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The hypothalamic pituitary adrenal (HPA) axis is an important neuroendocrine system 

which mediates the mammalian stress response. Dysregulation of the HPA axis, often due 

to failed glucocorticoid receptor (GR) mediated negative feedback, is tightly associated 

with many psychiatric disorders including depression. Glucocorticoids attenuate the 

activated HPA axis partly by suppressing Corticotropin releasing hormone (CRH) gene 

(crh) expression. Though regulation of crh is a critical component of the HPA axis, the 

molecular mechanisms are poorly understood. In this study, we sought to investigate the 

molecular mechanism by which GR regulates crh expression. The results indicate that 

Histone deacetylase (HDAC) 1 and methyl CpG binding protein 2 (MeCP2) interact with 

GR forming a putative complex and that this interaction is GR-ligand, Dexamethasone 

(Dex), dependent. Furthermore, results indicate that DNA methyltransferase (DnMT) 3b 

also interacts with GR and this interaction is Dex dependent. Next we tested the role of 

MeCP2 and DNA methylation in GR mediated crh repression. The results suggest that 

MeCP2 is necessary for maintenance of basal crh levels. Decreased levels of MeCP2 are 

associated with the increased crh expression and Dex fails to repress crh in the absence 

of MeCP2. Then we examined the role of DNA methylation in crh regulation. The data 

suggest that Dex increases promoter methylation at specific sites, and that inhibition of 

methylation at these sites by 5-Aza-2-deoxycytidine (5-AzaDC) is associated with 

increased expression of crh. The results also suggest that inhibition of DNA methylation 



abrogates Dex mediated repression of crh. In fact, Dex activates crh in the face of 

reduced promoter methylation. While 5-AzaDC and Dex do not alter the protein levels of 

GR and MeCP2, inhibition of DNA methylation decreases the ability of GR and MeCP2 

to occupy the crh promoter. Taken together, the data indicate that Dex mediated 

repression of crh is mediated through the formation of a putative complex and requires 

MeCP2 and site specific promoter methylation.  The findings from this study add novel 

aspects to the molecular mechanism of GR mediated crh repression. This will lead to 

better treatment and management of depression which affects nearly 10% of the US 

population. 
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CHAPTER 1 

 

 

Introduction 

 

 

The mammalian stress response is a culmination of complex neuroendocrine activities. It is a 

major component of homeostatic mechanisms aimed at maintaining the internal milieu
1
. A 

response to the external environment is a natural characteristic of all living organisms. The term 

‘stress response’ was first coined by Hans Selye. He defined it as a non-specific response of the 

body to any noxious stimuli
2,3

. Evolution has shaped the mammalian stress response through the 

process of natural selection
4
. Formation of a bacterial spore or the more sophisticated “fight and 

flight” response are two extreme examples of responses to unfavorable environments.  

 Animals respond to stressful stimuli through various behavioral and physiological 

changes
5
. There are three major components of a response initiated by an animal during the 

stress stimulus. This includes a behavioral response, an endocrine response and the autonomic 

nervous system response
6,7

. All three components are essential for survival. Of these, the 

endocrine response is mediated through hypothalamic pituitary adrenal (HPA) axis
5
.  
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Dysregulation of the HPA axis is associated with many neuro-pathological conditions such as 

major depression
8
, neuro-degeneration

9
, cognitive

10
 and other psychiatric disorders

11
. 

 

1.a. The hypothalamic pituitary adrenal axis and its regulation  

The hypothalamus is a collection of a large number of specialized nuclei, each with its own 

function. This diencephalic part of the brain is connected to the pituitary gland by the 

infundibulum on the ventral side
12

. The response to the stress starts with the perception of an 

unfavorable environment such as pain, danger, inflammation and other. This includes clues from 

various sensory inputs. The various inputs are integrated and converge at the paraventicular 

nucleus of the hypothalamus (PVN), which is the starting point of HPA axis
13,14

 (Figure 1). The 

brain centers, that have direct and indirect innervations to the PVN, include the cortex, 

hippocampus and other parts of the limbic system
15

.The PVN is the focal point of Corticotropin 

releasing hormone (CRH) neurons. Catecholaminergic A2 and C2 neuronal inputs from the 

nucleus of solitary tract converge onto CRH neurons in the PVN. The PVN also receives direct 

input from subfornical organ. Many indirect inputs are mediated through GABA-ergic neurons in 

the peri-PVN area
5,15,16

 (Figure 2).    

 Parvocellular neurons of the PVN synthesize and release CRH and Arginine 

vasopressin (AVP)
15,17

.  Stress stimulates the CRH neurons of the PVN to release CRH into the 

portal circulation, which carries it to the anterior part of the pituitary. CRH stimulates the 

pituitary to secrete adrenocorticotrophic hormone (ACTH) into the systemic circulation. ACTH 

in the systemic blood stimulates the cortex of the adrenal glands to release glucocorticoids 

(GCs), thus completing HPA axis
5,18

. Released GCs have various actions depending upon the 

target organ. All these actions are aimed at resisting the imbalance caused to homeostasis due to 
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stress
19,20

. Along with this, GCs perform a major function of limiting the activity of HPA axis
21

. 

This is mediated through a negative feedback mechanism by which the end product of a system 

attenuates its activation. 

 The action of GCs is mediated through glucocorticoid receptors (GR) and the GR 

mediated action of GCs is an essential component of HPA axis negative feedback
22

. The GR 

mediated down regulation of the HPA axis takes place at different levels. GR can down regulate 

the CRH gene (crh) as well as the ACTH gene
22,23

. It also represses the HPA axis at the level of 

the hippocampus
24

. This GR mediated negative feedback is essential to restrain the HPA axis 

activity and thus limits the release of excessive GCs
21

. An uncontrolled HPA axis can result in 

large amounts of GCs secreted into the circulation resulting in deleterious consequences
5
. High 

levels of GCs are associated with energy imbalance, immune system failure, faulty lipid 

metabolism, etc.
19

. This dysregulated HPA axis is primarily due to failed GR mediated negative 

feedback
8
.  CRH positive neurons in the PVN of the hypothalamus are a major site for GR 

mediated negative feedback. In summary, GR mediated down regulation of crh plays an 

important role in limiting the activity of the HPA axis and maintenance of homeostasis
23

. 

 

1.b. Corticotropin releasing hormone (CRH) 

CRH, or Corticotropin releasing factor (CRF), as it was first termed, was characterized by Vale 

et al. in 1981
25

. His group was the first to isolate, purify and test the 41-amino acid protein from 

bovine hypothalamic extracts. They found that this peptide was able to stimulate the release of 

corticotropin (ACTH) from cultured anterior pituitary cells, thus its name. They went on to 

synthesize and sequenced the CRH peptide. The rat and human CRH peptide have identical 

sequence and slightly differ from bovine peptide
25

.  
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 The CRH is expressed in major areas of central nervous system (CNS). It is also 

expressed in peripheral organs such as lymphatic organs and the placenta
26,27

. In the CNS, it is 

expressed in cortex, hippocampus, amygdala and hypothalamus
17

.    

 

1.c. Corticotropin releasing hormone gene regulation 

CRH gene (crh) expression is a tightly regulated process that is essential to the maintenance of 

HPA axis homeostasis
23

. Two regions of the brain that express CRH and respond to stress stimuli 

are the PVN and central nucleus of the amygdala. Earlier studies have shown that these two 

groups of CRH neurons respond differently to the elevated levels of glucocorticoids
28-30

. Both 

these nuclei are important in the management of the stress response. CRH positive neurons in the 

PVN receive inputs from various parts of the brain which are then integrated and converge onto 

crh. In the amygdala CRH plays an important role in fear and anxiety associated with stress 

response
28-30

. The result of these inputs is altered gene expression.  

 

Molecular mechanism of crh stimulation 

Many molecular mechanisms of crh up-regulation or stimulation are due to the cyclic AMP 

(cAMP) signaling pathway and are well understood
15

 (Figure 3A). Various external stimuli, such 

as neurotransmitters, lead to increased levels of cAMP in CRH neurons. This in turn activates the 

proteinkinase A (PKA)-mediated signaling cascade. Activated PKA translocates into the nucleus 

and phosphorylates the cAMP response element binding (CREB) protein
15

. pCREB then binds to 

the cAMP response element (CRE) present in the proximal promoter of crh. The CRE is a major 

component of the promoter which mediates transcriptional up-regulation and is located at -224bp 

upstream of transcription start site (Figure 4A). The CREB protein recruits the CREB binding 
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protein (CBP), which is a histone acetylase. Histone deacetylation leads to opening of chromatin 

and activation of the gene. The phosphorylation-mediated activation of the CREB protein is 

necessary but not sufficient for crh activation
31

.  

