapter 4). 

 

These results contradict the current model of GR-mediated transcription which 

focuses on agonist-dependent recruitment of KATs and acetylation of histones and 

casts KDACs as necessary corepressors in the presence of antagonist. Our results 

are consistent with other studies where steroid-induced gene expression was 

impaired by KDAC inhibitors. Treatment with TSA significantly represses androgen 

receptor (AR) transcriptional activity in LNCaP prostate cancer cells. shRNA 

mediated knockdowns revealed KDACs 1 and 3 to be necessary for the activation 

of a number of AR-target genes. [87] Similarly VPA treatment attenuated the 

transcriptional activity of mineralocorticoid receptor (MR) in HEK293, human 

embryonic kidney cells. siRNA mediated knockdown of KDAC3 led to an increase 

in MR acetylation which inhibits its binding to its response element in DNA and its 
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ability to recruit RNA pol II, subsequently resulting in decreased MR-mediated 

gene expression. [79] Therefore from our study as well as the aforementioned 

studies we can conclude that KDACs play a crucial role in facilitating transcriptional 

activation through GR and other steroid receptors. 

 

Activation of the MMTV promoter by GR requires both KDAC1 and KDAC2. [60] 

Our results showed that KDAC1 and KDAC2 are both necessary for efficient 

activation of only a few GR-target genes. At most other genes we found KDACs 1 

and 2 to have distinct functions. Depletion of KDAC1 alone significantly impaired 

the activation of over half the GR-target genes that were found to be impaired upon 

VPA exposure.  In contrast, KDAC2 depletion alone had no effect on GR-activation 

of any of the tested target genes. KDACs 1 and 2 are highly homologous proteins 

known to exist as homo- or hetero-dimers. Because they have been found in the 

same complexes, these KDACs are generally considered to be functionally 

redundant. In contrast, numerous studies have shown them to have distinct 

functions. KDAC1 knockout mice show embryonic lethality with proliferation 

defects and general growth retardation whereas KDAC2 knockout mice die within 

24h of birth, due to severe cardiac defects. [42] KDAC1 was shown to be 

acetylated which results in loss of its deacetylase activity whereas KDAC2 cannot 

be acetylated. However association of KDAC2 with acetylated KDAC1 results in 

the loss of activity of KDAC2. [61] [60] KDAC2 is required for the GR-mediated 

transrepression of NF-kB target genes [26] whereas KDAC1 but not KDAC2 has 
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been shown to regulate the expression of Beta Defensin1 (DEFB1) in human lung 

epitherlial cells. [88] A genome wide location analysis study showed that KDAC1 

and KDAC2 co-localized in the genome in different modules containing distinct 

sets of transcriptional co-regulators. [89] 

 

The functional diversity of KDACs 1 and 2 could arise due to differences in the 

composition of KDAC complexes existing at specific genes. KDACs 1 and 2 are 

found to co-exist mainly in three complexes, Sin3, NURD and Co-REST complexes 

as seen in Fig 6.4. [90] [91] The Sin3 complex consists of Sin3A or Sin3B, 

KDAC1/2, SAP180, SAP130, SDS3, SAP30 and retinoblastoma-associated 

proteins (RbAps) RbAp46 and RbAp48. Sin3A and Sin3B proteins act as scaffold 

proteins to assemble the rest of the complex. The NuRD complex consists of 

RbAp46, RbAp48, KDAC1/2, chromatin remodeling components Mi2 and/Mi2, 

methyl CpG-binding domain containing proteins (MBD2 or MBD3), metastasis-

associated proteins (MTA 1or MTA2 or MTA3), p66 or p66. The CO-REST 

complex consists of corepressor of REST (Co-REST), KDAC1/2, lysine specific 

demethylase-1 (LSD-1) and other proteins. Determining the complexes present at 

gene promoters could help in understanding the diverse responses observed with 

KDAC1 and KDAC2 depletions. 
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Figure 6.1.  KDAC 1 and KDAC 2 complexes KDACs 1 and 2 exist in three 

different corepressor complexes [39] 
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Our KDAC depletion results also revealed a cross-talk between KDAC1 and 

KDAC3. KDAC3 exists in a corepressor complex that is distinct from that of 

KDAC1. KDAC3 associates with the N-CoR (Nuclear hormone receptor co 

repressor) and SMRT (Silencing mediator of retinoid and thyroid hormone 

receptors) complex and mediates its activity. [90] [92] A majority of the genes at 

which Dex-activation was impaired by KDAC1 were found to be activated normally 

when KDACs 1 and 3 were depleted. This suggests that KDAC3 is necessary for 

the coactivator function of KDAC1. Acetylation of KDAC1 leads to a loss of its 

deacetylase activity, [61] so it is possible that KDAC3 deacetylates KDAC1 to 

maintain its activity. If this were the case, depletion of KDAC3 alone would result 

in the inactivation of KDAC1 and impaired Dex-induced transcription. Since 

KDAC3 depletion had no effect on any of the tested target genes, the mechanism 

is likely more complex. Elucidation of the transcriptional complexes present at the 

gene promoters can further shed light into the conflicting roles of KDACs 1 and 3.  