 Along with CBP, CREB protein activity also depends on the availability of 

another co-activator. CREB protein regulated transcription co-activator 2 (CRTC2), or 

transducer of regulated CREB activity (TORC2) as it was known earlier, is a co-activator of 

CREB protein. Dephosphorylation and eventual translocation of CRTC2 to the nucleus is critical 

for CREB mediated crh activity. A study by Liu et al. suggested that CRTC2 or TORC2 

phosphorylation and its presence in the nucleus plays an important role in cAMP dependent 

stimulation of crh activity
32

 (Figure 3B).  

 Regulation of phosphorylation of CRTC2 is mediated by a network of kinases and 

phosphatases. Liu et al. suggested that the salt inducible kinases (SIK) 1 and 2 are involved in 

CRCT2 phosphorylation
33

. A study by Jeanneateau et al. showed that the phosphatase 

calcineurin also plays a role in this process. The Jeanneateau study further suggested that 

glucocorticoids regulate the phosphorylation of CRTC2 and hence its nuclear-cytoplasmic 

distribution. In the neurons of mice treated with the synthetic glucocorticoid, dexamethasone 

(Dex), CRTC2 is hyper-phosphorylated and thus restricted to the cytoplasm
34

.  

 

Molecular mechanisms of crh repression 

The molecular mechanism of positive regulation of crh is an extensively studied and well 

understood process. On the other hand the molecular mechanisms of crh down regulation are 

poorly understood. Though the response to stress in animal models and subsequent negative 

feedback by glucocorticoids is well known
21

, the underlying mechanisms remain elusive. The 
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crh promoter lacks a consensus glucocorticoid response element (GRE)
35,36

. Earlier studies by 

Malkoski et al. of the human crh promoter have shown that distinct regions are involved in gene 

activation and repression
35

. A conserved CRE at -224 bp relative to the transcription start site is 

the main locus of gene activation. On the other hand, the composite negative GRE (nGRE) 

present at -278 to -249 bp is important in gene repression (Figure 4A)
35,36

. Ligand bound GR 

(GR holoreceptor) binds to the crh promoter at this region. More recent studies in rat 

hypothalamic immortalized cells have also shown binding of GR in this region of crh promoter 

following Dex treatment 
37-39

.  

 There are two possible components of the mechanism of GR mediated crh 

regulation – genomic and non-genomic. Genomic regulation assumes direct or indirect 

interaction of the GR in the environment of the crh promoter followed by chromatin 

modification, which leads to gene repression. The non-genomic mechanism involves the 

regulation of kinases and phosphatases, which in turn controls the activation and/or nuclear 

translocation of transcription factors and co-regulators involved in crh regulation. 

 

Role of chromatin modification in crh regulation 

Here the term “chromatin modification” refers to the covalent changes in histone proteins and 

DNA (chromatin) which lead to alterations in gene expression
40

. This includes methylation of 

DNA and modifications to histone proteins. The crh promoter has a CpG island which plays an 

important role in its regulation of gene
41,42

 (Figure 4B). A CpG island is a region of DNA where 

the GC content of DNA is more than 50%. Thus it is a cluster of CpG dinucleotides (Figure 4B). 

In vivo studies in the mouse and rat have shown that exposure to stress is associated with 

decreased methylation of the crh promoter and subsequent increased gene expression
41,42

. Also, 
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the CRH mRNA level is elevated following treatment with the DNA methyltransferase inhibitor 

5-Aza-2-deoxycytidine (5-AzaDC) in mouse hypothalamic N42 cells
42

. The role of DNA 

methylation in crh regulation is also evident from the experiments done in maternal deprivation 

(MD) model of stress in rats. According to Chen et al., animals exposed to MD after birth have 

elevated levels of hypothalamic CRH mRNA, following restraint stress in adulthood. These 

elevated levels correspond to reduced methylation of CpG dinucleotides in the crh promoter
41

.  

 Similar to DNA modifications, covalent changes of histone tails also influence 

crh regulation
37

. These changes include acetylation and methylation of specific histone residues. 

In general, histone acetylation is associated with gene activation, and histone methylation is 

associated with the gene repression; both modifications appear to be at play in the crh promoter. 

Sharma et al. have shown that, in IVB cells, Dex exposure increases histone 4, and not histone 3, 

acetylation in the region of the crh promoter
37

. This change in acetylation coincides with the 

recruitment of histone deacetylase (HDAC) 1 to the promoter
37

. Although increased acetylation 

and gene repression appear to be incongruous, it is possible that the opening of chromatin 

actually allows entry to the co-repressors which further modify chromatin to repress the gene.

 Methylated DNA recruits many proteins that are involved in gene repression. 

Methyl CpG binding protein 2 (MeCP2) binds to methylated CpG and forms a co-repressive 

complex with HDACs to repress the gene 
43,44

. The role of MeCP2 in crh regulation has been 

demonstrated through the mouse model of Rett syndrome
45

. Truncated MeCP2, as is the case in 

Rett syndrome, is associated with elevated levels of CRH mRNA in the PVN of transgenic mice. 

This increase in gene expression is associated with significantly lower promoter enrichment of 

MeCP2. Interestingly, transgenic mice with truncated MeCP2 show no change in crh promoter 

methylation. Secondary ChIP experiments in wild type mice revealed that in the hypothalamic 
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region MeCP2 is associated with methylated histone (Dimethyl H3K9), which is a marker for 

repressed promoter, but not with acetylated histone
45

. Taken together, chromatin modifications 

play important roles in regulation of crh. 

 

Non genomic mechanisms of crh regulation 

A body of literature supports the existence of non-genomic mechanisms by which negative 

feedback operates. This school of thought comes from the earlier studies done in GR
dim/dim

 mice. 

GR
dim/dim

 mice carry a point mutation in GR that prevents GR binding to the DNA
46

. These mice 

do not show any changes in crh expression, but ACTH repression by GCs is aborted. These 

findings suggested that the GR regulation of ACTH is DNA-binding dependent while crh 

regulation does not require genomic action of GR. Recent studies have also shown that following 

stress there is no GR enrichment of the crh promoter region in hypothalamus
47

. One study also 

suggests that GR differentially regulates CRH mRNA and heteronuclear RNA suggesting a role 

of GR at the post-transcription stage
48

.  

 As mentioned earlier, GCs can regulate crh through modulation of regulatory 

proteins
33,34

. A study by Shepard et al. indicates that the GC mediated decrease in crh is 

mediated through the repressor isoform of CRE modulator (CREM) inducible cAMP early 

repressor (ICER). Those authors suggest that increased GCs following restrain stress in rats, is 

associated with marked increase in ICER in the PVN region and increased recruitment of CREM 

to the crh promoter. This is in parallel with decreased polymerase II binding to the crh 

promoter
49

. Subsequent studies showed that ICER plays an important role in limiting stimulated 

crh and has no effect on basal levels of crh
31,50

.  
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 In summary, the crh gene is regulated through multiple molecular mechanisms. 

Some mechanisms are involved in the regulation of basal levels while others are important in 

case of limiting stimulation. crh activation is mediated through CRE, its repression and 

maintenance of basal levels are mediated through the proximal nGRE and DNA methylation. In 

this study, we have analyzed molecular mechanisms of crh repression and the interplay between 

DNA methylation and GR recruitment to the promoter. Taken together, the available literature 

suggests that the regulation of crh takes place through multi-modal mechanisms, which allows 

fine tuning of the stress response and maintenance of homeostasis.  Since all stress stimuli 

converge on to the crh neurons in the PVN and it is also a primary target of negative feedback, 

understanding the GR mediated molecular mechanisms that regulate crh is extremely important.      

 

1.d. Glucocorticoid Receptors (GR) 

GR is the 1
st
 member of group C of 3

rd
 nuclear receptor subfamily (NR3C1). It is encoded by 

NR3C1 gene present on the 5
th

 chromosome in humans and on the 18
th

 chromosome in mouse 

and rat. The gene has 9 exons and 8 introns. It has a DNA binding domain (DBD) consisting of 

two zinc fingers and ligand binding domain (LBD) (Figure 5)
51-53

. The DBD is present at the 

center of the protein while LBD is at the C-terminal of the protein. The prototypic GR-DNA 

interaction involves GR dimerization and subsequent zinc finger interaction with a major groove 

of a DNA helix. GR is expressed throughout the body and it acts as a transcription factor that 

regulates a plethora of genes
54

. It is widely expressed in the cortex, mid brain region and limbic 

system
55,56

. There is a dominant negative form, GRβ, which arises from variation in splicing
57

. 

This study, however focuses on the GRα isoform or simply GR.  
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1.e GR mediated gene regulation  

GR is a major ligand induced transcription factor. The endogenous ligands for GR are 

corticosteroids released by the adrenal glands. In the absence of ligand, GR is sequestered in the 

cytoplasm by heat shock proteins (HSPs). The binding of ligand leads to conformational changes 

and dissociation from HSPs which leads to translocation of GR to the nucleus
52,58

. In the nucleus, 

the GR homodimerizes and binds DNA elements known as Glucocorticoid Response Elements 

(GREs)
59,60

. This is followed by recruitment of co-regulators, which then alter gene expression
58

. 

 GR has a broad range of target genes. These include inflammatory genes, genes 

related to metabolism and genes related to HPA axis
61,62

. There are many mechanisms which 

have been proposed to explain the spectrum of GR action. GR mediated activation of a gene 

results from of GR holoreceptors binding to a palindromic response elements-GREs
63

. This is 

followed by co-activator recruitment to activate transcription
58

 (Figure 6A). Alternatively GR 

can interact with other transcription factors and activate genes through composite GREs (Figure 

6B) or by tethering mechanism where GR does not directly interact with DNA (Figure 6C). For 

example the Beta –casein gene is induced through the GR interaction with the signal transducer 

and activator of transcription (STAT)5
51,63

.  However GR mediated trans-repression of genes is 

more complicated and sometimes involves multiple mechanisms. 

 

Gene repression mediated through nGRE 

The association of ligand bound GR with a gene promoter without a consensus GRE, gave rise to 

the concept of negative elements or nGREs. The first example was of that of the prolactin gene. 

The down regulation of prolactin gene expression by ligand bound-GR is mediated through an 

nGRE
64

.  Subsequent studies identified many genes with such nGREs. For example the pro-
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opiomelanocortin gene (POMC), which encodes the precursor protein for ACTH, is repressed by 

GRs through nGREs present in the promoter
65

. In this mechanism, nGREs recruit ligand 

activated GR and favor transcriptional repression (Figure 6D). Another example of such nGRE 

mediated repression includes the thymic stromal lymphopoietin gene (TSLP) promoter
66

. Many 

other genes show the presence of putative nGREs such as osteocalcin, keratin, Rev-ErbA, insulin 

and insulin receptor gene in human and mouse
66-68

. GR also represses genes by preventing 

binding of transcription factors such as CREB to the gene promoter. In case of glycoprotein 

hormone α subunit gene, which is positively regulated by cAMP mediated activation, GR 

prevents binding of CREB to the promoter
69

. Prevention of CREB binding by GR leads to gene 

repression
69

.  This mechanism operates via a competitive nGRE (Figure 6E).  

 GR can also lead to the negative regulation of a gene via the interaction with 

other transcription factors. Reporter assay studies on collagenase I promoter have shown that GR 

interaction with activator protein (AP)-1 results in repression of GR regulated genes
70-72

. The GR 

mediated repression of inflammatory genes such as interleukin 6 is also mediated through this 

mechanism, where GR interacts with nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-kB) and represses inflammatory genes
73

. In this mechanism GR represses a gene 

without direct DNA binding and through interaction with AP-1 or NF-kB
70-73

 (Figure 6F) 

 Interestingly, many genes which are negatively regulated by GR are also 

regulated by DNA methylation. For example, the osteocalcin gene, which is repressed by GR 

through nGRE, is regulated by methylation of CpG nucleotides in its promoter
67,74

. Conversely 

reduced CpG methylation is associated with increased expression of osteocalcin gene in rat 

osteoblasts. A second example includes the TSLP gene, which is transcriptionally activated by 5-

Azacytidine mediated inhibition of DNA methylation
75

. A third example includes crh in the PVN 
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of the hypothalamus. This gene is derepressed by decreased methylation of CpG nucleotides and 

repressed by GR in the hypothalamus
41,42

. 

 Remarkably, there is no study that has examined the relation between DNA 

methylation and GR mediated negative regulation of these genes. Here, we demonstrate the 

interdependence of GR action and promoter DNA methylation. The findings of this study reveal 

a novel of molecular mechanisms of GR mediated negative regulation of crh.  

 

1.f Importance and significance 

Depression is an important public health problem because of its impact on socioeconomic status 

and physical health. According to Centers for Disease Control and Prevention (CDC), one in 20 

adults in the United States is affected by a depressive disorder
76

. Major depression is among top 

mental disorders in U.S. adolescents and its prevalence is three times higher in females as 

compared to males
77-79

.  

 An over activated HPA axis is tightly associated with major depressive disorder. 

The association of a dysregulated HPA axis and depression was documented over half a century 

ago. The combined Dex/CRH test on depressed individuals and other clinical studies corroborate 

that GR mediated negative regulation is impaired in depressed individuals
80

. Though the failure 

of GR-mediated negative regulation, which maintains the HPA axis, is tightly associated with 

depressive disorders, the focus of treatment for depression has been the levels of monoamines. 

Currently available drugs mainly act by increasing levels of monoamine such as nor epinephrine, 

dopamine and serotonin in the brain
81

 and not directly targeting HPA axis. Furthermore, 40-50% 

of depressed patients do not respond to conventional medicines this group is called as treatment-

refractory depression
82

. Understanding the molecular mechanisms by which GR regulates crh 
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expression, which is a major component of HPA axis, will reveal newer targets for development 

of medicines for treatment of depression. 

 The purpose of this study was to advance our understanding of the molecular 

basis of GR mediated crh regulation. In this project we have investigated the molecular 

mechanisms by which GR regulates crh. The overarching hypothesis of this study is that GR-

mediated repression of crh involves formation of a co-repressor complex and chromatin 

modifications. We have investigated the role of DNA methylation and how it affects the ability 

of GR to repress crh. We first examined the formation of GR mediated co-repressor complex and 

determined its role in crh repression. Then we examined the role of MeCP2 in Dex mediated 

repression and maintenance of basal crh levels. Finally, we investigated the role of DNA 

methylation in regulating crh and how it affects the GR mediated repression of crh. Our findings 

reveal a novel molecular mechanism by which GR regulates crh. 
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Figures and legends 
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Figure 1. Schematic representation of Hypothalamic-Pituitary-Adrenal axis. 

Schematic representation of HPA axis and negative feedback regulation. Black arrows represent 

activation, blue lines represent inhibition. CRH, Corticotropin releasing hormone; ACTH, 

Adrenocorticotrophic hormone; PVN, Paraventricular nucleus of hypothalamus 
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Figure 2. Neuronal inputs to the Corticotropin Releasing Hormone neurons.  

A, Schematic of a rat sagittal brain section showing direct neuronal innervations (green lines) to 

CRH neurons (purple) in the PVN from other areas of the brain (Adapted from Aguilera G, 

2012). B, A model showing direct and indirect neuronal inputs to CRH neurons in the PVN 

(Adapted from Levy B. and Tasker J., 2011). (+) sign indicates activation, (-) sign indicates 

inhibition. cc, Corpus callosum; HI, Hippocampus; SFO, subfornical organ; PVN, 

Paraventricular nucleus of hypothalamus; P-P, peri-PVN; NTS, nucleus of the solitary tract; 3V, 

3
rd

 Ventricle; CRH, Corticotropin releasing hormone; NE, Norepinephrine; GLU, Glutamate; 

GABA, ɤ-amino butyric acid. 
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Figure 3. Positive regulation of CRH gene. 

A, External stimuli and cellular pathways those lead to the activation of CRH gene in 

hypothalamus. Question marks indicate possible, but unknown links. Arrows indicate activation 

or increased levels. B, cAMP mediated molecular pathway depicting activation of CRH gene. 

BDNF, Brain derived neurotrophic factor; ER, Estrogen receptor; TrKB, Tyrosine-related kinase 

B receptor; cAMP, cyclic Adenosine mono-phosphate; 8-Br-cAMP, 8-Bromo cAMP; IP3, 

Inositol tri-phosphate; PKC, Protein Kinase C; MAPK, Mitogen activated protein kinase; PKA, 

protein kinase A; CREB, cAMP response element (CRE) binding protein; CBP, CREB binding 

protein; CRTC, CREB protein regulated transcription co-activator; P: phosphorylated form. 
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Figure 4. CRH proximal promoter region. 

A, Proximal promoter sequence of CRH gene showing response elements and CpG di-

nucleotides. B, Graph showing GC percentage of DNA in CRH proximal promoter with CpG 

island (Blue). nGRE, Negative Glucocorticoid response elements; CRE, cAMP response 

elements; TSS, Transcription start site. 
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Figure 5. Structural aspects of glucocorticoid receptor protein. 