 

Mechanism of the role of KDACs in GR-mediated transcription 

The fact that KDAC inhibition impairs Dex-mediated transcription implies a 

negative effect on GR-signaling. RT-qPCR results confirmed that KDAC inhibition 

did not increase the levels of GR, a dominant negative regulator of GR signaling. 

These results suggest that the impairment of Dex-mediated transcription is through 

disruption of GR signaling.  Co-immunoprecipitation assays and western blotting 

have shown that VPA does not disrupt the GR-HSP90 complex or degrade GR, 
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indicating that its inhibitory effect on GR-transactivation is not through impaired GR 

processing but is directed at a downstream event. Analysis of nascent transcripts 

by RT-qPCR using intron-exon primers confirmed that the impairment is due to 

direct interference of transcription at most of the tested target genes. These results 

suggest that VPA blunts the transcriptional response of GR predominantly at the 

transcriptional level.  

 

At two GR-target genes, H6pd and Ror1, both VPA and apicidin inhibited the 

induction of mRNA levels by Dex but had no significant effect on Dex-induced 

transcription, implying an impact on post-transcriptional mechanisms. These 

results are consistent with the findings of a proteomics study where many proteins 

involved in RNA splicing and processing were found to be acetylated indicating 

that KDACs may regulate gene transcription through post-transcriptional effects. 

[63] [93] This is a novel finding because very little, if anything, is known about the 

precise roles of KDACs in regulation of RNA processing and half-life. Another 

study in our laboratory supports a role for KDACs in post-transcriptional gene 

expression. VPA has no effects on transcription of two genes encoding the 

circadian transcription factors Per1 and Bmal1 but it causes significant increase in 

Per1 and Bmal1 mRNA levels (data not shown). Our findings suggest that the role 

of KDACs in post-transcriptional RNA processing is an area worthy of further study. 

 



129 

 

Class I KDACs are nuclear-localized and could exert their effects on target proteins 

in the nucleoplasm or associated with genes in chromatin. The results from ChIP 

assays support the later possibility.  VPA treatment causes a significant increase 

in levels of histone H3 acetylation at the GREs of GR-target genes. This suggests 

that KDACs are constitutively present and functionally active at the GREs where 

they could potentially interact with GR and the co-regulators it recruits. Loss of 

histone acetylation is associated with transcriptional silencing and KDACs along 

with transcriptional repressors were believed to be associated predominately with 

repressed chromatin and function as corepressors. However many recent genome 

wide ChIP analysis studies have shown that Class I KDACs are enriched at active 

genes as compared to silent. [94] [95] [96] [97] [89] In addition the level of KDAC 

association with genes was found to correlate positively with RNA pol II levels and 

mRNA expression levels, thus suggesting that KDACs are playing a role in the 

activation of gene expression. [94]  

 

Based on the findings that KDACs are present at active genes, a few models have 

been proposed to explain the function of KDACs at the promoter in facilitating 

transcription. The first of the models portrays KDACs as involved in resetting the 

chromatin. Transcriptional activation involves the recruitment of KATs and RNA 

pol II to the promoter resulting in increased histone acetylation. KDACs are 

believed to remove the excessive acetylation from the promoter to clear and reset 

the chromatin for further transcription and to prevent spurious transcriptional 
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initiation. This model has been shown in yeast, but is also believed to occur in the 

transcription of pS2 promoter by the estrogen receptor (ER) and transcriptional 

regulation of some AR-target genes. [98] [95] [99] [100] [87] 

 

The second model is where KDACs are necessary to deacetylate the steroid 

receptor and thus facilitate transcription. GR has been shown to be acetylated by 

Clock and this acetylation was shown to impair its transcriptional activity by 

affecting the GR binding to the DNA. [56] [57] GR acetylation was also shown to 

impair its transrepressive effects. [55] Similarly increased MR acetylation has been 

shown to attenuate its transcriptional activity by interfering with its binding to the 