Diagram of different regions of Glucocorticoid receptor protein, including the zinc finger region 

in the DNA binding domain (DBD). LBD, ligand binding domain; AF1, ligand binding 

independent activation domain; AF2, ligand binding dependent activation domain; N- Amino 

terminal, C- Carboxy terminal. DBD showing two zinc fingers which interact with DNA.  
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Figure 6. Mechanisms of glucocorticoid receptor mediated gene regulation. 

A and C, transactivation; D-G, transrepression. GR, Glucocorticoid receptors; X, Transcription 

factors and co-regulators. A, Classical GR mediated activation of gene through binding of 

dimerized GR to GRE. B, C, GR interacts with regulatory proteins thus activating gene through 

composite GRE or tethering mechanism; D, Dimerized GR repressing gene through nGRE 

binding; E, GR preventing activator from DNA binding, hence inhibiting the gene by 

competitive inhibition; F, G, GR interacts with other regulatory proteins and thus repressing gene 

through tethering or composite mechanism.(Adapted from Newton R, Thorax, 2000) 
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CHAPTER 2 

 

 

Glucocorticoid receptor mediated CRH gene repression involves 

formation of a co-repressor complex 

 

 

a. Introduction 

The focus of the first part of this study was to determine whether GR can form a co-repressor 

complex which mediates crh repression. A study by Miller et al. suggested that HDAC1 

participates in the GR mediated repression of crh and not HDAC3
37

. Studies have shown that 

HDAC1 forms a co-repressive complex with MeCP2 causing repression of many genes
43,44

. 

Thus, we tested the hypothesis that GR forms a putative complex with HDAC1 and MeCP2 in 

context of crh repression and that the interaction is ligand dependent. Since crh expression is 

regulated by promoter methylation
41,42

 and MeCP2 occupancy
45,83

, we further asked if DNA 

methylating enzymes such as DnMT3a and 3b are part of this complex.  
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The second part of this study was designed to investigate the role of MeCP2 in 

GR mediated crh regulation. MeCP2 plays critical role in maintaining the basal level of crh 

expression. Increased as well as decreased functional availability of MeCP2 is associated with up 

regulation of crh
45,83,84

. What role MeCP2 plays in the GR mediated maintenance of the crh gene 

is not known. siRNA mediated MeCP2 knockdown was utilized to understand the role of MeCP2 

in GR mediated regulation of crh expression. 

The data suggest that GR forms a complex with HDAC1, MeCP2 and DnMT3b in 

ligand dependent manner. GR interaction with the DnMT3b isoform was specific and ligand 

dependent. The results also indicate that MeCP2 which is part of the putative complex is 

essential for maintenance of basal levels of crh and repression of crh mediated by GR.  

 

Choice of cell line  

The hypothalamus has a heterogeneous population of cells. Cells in different nuclei have 

different characteristics. In most cases the boundary between these nuclei is blurred with a mixed 

population of cells
85

. Thus, there are very few cell lines derived from the hypothalamus that 

represent PVN nucleus. Of these, one of the earliest developed was the IVB cell line. IVB cells 

are derived from hypothalamus of 18 day male rat embryo. These cells were immortalized by 

transfecting them with SV-40 large T antigen followed by clonal selection. These cells have 

properties of the parvocellular neurons of the PVN region of the hypothalamus
86

. IVB cells 

express CRH and AVP mRNA. They show immunoreactivity for GR, and express functional 

type 1 CRH receptors
87

. IVB cells have been used previously to study the crh 

regulation
33,37,38,50,88

. They were used in all the experiments described in this dissertation.   
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b. Results 

Dex Treatment Decreases the Expression of crh in IVB Cells. 

First the effect of GR agonist (Dex) on the CRH expression was re-assessed. The previously 

reported concentration (10
-7

M) of Dex and duration of exposure (2hrs) were used
37

. The crh 

expression was measured by RT-qPCR analysis. The data indicate that Dex decreases the CRH 

mRNA expression level by 40%, (Figure 7A) and hnRNA levels by 30%, (Figure 7B). For all 

future experiments hnRNA levels were used as a measure of gene expression. To understand 

whether Dex effect is limited to transcriptional regulation, we analyzed whether Dex also 

decreases the CRH protein levels. Immunocytochemistry (ICC) reveals that following 2 hrs 

exposure to Dex, CRH immunoreactivity was decreased (Figure 7C). 

 

Localization of GR, MeCP2, and HDAC1 

GR translocation from cytoplasm to nucleus in the presence of ligand is well known. To confirm 

this and to determine if Dex alters the cellular translocation of HDAC1 and MeCP2, western blot 

analysis was done on nuclear and cytoplasmic fractions of cell extracts. As expected, Dex 

exposure led to translocation of GR from the cytoplasm to the nucleus. HDAC1 and MeCP2 

were nuclear irrespective of Dex treatment (Figure 8). Western blot analysis of MeCP2 revealed 

two bands. The MeCP2 gene is known to be alternatively spliced in humans
89,90

 and rats
91

, and 

the bands are presumed to correspond to previously reported isoforms, MeCP2-e1 and MeCP2-

e2
91,92

. 
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Dex treatment increases the association of GR with HDAC1 and MeCP2. 

To determine the degree to which GR associates with HDAC1or MeCP2, to form a complex, co-

immunoprecipitation analyses were performed. These analyses revealed that Dex enhanced 

interactions of GR with HDAC1 by more than two fold, (Figure 9A) and with MeCP2 by more 

than three fold, (Figure 9B). This indicates that Dex induces a formation of complex consisiting 

of GR, HDAC1 and MeCP2 which are recruited to the crh promoter region
39

. 

 

Dex Induces GR Interaction with DnMT3b and not DnMT3a 

Given that MeCP2 binds to methylated CpG dinucleotides and DnMTs are involved in such 

methylation
93

, so we sought to determine whether or not DnMTs are associated with the GR 

and/or are present in the same region of the crh proximal promoter as evaluated above. An 

interaction between GR and DnMT3a was not observed. The bands in Figure 10A, IP, are not 

specific. In contrast, GR interacted with DnMT3b, and the interaction was increased by treatment 

with Dex by more than two fold, (Figure 10B). Consistent with Co-IP data, ChIP analysis 

showed that Dex increased association of DnMT3b and not -3a with crh proximal promoter 

region as reported in Sharma et al. 2013 

 

siRNA mediated MeCP2 protein knockdown 

In order to understand the importance of MeCP2 in GR mediated repression, short interference 

(si) RNA mediated protein knockdown was used. We tested three different siRNA sequences 

provided by the manufacturer (OriGene) for their efficiency to knock down MeCP2 protein 

expression. A scrambled RNA duplex was used as control. All three siRNA sequences (Table 3) 

significantly reduced protein expression of MeCP2 72 hrs post transfection. siRNA labeled as 
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siMECP2C showed maximum (~50%) reduction in protein levels (Figure 11). Scramble control 

had no effect on MeCP2 protein levels. This siRNA (relabeled as siMeCP2) was used in all 

subsequent experiments.  

 

MeCP2 knockdown is associated with increased crh expression 

To examine the effect of MeCP2 protein depletion on crh expression, we measured CRH hnRNA 

levels in cells transfected with scrambled or siMeCP2 by RT-qPCR. Decreased MeCP2 protein 

levels (Figure 12A) are associated with an almost 3.5 fold increase in the levels of crh hnRNA 

transcripts, (Figure 12B). 

 

MeCP2 knockdown leads to failure of Dex to mediate crh repression 

The effect of MeCP2 knockdown on Dex mediated repression of crh was examined by treating 

scrambled or siMeCP2 transfected cells with Dex. siMeCP2 transfection increased expression of 

CRH hnRNA irrespective of the presence of Dex by at least 2 fold (Figure 13). Dex failed to 

repress the hnRNA expression in the presence of scramble siRNA. This may be due to 

transfection process. 

 

c. Discussion 

The results suggest that the GR holoreceptor forms a putative complex with HDAC1 and MeCP2 

along with DnMT3b. The study by Sharma et al. showed that the formation of this complex 

coincides with increased recruitment of GR, HDAC1, MeCP2 and DnMT3b to the crh promoter 

region
39

. These findings are consistent with previous reports that indicate involvement of 

HDAC1 and MeCP2 in crh regulation
37,45,83

. The formation of this putative complex at the crh 
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promoter occurs in parallel with a decreased crh expression at mRNA, hnRNA as well as protein 

level. These data indicate that GR mediated repression of crh involves ligand induced formation 

of the complex. The results from the MeCP2 knockdown experiments suggest that it is required 

for maintenance of basal levels of crh. Furthermore, loss of MeCP2 prevents Dex mediated 

repression of crh suggesting that it is necessary for GR mediated action. The results underscore 

the significance of MeCP2 in the regulation of crh expression
45,83

. The formation of co-repressor 

complex and its recruitment to the crh promoter is associated with increased methylation of 

histone residues
39

. The results from this study support the findings of McGill et al. which suggest 

that MeCP2 is associated with methylated histone
45

.  

The sequence of formation of this complex and its assembly at the crh promoter is 

not known. The CpG dinucleotides as well as nGRE present in crh proximal promoter may 

participate in formation of assembly. One scenario could involve the binding of MeCP2 to the 

methyl CpGs followed by GR and HDAC1 recruitment. This may be preceded by GR bound-

DnMT3b mediated methylation of CpGs. In this proposed molecular mechanism GR does not 

directly interact with DNA, but may stabilize the interaction of MeCP2 with HDAC1. Since 

MeCP2 knock down prevents Dex mediated crh repression, MeCP2 may be necessary for GR 

recruitment to the promoter. Furthermore, MeCP2 can interact with DnMT1
94

 and thus whether 

MeCP2 knockdown changes the methylation of crh promoter and alter GR holoreceptor 

recruitment remains unknown. A study by McGill, using a mouse model with truncated MeCP2 

suggests that recruitment of MeCP2 to the crh promoter does not change promoter methylation
45

. 

A second possibility is composite GR action that GR interacts with nGRE in a 

complex with MeCP2 which is recruited to methyl CpGs. The HDAC1 would then be recruited 

to the complex which would results in the repression of the gene. The DnMT3b interaction with 
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GR would lead to methylation of CpGs inturn would set the stage for MeCP2 recruitment. Taken 

together, the results suggest that GR mediated crh repression involves formation of a co-

repressor complex and that MeCP2 is required for the complex function. 

 

d. Materials and Methods 

Cell Culture  

Cells were grown in 5.5% CO2 at 37
0
C, in phenol red free media. DME/Ham’s F12 1:1 

customized media from Hyclone was used in all experiments. The media was supplemented with 

newborn calf serum (NCS), 10%. Media was also supplemented with 1mM l-glutamine, 1mM 

Sodium Pyruvate and 100IU/ml of Penicillin and Streptomycin. The volume of media used is 

indicated in Table 1. 

 

Growing cells from frozen stocks: Frozen cells vials were stored in liquid nitrogen. Media was 

warmed in a water bath prior to the vial being removed from liquid nitrogen tank. The vial was 

taken out and warmed immediately in the water bath and then the cells were added to the Petri 

plate/dish (Nunc, Thermo Fisher) containing the media. The plate was swirled gently for an even 

distribution of cells. The cells were allowed to attach and grow for 4-6 hrs before changing the 

media. The cells were then used for future experiments. 

 

Passaging cells: Cell cultures were split at 80-90% confluence. For this, the culture media was 

removed and cells were washed once with phosphate buffer saline (PBS) (10mM phosphate, pH 

7.4; 0.15M NaCl)) once. After removing PBS, trypsin was added onto the cells and allowed to 

spread over the entire surface area. The plate was incubated for 2-3 min at 37
0
C. Trypsin was 



34 
 

then neutralized by the addition of 4-5 times volume of media. The cell suspension was 

centrifuged at 600g for 2 min. The supernatant was removed and the cell pellet was re-suspended 

in the medium. The cell suspension was then divided and cells were plated as per requirements. 

 

Cryopreservation of cells: After obtaining a single cell suspension Dimethyl sulfoxide (DMSO) 

was added to achieve the final concentration of 10%. The cell suspension was then divided into 

cryostatic vials each containing 1-1.5 ml of cell suspension. The vials were labeled and 

immediately frozen at -80
0
C for 24 hrs and then transferred into liquid nitrogen. 

 

Cell counting and cell plating for experiments: The single cell suspension was used for 

counting number of cells per ml. 10µl of cell suspension was stained with equal volume of 

Trypan blue dye (Sigma). 10µl of this was added to cell counting chamber. The total cells in 4 

corner squares were counted and cell/ml was calculated by adjusting dilutions. Desired numbers 

of cells were plated for consistency of results. 

 

Dexamethasone treatment:  A 10
-4

M Dexamethasone stock solution was prepared in 100% 

ethanol. The appropriate volume of Dex solution in ethanol was directly added to the media to 

achieve 10
-7

M concentration. Equal volumes of ethanol served as a negative control. To avoid 

the effect of steroids in serum, cells were incubated in media with SS, 24 hrs prior to Dex 

treatment. 

 

Cytoplasmic and nuclear fractionation: Harvested cells were centrifuged at 600g for 2 min, 

then washed with PBS and centrifuged again at 600g for 2 min. Supernatant was discarded and 
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the cell pellet was re-suspended in buffer A (10mM HEPES, 10mM KCl, 0.1mM EDTA, 1mM 

DTT, 1mM, 0.5% NP-40, Phenylmethanesulfonylfluoride (PMSF), 10µl/ml Protease inhibitor 

cocktail (PIC) (Thermo Scientific)) by pipetting several times. It was then centrifuged at 15000g 

for 3 min. Supernatant (cytoplasmic fraction) was carefully transferred to a fresh tube.  The 

pellet was then re-suspended in buffer B (20mM HEPES, 400mM NaCl, 1mM EDTA, 10% 

Glycerol, 1.5% NP-40, 1mM DTT, 10mM PMSF, PIC 10µl/ml) by pipetting several times and 

then incubated for 5 min on ice. Then it was centrifuged at 17000g for 10 min and the 

supernatant (nuclear fraction) was transferred to a fresh tube. The total protein content of nuclear 

and cytoplasmic fractions was measured using Thermo Scientific Micro BCA Protein Assay Kit. 

 

Immunocytochemistry 

Cells were plated in the Lab-Tek chamber slides, 2000 cells per well. After treatment, cells were 

washed with ice cold PBS three times. Cells were then fixed with 0.25 ml 4% PFA for 30 

minutes at 2-8
0
C. The fixing solution was removed and cells were washed 3 times with cold 

PBS-T (1XPBS with 0.1% Triton-X 100). The fixed cells were then incubated with blocking 

solution (5% Normal Goat Serum (NGS), 5% Bovine serum albumin (BSA), 0.1% Triton X-100 

in 1X PBS at pH 7.4) for 30 minutes. Cell were then incubated with primary antibody diluted in 

antibody diluent (2% NGS, 2% BSA, 0.1% Triton X-100 in 1X PBS pH 7.4 and incubated at 4
0
C 

overnight. Next day the cells were washed 3 times with antibody diluent at room temperature 

(RT) and incubated with a second antibody (Alexa Fluor), diluted in antibody diluent with 

Hoechst (DNA stain), for one hour at RT. Finally, cells were washed 3 times in PBS-T at RT 

(10-20 min for each wash) and mounted using Aqua PolyMount (Polyscience) and viewed under 

fluorescent microscope next day. 
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Co-Immunoprecipitation 

Nuclear protein fractions were obtained as described above. 600µg (Final Volume 750µl) of 

nuclear protein was incubated with 3µg of GR (Santa Cruz) antibody for overnight at 4°C. Then 

on the next day 30µl of Protein A/G PLUS-Agarose (Santa Cruz) beads were added to each 

sample and incubated for 4 hrs at 4°C. The samples were then centrifuged at 2000rpm for 1 min. 

Supernatant was discarded and beads were gently washed 3 times with buffer B. The proteins 

were then eluted by incubating beads in 25µl of elusion buffer (1% SDS) for 5 min at RT. Eluted 

protein was then subjected to western blotting. 

 

Western Blotting 

Relative protein expression was measured by western blotting. Following treatment, the cells 

were trypsinized and collected by centrifugation at 600g for 2min. The cells were then lysed 

using RIPA buffer (10mM Tis-HCl, 1mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate, 

0.5% SDS, and 140mM NaCl) and insoluble contents were removed by centrifugation at 13000g 

for 15 min at 4
0
C. The total protein content was measured using a bicinchonicic acid (BCA) 

protein assay kit from Thermo Scientific. Samples were prepared by boiling cell lysate 

containing 30µg of total protein and Laemmli buffer containing 5% β-mercaptoethanol. Samples 

were cooled and then loaded on 12% MINI protean precast gel from Bio-rad. After 

electrophoretic separation proteins were transferred to PVDF membrane (Bio-rad). The 

membranes were stained with Ponceau stain (Sigma) to confirm even transfer and equal loading. 