DNA. [79] In addition acetylation of PR has been shown to impair the 

transactivation in a gene-specific fashion, either through inhibition of its nuclear 

translocation or DNA binding. [101] 

 

Using immunological approaches we tried to determine the changes in the 

acetylation status of GR upon VPA treatment. We were unable to determine any 

changes since we could not detect acetylation of immunoprecipitated GR with a 

pan-acetyl lysine antibody. However using ChIP assays we were able to show that 

VPA treatment does not inhibit the binding of GR to the GREs at the target genes, 

thus suggesting that KDAC inhibition does not affect GR binding to the GRE to 

inhibit Dex-mediated transactivation. 
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The third model suggests that KDAC inhibition could affect the recruitment of 

coactivators necessary for activation and thus impair transcription. This has been 

shown in studies with other steroid receptors. Treatment with TSA diminished the 

transcriptional activity of AR by blocking the assembly of coactivator and RNA pol 

II complex. [87] In a similar fashion, MR transcriptional activity was impaired by 

TSA through disruption of RNA pol II complex. [79] KDAC inhibition by TSA was 

shown to inhibit the activation of MMTV promoter by preventing the recruitment of 

RNA pol II to the promoter. [59] Acetylation of SRC-3 by p300 disrupts its 

interaction with the estrogen receptor (ER) at selected promoters. [102] [103] 

 

A large proteomics study showed a number of coactivator proteins from different 

complexes that are involved in transcription to be acetylated. These included many 

KATs including CBP/p300, PCAF and Tip60, which are known to be recruited to 

steroid receptor-activated genes, chromatin remodeling complex proteins such as 

SWI/SNF, coactivators such as SRCs 2 and 3, major methyltransferase complexes 

containing mixed lineage leukemia (MLL) encoded catalytic subunits as well as 

JARIDs (Jumonji/ARID domain containing proteins) and proteins in the basal 

transcription machinery. How the acetylations affect their functions is largely 

unknown.  Increased acetylation due to KDAC inhibition could have detrimental 

effects on transcription. Based on our results and the current existing literature, we 

propose a model to explain the possible role of KDACs in GR-mediated 

transactivation. 
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Figure 6.2. Model for role of KDACs in GR-mediated transcriptional activation 
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Activated GR is known to recruit distinct coactivators, which facilitate transcription. 

Acetylation of some of the coactivators such as the SRCs is known to influence 

their functionality. Acetylation of SRC-3 by p300 disrupts its interaction with the 

estrogen receptor (ER) at selected promoters. [102] Therefore it is possible that 

acetylation of coactivators results in disruption of the GR-coactivator interaction 

and thus impairs Dex-mediated transactivation. According to our model KDAC3 

deacetylates and activates a KAT which then acetylates a KDAC1 target (see 

figure 6.2).  KDAC1 functions to remove this acetylation to cooperate with GR in 

transactivation.  In this scheme, KDAC1 depletion would impair Dex activation but 

KDAC3 depletion would not because the KAT would be rendered inactive and 

could not acetylate the KDAC1 target and thereby inhibit GR transactivation. Co-

depletion of KDACs 1 and 3 would still render the KAT inactive and incapable of 

acetylating the KDAC1 target, thus transcription is still activated. Furthermore, this 

model explains our KDAC depletion results. KDAC1 depletion impairs the 

activation of a majority of the tested GR-target genes whereas KDAC3 depletion 

does not. Co-depletion of KDACs 1 and 3 did not impair the transactivation of many 

GR-target genes including the genes that were impaired by KDAC1 depletion 

alone. 
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Future Studies 

To support our model of the role of KDACs in GR-mediated transcription as 

transcriptional facilitators and to further elucidate the functionality of KDACs we 

propose the following studies. 

 

Knockdown of SRC family of coactivators and determine the effect on GR-

transactivation 

Our model suggests SRCs as one of the possible group of coactivators that may 

be impaired due to acetylation and that KDAC1 may deacetylate these proteins to 

facilitate activation. To test this possibility, knockdown of SRCs 1, 2 and 3 are 

being carried out to identify the predominant SRCs (SRC 1/2/3) that are involved 

in GR-transactivation in our cell line. Comparison of the SRC depletion results with 

the KDAC depletion results will help determine whether these proteins are indeed 

essential for KDAC-dependent transactivation. If acetylation of any of the SRCs is 

detrimental to GR transactivation of these genes we predict that the SRC depletion 

would match the effects of KDAC inhibtion or depletion.  