The membranes were then blocked with 5% non-fat milk solution for at least 1hr. Following 

blocking, membranes were incubated with primary antibodies overnight on a rocker at 4
0
C. Next 
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day the membranes were washed at least 3 times with 5% non-fat milk and then probed with 

appropriate Horseradish peroxidase conjugated secondary antibodies for 1hr at RT. A dilution of 

1:15000 was used for secondary antibody. The membranes were then washed with PBS at least 3 

times 10 min each. Membranes were then exposed to SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific) in the dark for 5 min. The bands were visualized using UVP 

Biospectrum 500. The images were analyzed by ImageJ software for semi quantitative analysis. 

 

RNA isolation and RT-qPCR 

Total RNA was isolated using TRI reagent (Molecular Biology). TRI reagent was directly added 

to the cell culture well after removing media. Cell lysate in TRI reagent was collected and the 

aqueous phase was separated after addition of chloroform. RNA was precipitated from the 

aqueous phase by the addition of isopropanol. The RNA pellet was washed with 70% ethanol 

and air dried. RNA was re-suspended and dissolved in nuclease free water. The quantity and 

quality of RNA were measured by measuring absorption at 260 and 280nM wavelengths in the 

Synergy H4 analyzer. The 260/280 ratio of more than 1.7 was set as acceptable criterion. One 

microgram of total RNA was converted into cDNA using a Thermo Scientific cDNA kit or a 

iScript reverse transcription kit from Bio-Rad. One micro liter of cDNA was used for PCR 

amplification using gene specific primers (Table 2). Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) gene expression was measured as loading control.  

 

RNAi transfection 

siRNA transfection was performed in 6 well plates. The cells were allowed to grow to 50-60% 

confluence before transfection. The media was replaced with DME Ham’s F12 media without 
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supplements. The transfection mixture was prepared in following manner: 100µl of DME media 

per reaction was added to a 1.5 ml microcentrifuge tube. Six µl of Lipofectamine 2000 was 

added and mixed. To this mixture 2µl of 10µM siRNA (OriGene) was added and mixed gently. 

The mixture was incubated at RT for 20-30 min. This mixture was then layered on top of the 

cells and plates were swirled gently to mix evenly. The cells were then incubated at 37
0
C for 5-6 

hrs. After incubation the media was removed and serum supplemented media was added. The 

cells were allowed to grow for 48-72 hrs before harvesting or treatment. 

 

Statistical analysis  

Student T-test: For comparison of two groups unpaired Students T-test was performed. The 

significance level was set at 95% (P<0.05).  

Analysis of variance: For experiments with more than two groups ANOVA was performed. 

Post-hoc analysis: The pairwise comparisons were performed to identify the significant 

difference among groups. Fischer’s Least Significant test was used to detect statistical 

significance at 95% confidence interval (P<0.05). 

SPSS software was used for all statistical analyses. 
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Figures and legends 



40 
 

Figure 7. Effect of Dex on the expression of crh in IVB cells. 

A, CRH mRNA and B, CRH hnRNA expression in IVB cells after incubation in media 

containing stripped NCS for 24 hours and then treated with Dex (10
-7

M) for 2 hours. Expression 

of CRH mRNA (N=3) and hnRNA (N=11) was measured by real time RT-PCR. Student’s T test, 

The data represented as mean ± SEM ***P= 0.0008**, P = 0.0085. C, Immunocytochemistry 

(ICC) on formaldehyde fixed cells. ICC detection of CRH was performed with a polyclonal 

antibody (Abnova, Taipei, Taiwan) at a 1:250 dilution. ir, immunoreactivity 
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Figure 8. Effect of Dex on subcellular localization of GR, MeCP2, and HDAC1. 

A representative western blot image of GR, MeCP2, and HDAC1. Antibodies used were as 

follows: monoclonal anti-GR (Thermo/Pierce), monoclonal anti-MeCP2 (Sigma); monoclonal 

anti-HDAC1 (Abcam); and anti-Actin monoclonal (Santa Cruz). All the antibodies were used in 

1:1000 dilutions. Cyto, cytoplasmic; Nucl, nuclear; Dex, Dexamethasone; Veh, vehicle.  
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Figure 9. Dex increases the association of GR with MeCP2 and HDAC1. 

Co-immunoprecipitation analysis of A; GR:HDAC1, and B; GR: MeCP2. Cell extracts were 

prepared and subjected to immunoprecipitation as indicated. Antibodies used are as follows: A, 

polyclonal GR (Santa Cruz) and monoclonal HDAC1 (Abcam); B, polyclonal GR (Santa Cruz) 

and monoclonal MeCP2 (Sigma); N=3, Student’s T test, The data represented as mean ± SEM. 

*P= 0.01 (GR:HDAC1); **P= 0.003 (GR:MeCP2). A.U., arbitrary units; ab, antibody; IP, 

immunoprecipitation; Veh, vehicle; WB, Western blot. 
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Figure 10. Dex Induces GR Interaction with DnMT3b.   

Co-immunoprecipitation analysis of A; GR-DnMT3a and B; GR-DnMT3b interactions. 

Antibodies used were monoclonal GR (Thermo/Pierce), DnMT3a and -3b (Santa Cruz) N = 3, 

Student’s T test, The data represented as mean ± SEM and are represented as the fold difference 

of the Veh. *P= 0.011 (GR:DnMT3b). A.U., arbitrary units; ab, antibody; IP, 

immunoprecipitation; Veh, vehicle; WB, Western blot. 
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Figure 11. siRNA mediated MeCP2 knockdown. 

Western blot and densitometric quantitation showing levels of MeCP2 and Actin, 72 hrs after 

transient transfection with siRNA against MeCP2. Monoclonal MeCP2 (Abcam) and Polyclonal 

Actin (Cell Signaling) antibodies were used in 1:1000 dilution. N=3, Student’s T test compared 

to control, The data represented as mean ±SEM , * P< 0.05, *** P< 0.0005. Veh; Vehicle, Dex; 

Dexamethasone 
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Figure 12. MeCP2 depletion is associated with increased crh expression.  

A; Western blot showing relative protein levels of MeCP2 and Actin (N=3) and B; CRH hnRNA 

levels (N=6), 72 hrs post transfection with scrambled control or siMeCP2.  Monoclonal MeCP2 

(Abcam) and Polyclonal Actin (Cell Signaling) antibodies were used in 1:1000 dilution. 

Student’s T test, The data represented as mean ± SEM, *P= 0.0163 
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Figure 13. MeCP2 contributes to the maintenance of basal crh expression, and required for 

Dex mediated repression of CRH hnRNA  

Decreased MeCP2 levels increases basal CRH hnRNA levels and prevent Dex-mediated 

reduction of crh expression levels. N≥6, One way ANOVA, P= 0.024, protected Fischer’s Least 

Significance difference Post hoc test as compared to scramble/Veh treated group, The data 

represented as mean ±SEM, **P= 0.005, *P= 0.05. Veh; Vehicle, Dex; Dexamethasone.  
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Table 1: Specifications of cell culture dishes and media volume used in experiments 

 

 

 

 

 

  

No Plate Size 

Surface area 

(cm
2
) 

Volume of 

media (ml) 

No. of cells per 

well/plate 

1 Chamber 

Slide 

0.7 0.4 0.01X10
5
 

2 12 well 

plate 

3.5 1 0.2-0.8X10
5
 

3 6 well plate 9.6 2 0.2-0.8X10
5
 

4 10 cm plate 56.7 10 0.5-1X10
5
 

5 15 cm plate 145 20 2-4X10
5
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Table 2. List of primers used for relative expression of gene by RT-qPCR 

 

 

  

No Transcript Forward primer Reverse Primer 

Product 

size 

(bp) 

1 hnCRH TCAATCCAATCTGCCACTCA TAAGCTATTCGCCCGCTCTA 155 

2 mCRH 
TGCCCACGCTTAGTTTCTAT

GTGC 

ACAACTGGGTGACTTCCATC

TGCT 
112 

3 mGAPDH TGGAGTCTACTGGCGTCTT GCTGACAATCTTGAGGGAG 158 
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Table 3. Sequences of siRNA against MeCP2 

 r= Ribonuclic acid phosphor-diester bond  

siRNA Sequence 

siMeCP2A rArGrCrUrUrArArArCrArGrArGrGrArArGrUrCrUrGrGrUCG 

siMeCP2B rCrGrCrArArArGrArCrArUrUrGrUrUrUrCrArUrCrCrUrCCA 

siMeCP2C rUrCrGrCrUrCrUrArArArGrUrArGrArArUrUrGrArUrUrGCA 



57 
 

 

 

 

CHAPTER 3 

 

 

DNA methylation is required for glucocorticoid receptor mediated  

CRH gene repression 

 

 

a. Introduction 

Methylation of CpG dinuceotides present in the crh promoter plays an important role in the 

regulation of gene expression
41,42

. The putative co-repressor complex formed by GR contains 

DnMT3b, which is recruited to the crh promoter region
39

. Furthermore MeCP2, which is 

recruited by methylated CpG
43,92

, is part of the complex and is necessary for repression of crh 

(Chapter 2). This part of the study was dedicated to understanding the role of proximal promoter 

methylation in the GR mediated regulation of crh. Previous studies have shown that stress 

induces site specific hypomethylation of crh promoter
41,42

.  Thus we first tested whether Dex 

increases crh promoter methylation and if this is site specific. Then we tested the role of 

promoter methylation in the regulation of crh expression and GR recruitment to the promoter. 



58 
 

Like crh, many genes that are repressed by GR are also regulated by DNA 

methylation. The interdependence of these two regulatory aspects in not known. In this part of 

the study, we investigated the role of DNA methylation in GR mediated crh repression. We 

analyzed whether DNA methylation is required for GR to repress crh and whether it alters GR 

binding to the crh promoter.  

 

b. Results 

Dex increases methylation of CpG islands in crh proximal promoter 

Sharma et al. demonstrated that Dex mediated regulation of crh involves DNA methyltransferse 

(DNMT3b) and methylated DNA binding protein (MeCP2)
39

. Furthermore, the authors found 

that Dex increases DNA methylation of CpG island present in the crh promoter. Dex increases 

overall methylation of crh promoter by more than 10%, (Figure 14A, B). Further analysis of 

individual CpGs revealed that this increase was attributed to two specific sites. CpG No. 9 and 

10 showed more than 30% increase in the level of methylation following Dex treatment (Figure 

14C).  

 

5-AzaDC mediated inhibition of DNA methylation is associated with increased CRH 

hnRNA expression 

To determine whether DNA methylation is required for crh gene repression and/or maintenance 

of basal levels, the cells were treated with DnMT inhibitor, 5-AzaDC. The levels of CRH 

hnRNA were measured following four day of 5-AzaDC treatment. Concentrations of 0.25, 0.5 

and 1.0 µM led to a significant increase in CRH hnRNA, (Figure 15). 0.5µM led ot the 
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maximum increase of 2.7 fold in crh hnRNA level and this concentration was used for remainder 

of the experiments.   

 

5-AzaDC decreases the overall methylation of the crh proximal promoter 

To analyze whether increased crh expression is associated with decreased DNA methylation, the 

DNA methylation status following 0.5 µM 5-AzaDC exposure was analyzed. The level of 

methylation in the region of crh promoter was measured by bisulfite conversion followed by 

methylated DNA specific PCR and TOPO-TA cloning. The 0.5µM concentration of 5-AzaDC 

led to decreased overall methylation of crh promoter by over 10%, (Figure 16A, B). 

 

5-AzaDC mediated inhibition of crh promoter methylation is site specific 

Since Dex mediated increase in promoter methylation is site specific
39

, 5-AzaDC mediated 

inhibition of DNA methylation was analyzed for site-specific changes. We measured the level of 

methylation at individual CpGs. To our surprise, 5-AzaDC reduced DNA methylation at CpG 

site No. 10. This decrease in methylation was more than 20%, (Figure 17). This was one of the 

two sites at which Dex increased the methylation (Figure 14).  

 

Dex fails to repress crh in cells pretreated with 5-AzaDC 

To answer our primary question, whether DNA methylation is necessary for GR to repress crh, 

we exposed 5-AzaDC treated cells to Dex.  The corresponding CRH hnRNA was measured. 

Even though, Dex maintained the repressed levels of crh, it failed to repress the crh in cells pre-

treated with 5-AzaDC. To our surprise Dex actually stimulated crh in cells pre-treated with 5-

AzaDC with a more than two fold increase in CRH hnRNA levels, (Figure 18). On the other 
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hand, contrary to previous experiment (Figure 15), 5-AzaDC failed to increase the crh hnRNA 

expression. 

 

5-AzaDC mediated inhibition of crh promoter methylation is necessary but not sufficient 

for crh activation. 

To understand this contradiction in the results we measured the effect of 5-AzaDC on CRH 

hnRNA levels in charcoal stripped NCS and non-stripped NCS supplemented media. We found 

that in the presence of stripped NCS, 5-AzaDC failed to activate crh (Figure 19). This suggests 

that 5-AzaDC mediated inhibition of DNA methylation is necessary but not sufficient for crh 

activation. 

 

GR and MeCP2 protein levels are not affected by 5-AzaDC and Dex exposure. 

To understand the mechanism by which the Dex effect is altered in the presence of 5-AzaDC, we 

measured the changes in protein levels of GR and MeCP2. Since previous studies have reported 

that 5-AzaDC increased the protein levels of GR in B and T lymphocyes
95

 and MeCP2 in 

neuronal stem cells
96

 we wanted to determine that this was not the case here. Indeed, in our 

conditions the protein levels of GR and MeCP2 were not affected by either 5-AzaDC or Dex 

exposure (Figure 19A).  Semi-quantitative analysis revealed no significant changes in protein 

levels when compared to the loading control- Actin (Figure 20). 

 

Localization of GR and MeCP2 with 5-AzaDC+/- Dex 

Next we analyzed the effect of 5-AzaDc and Dex treatment on the cellular localization of GR 

and MeCP2. As expected, GR translocates from the cytoplasm into the nucleus in the presence of 
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Dex. The subcellular localization of GR in the presence of 5-AzaDc was inconclusive. This may 

be due to less number of cells and shrunken cell body. The MeCP2 on the other hand was 

exclusively nuclear. Although its cytoplasmic vs nuclear distribution was not affected by Dex. 5-

AzaDC exposure led to the shrunken nuclei (Figure 21). 

 

Dex fails to recruit GR and MeCP2 to the crh promoter in the presence of 5-AzaDC. 

Lastly, we examined the recruitment of GR and MeCP2 to the crh promoter. Since the protein 

levels and subcellular distribution was not altered with 5-AzaDC, we analyzed whether 5-AzaDC 

mediated inhibition of DNA methylation alters the presence of GR and MeCP2 at the crh 

promoter. Consistent with our previous findings, Dex increased the recruitment of GR as well as 

MeCP2 to the crh promoter region by more than 1.5 fold. On the other hand, Dex failed to 

recruit the GR and MeCP2 to the crh promoter in cells in which methylation was inhibited; that 

is pre-treated with 5-AzaDC (Figure 22). 

 

c. Discussion 

There are three reports that indicate a role for DNA methylation in the regulation of crh 

expression 
41,42,45

. A study by Elliot et al., suggest that in mouse hypothalamic N42 cells 5-

AzaDC mediated inhibition of DNA methylation is associated with increased crh expression
42

. 

Our results are consistent with these findings. Decreased site specific methylation due to 5-

AzaDC is associated with increased expression of CRH hnRNA (Figure 15, 16 and 17). 

The studies by Elliot et al. and Chen et al. indicate that, in the context of in vivo stress models, 

hypomethylation following stressor is associated with increased expression of crh.
41,42

. 

Furthermore, Chen et al suggests that this change in DNA methylation and crh expression is 



62 
 

specific to the hypothalamus. Both these studies reveal that changes in DNA methylation occur 

in the region of CRE. This is in contrast to the data presented here. Dex exposure leads to 

increased methylation of CpG No. 9 and 10 present at -36bp and -33bp. In distinction CpG No. 

10 is hypomethylated following 5-AzaDC exposure. Neither site 9 nor 10 show any alteration in 

methylation in either in vivo studies. These contrasting findings may be due different species. Rat 

and mouse crh promoters are slightly different. While CpG No. 10 is absent in mouse promoter, 

it has an extra CpG dinucleotide at -236bp
39,41

. Also the rat promoter has a CpG No. 4 uniquely 

hypomethylated. This site is also hypomethylated in mouse along with other sites
39,41

. 

Furthermore the data presented here and the one from in vivo studies suggest that the stimulation 

and repression of gene involves methylation of different CpG sites. Thus, different patterns of 

methylation exist in depending upon the activated or repressed status of the crh. It will be 

interesting to investigate the role of individual CpG in responses to stress and elevated GCs.  

crh promoter methylation also alters recruitment of activator proteins such as 

pCREB. Increased methylation at CpG No.2, present within CRE is associated with decreased 

pCREB binding
41

. We found that decreased methylation, following 5-AzaDC exposure, is 

associated with diminished GR and MeCP2 binding to the crh promoter in the presence of Dex. 

Whether changes in methylation at CpG No.9 and 10 alter pCREb binding is not known. 