 

ChIP assays to identify the downstream processes impaired by GR-transactivation 

A schematic of GR-mediated transcriptional activation is seen in Fig 6.3. This 

process involves three main steps (1) Binding of GR to the GRE (2) Recruitment 

of the coactivators (3) Recruitment of RNA pol II and the basal transcriptional 

machinery. Our results indicate that KDAC inhibition does not impair GR binding 



135 

 

to the GREs suggesting that its effect is on downstream processes. ChIP assays 

using specific antibodies against SRC proteins (identified from the SRC 

knockdown results), CBP/p300 and other coactivators would determine if VPA 

impairs their recruitment. Furthermore using antibodies against RNA polymerase 

II, the effect of VPA on recruitment of basal transcription machinery as well as in 

transcriptional elongation can be evaluated. A change in the composition of the 

transcription complexes assembled by GR may predict which co-regulators are 

targeted by KDACs 1 and 2. 
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Figure 6.3. Schematic of the major steps in GR-mediated transcriptional 

activation [104] 
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Identification of KDAC complexes in a gene-specific context 

Our findings that depletion of KDACs 1 or 2 have distinct effects on GR 

transactivation could be due to differences in expression levels of the KDACs. [39] 

It is possible that KDAC1 is expressed at higher levels than KDAC2 in our cell line, 

leading to an abundance of KDAC1 homodimers as compared to KDAC2 

homodimers or KDAC 1 and 2 heterodimers. This could explain the lack of 

impairment of GR-target genes seen with KDAC2 depletion. Co-

immunoprecipitation and western blotting could be used to determine the relative 

expression levels of KDACs 1 and 2.  

 

In addition siRNA-mediated depletion of critical components of KDAC1/2 

complexes can identify the key complex involved in GR-mediated transcription. 

Suds3 is an integral component of the Sin3 complex which is necessary for 

complex integrity. Preliminary experiments utilized knockdown of Suds3 to 

determine whether the Sin3 complex plays a role in facilitating GR transactivation. 

The results identified a few genes at which Dex-activation was impaired but the 

magnitude of the effect was small (Fig 6.4).  
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Figure 6.4. Effect of Suds3 depletion on GR-target genes 
 

(Contributed by V. Kadiyala and R. Jaime-Frias) 
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These results indicate that the Sin3 complex does not play a crucial role in the co-

operation between GR and KDAC1. This is consistent with the results of a recent 

chemoproteomic profiling study which showed that VPA has very low affinity for 

the Sin3 complex relative to other KDAC1-containing complexes. In addition to 

VPA, this study also examined the affinity of apicidin for various KDAC1/2 

complexes. Both apicidin and VPA had high affinity for the Co-REST complex as 

compared to the Sin3 or NURD complex. [105] Therefore ChIP assays with Co-

REST are being carried out and preliminary results have shown the presence of 

Co-REST at some of the GR target genes. Furthermore, knock down of key Co-

REST components to determine the effect on Dex-mediated activation can be 

carried out and compared to the effect of KDAC depletions on Dex-mediated 

activation. This would further elucidate the different KDAC complexes involved in 

the GR-transactivation in our cell line.  

 

Identifying of key targets of KDACs  

The proposed ChIP assays may reveal potential acetylated KDAC targets through 

changes in association with the GREs upon VPA treatment. The changes in 

acetylation status of these proteins could be identified either through 

immunological or mass spectrometric approaches. The role of GR acetylation 

could be determined by designing GR mutants in which key lysine residues are 

converted into arginine to be a mimic of un-acetylated GR or glutamine to be a 
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mimic of acetylated GR. The effect of acetylation of GR can be determined by 

studying the effect on Dex-mediated transcription.  

 

Summary 

Long standing models of GR-mediated transcription have shown KATs to be 

transcriptional coactivators and KDACs to function as corepressors. In our current 

study we have clearly demonstrated a major mechanism of GR-transactivation in 

which KDACs facilitate transcription at 50% of the GR-activated genes in a cell 

line. The current models are inadequate to explain this and our results illustrate 

the need for new models. We have also shown that KDAC inhibition impairs the 

GR-regulated transcriptome. Our results strongly suggest the possibility of KDAC 

inhibitors working as endocrine disruptors and necessitate further study of the 

effect of these drugs on endocrine pathways.  
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

 

 

 

Gene Forward Primer Reverse Primer 

Exon Primers 

Sgk1 CTGCTCGAAGCACCCTTACC TCCTGAGGATGGGACATTTTCA 

Ampd3 AAGATGATCCGGTCGCAGTC CCAGGCTTAGAAGTAGCTCCG 

Glu1 GTGAGCCCAAGTGTGTGGAA GAAGGGGTCTCGAAACATGGC 

Tgm2 GACAATGTGGAGGAGGGATCT CTCTAGGCTGAGACGGTACAG 

H6pd GGGCCACAGTTTCAGCTTC GAGGGTCTGATAGTCCTCCAC 

Sdpr CACACACTCCTGGATAAATTGGT GCGAGACTTCTCTAGCAGCTTG 

Ror1 ACCGCACTGTGTATATGGAGT TGGCGAACTGAGAGCACTTAT 

St5 CCAATCCCTGTATCCCTCTTCT CAAGGAGTTCTCAGACAGTTGC 

D8ertd82e AGGGACCACGTACAAGACCAA CCTCAGAGTTAAGGGATGGCTT 

Tns1 AGAGACCGTACCCAAGAATGT GTAGGCTGTGATTGTGGTTGT 

Tsc22d3 GGTGGCCCTAGACAACAAGA TCTTCTCAAGCAGCTCACGA 

Fam107a CCAGACCAGAGTACAGAGAGTG CCATACCCAAGCCCCTTTTGT 

Slc35d1 ATGCTCCGGTTAAAGGAGAAGC CAGGAACACCGTTAGCGTTTC 

Lcn2 TGGCCCTGAGTGTCATGTG CTCTTGTAGCTCATAGATGGTGC 

Nfkbia TTGGCAATCATCCACGAAGAG GTATTTCCTCGAAAGTCTCGGAG 

Zfp36 TCGAAGAGACCCTAACCAGGC GCGTAGTCATCAGGATCGGA 

Pfkfb3 CCCAGAGCCGGGTACAGAA GAGCCCCACCATCACAATCAC 

Intron-Exon Primers 

Ampd3 AAGGAGCTTGCAGAGCAGAAGTC CAGCTCCCTCAGGTCTCACAACTAT 

Tgm2 TGTCACCAGGGATGAGAGACGG TCCAAATCACACCTCTCCAGGAG 

St5 AGAGCTGAGGATGCACAGATAGCA TATGCCTCTTGGGTAATCGTGGCA 

Tns1 TTCTCTCACACGCTTCCGGACTTT TACAGCACACACAGGCAAGGAACT 

H6pd GAACGCTGAAGGCAAAGCAAGACA GCCTTGCCAGACATCAGGATGAAA 

Ror1 AGCGTCGTACCATTACCTTCAGCA ATTCTTCCATGAAACGCACAGCGG 

 

Table A.1. Exonic and Intron-Exon Primer sequences used in RT-qPCR 
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 5 

 

 

Gene Forward Primer Reverse Primer 

Tns1 TGAGAAAGTGCAGCTGTTGG GCCAACAGGATGTGTCTGTG 

Tsc22d3 CTGCCTTTCTCCACCATAGC AAATCTTGTCCCGCAGTCAC 

Sdpr GCAACACCACTTGCTTTGAC GCCCCAGAGCTGACTGATAG 

Sgk1dGRE CTTCCCTTATCCAGCATGTCTTGTG TGCATCGTGCAATCTGTGGC 

Sgk1pGRE ACGTGTTCTTGGCATGGCTAGGA GGGGCGGAAATAAGTCTCTGCTCTA 

Zfp36 CTCTATCAAGTCCGCCCAAG GTCCCTCCGGCTCTTGAC 

Lcn2 TTTGGACGCCTCACCCTGTG AAGGGTGAGCAAGCTGAGAGTGAA 

Table B.1. ChIP primers used in RT-qPCR 

 

Gene Position Location 

Tns1 chr1:73,921,071-73,921,546 Intronic GRE 

Tsc22d3 chrX:135,884,061-135,884,464 1.6 Kbp Downstream of gene 

Sdpr chr1:51,233,235-51,233,746 350 bp Upstream of Exon1 

Sgk1 dGRE chr10:21,694,174-21,694,484 5.2 Kbp Downstream of gene 

Sgk1 pGRE chr10:21,682,962-21,683,307 Intronic GRE 

Zfp36 chr7:28,084,970-28,085,703 200bp Downstream of gene 

Lcn2 chr2:32,210,118-32,210,462 500 bp Upstream of Exon1 
 

Table B.2. Chromosomal Position and location of GREs relative to the 

target gene dGRE-distal GRE, pGRE- proximal GRE, chr-chromosome 

Sequence position were derived from the UCSC Genome Browser, mouse 

genome build February 2006 
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APPENDIX C: PEER-REVIEWED PUBLICATION 
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