The results also suggest that GR requires DNA methylation for crh repression. In 

other words DNA methylation sets the stage for GR-mediated gene repression. It is well known 

that GR binding to the promoter depends on the DNA sequence and orientation
97,98

. Our results 

suggest that methylation also plays a role. Hypomethylation prevents GR and MeCP2 binding to 

the crh promoter. This may be due to changes in the chromatin environment. Whether GR 
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binding to the crh promoter is direct or mediated through MeCP2 recruitment remains to be 

determined. 

 

d. Material and methods 

 

In addition to the techniques described in Chapter 2, following techniques were used 

 

5-AzaDC treatment: For experiments involving 5-AzaDC, the IVB cells were incubated in 

media supplemented with NCS containing 0.0, 0.25, 0.5, 1.0, 2.5, and 5 µM of 5-AzaDC for 4 

days. The cell culture media was replaced every 24 hrs with fresh media containing the desired 

concentration of 5-AzaDC. Media containing equal volumes of solvent (DMSO) was used as a 

control.  

5-AzaDC and Dex co-treatment: In the experiments involving 5-AzaDC and Dex treatment, 

IVB cells were incubated in media supplemented with NCS containing 0.5µM 5-AzaDC for 3 

days followed by 24 hrs incubation in media supplemented with charcoal stripped NCS 

containing 5-AzaDC, followed by 2hrs Dex treatment. 

 

Chromatin Immunoprecipitation 

At the end of treatment, cells were fixed by the addition of 37% formaldehyde directly to cell 

media to a final concentration of 1%. The cells were fixed for 10 min with swirling at RT. The 

fixation was stopped by adding 1.25M Glycine solution to achieve a final concentration of 

0.125M for 5min. The media was removed and cells were washed with ice cold PBS twice and 

collected in cold PBS by scraping. The cells were pelleted by centrifugation at 600g for 5 min. 

The cell pellets were  re-suspended in 20 times the pellet volume of cell lysis buffer(50mM 
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HEPEs-KOH, 140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate, 0.5% 

SDS) and incubated on ice for 10 min.  

 

Sonication  

Chromatin fragmentation by sonication was optimized to achieve the sheared chromatin 

fragments in the range of 200- to 800-bp. Sonication condition of 80% amplitude and 10 pulses 

each of 30 Sec with 45 Sec in between was found to be optimal. For sonication, Misonix 

sonicator Q700 with cup horn (QSonica, LLC, CT, USA) was used.  

After sonication, chromatin was centrifuged at 13000g for 15 min at 4
0
C, to 

remove the cell debris. Thirty microliter of chromatin was diluted 10 times with IP buffer 

(50mM Tris-HCl, 150mM NaCl, 5mM EDTA, 0.5%NP-40, 1% Triton X-100) and incubated 

overnight with primary antibody (2-5ug) against the target protein. The next day 20µl of pre-

blocked Pierce Protein A/G Magnetic Beads (Thermo Scientific) were added to each reaction 

and incubated for 2hrs at 2-8
0
C using a nutator. Beads were washed 4 times with RIPA buffer 

(50mM HEPES KOH, 1mM EDTA, 0.5% NP-40, 0.5% Na-Deoxycholate) with 0.25M LiCl for 

5 min each with a final wash with TE buffer (10mM Tris-HCl, 1mM Na-EDTA) containing 

0.25M NaCl. To each sample and input fraction 100µl of 10% Chelex-100 (Bio-rad) slurry was 

added. The chromatin cross-linking was reversed by boiling for 10 min. Samples were cooled 

and RNAase A added and the samples incubated for 1 hr at 55
0
C. Subsequently, proteinase K 

was added and samples were incubated for 30 min at 55
0
C. The enzymes were inactivated by 

boiling the samples for 15 min. Finally, samples were centrifuged at 13000g for 5 min. 

Supernatants containing DNA were removed and placed in fresh tubes and used for real time 

qPCR. 
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Genomic DNA extraction  

Cells were collected following treatment and lysed with RIPA buffer. Genomic DNA was 

extracted and purified using phenol-chloroform extraction with a final wash of 70% ethanol. 

 

DNA methylation analysis 

Genomic DNA (1000 ng) was modified with bisulfite treatment using EZ DNA methylation-

Gold kit (Zymogen) according to the manufacturer’s instructions. Modified DNA was subjected 

to the first round of PCR amplification using primers listed in table 1. The protocol involves an 

initial denaturation at 95°C for 5 minutes, followed by 34 cycles of denaturation (95°C, 60 Sec), 

annealing (45°C, 60 Sec), and extension (72°C, 60 Sec) with a final extension cycle (72°C, 10 

min). The PCR product (406 bp) was purified and 5µL was used as a template for the second 

round of PCR using nested primers (Table 4). The 294-bp PCR product was purified and cloned 

into pCR4-TOPO vector using TOPO-TA Cloning Kit (Life Technologies). A total of 32 

recombinant clones from 5 independent experiments were sequenced from Eurofins MWG 

Operon. Sequence information was analyzed and methylation data were compiled using the 

BISMA software available online (http://biochem.jacobs-university.de/BDPC/BISMA). 

 

 

  

http://biochem.jacobs-university.de/BDPC/BISMA
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Figures and legends 
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Figure 14. Dex increases crh promoter methylation at specific CpG sites.  

A, Raw sequencing data for promoter methylation. Each row represents an independent clone. B, 

Analysis of overall methylation across all sites. C, Percent methylation at specific sites. Analysis 

of crh promoter DNA methylation was performed by sequencing of PCR clones derived from 

sodium bisulfite- treated genomic DNA, N =3, Student’s T test, The data represented as mean ± 

SEM. *, P <0.05. Veh, vehicle; Dex, Dexamethasone. (This experiment was done by Dr. D. 

Sharma) 

  



68 
 

 

 

 

 

 

 

 

 



69 
 

Figure 15. 5-AzaDC mediated inhibition of promoter methylation increases crh hnRNA 

expression.  

A, 5-AzaDC - inhibited promoter methylation increases basal levels of crh expression. Cells 

were treated with indicated concentrations of 5-AzaDC (Solid line) or DMSO (Dotted line) for 

four days, N≥3, One way ANOVA, P= 0.016, protected Fischer’s Least Significance difference 

post hoc test. The data is represented as mean ± SEM **P= 0.003, *P<0.05. 
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Figure 16. 5-AzaDC inhibits overall DNA methylation of crh promoter.  

A, Raw promoter methylation sequence data. Each row represents an independent clone, and 

each column represents a CpG site. B, Overall promoter methylation following 5-AzaDC 

exposure, N=5, Student’s T test, The data represented as mean ± SEM, *P= 0.0106. 
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Figure 17. 5-AzaDC inhibits methylation at specific sites in crh promoter.   

Percent methylation of individual CpG sites. CpG No. 10 shows a significant decrease in 

methylation. N=5, Student’s T test, The data represented as mean ± SEM, *P= 0.0309. 
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Figure 18. The crh promoter methylation is required for Dex mediated gene repression  

A, 5-AzaDC abrogates Dex-induced crh repression, N≥6, One way ANOVA, P= 0.001, 

Protected Fischer’s Least Significance difference Post hoc test, The data represented as mean ± 

SEM, **P= 0.002. Veh; vehicle, Dex; Dexamethasone.   
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Figure 19. Effect of 5-AzaDC on crh expression in stripped and non-stripped serum media. 

5-AzaDC - inhibited promoter methylation increases basal levels of crh expression in cells 

incubated in NCS media (solid line) but not in cell incubated in Stripped NCS media (Dotted 

line). Cells were treated with indicated concentrations of 5-AzaDC for four days, N≥3, One way 

ANOVA, P= 0.016, protected Fischer’s Least Significance difference post hoc test, The data 

represented as mean ± SEM, **P= 0.003, *P<0.05. The NCS trace is same as shown in figure 

15. 
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Figure 20. 5-AzaDC and Dex do not alter GR and MeCP2 protein levels.  

A; Representative western blot showing protein levels of GR and MeCP2 in IVB whole cell 

extracts after 5-AzaDC and Dex exposure. B; GR and MeCP2 western blot quantitation corrected 

for loading control-Actin. N=3, One way ANOVA, The data represented as mean ± SEM. Veh; 

vehicle, Dex; Dexamethasone. 
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Figure 21. Effect of 5-AzaDC and Dex on cellular localization of GR and MeCP2. 

Immunocytochemistry analysis shows ligand dependent translocation of GR in the nucleus. 

There was no detectable effect of 5-AzaDC on GR and MeC2. MeCP2 is exclusively in nucleus 

irrespective of treatment. Polyclonal GR (Thermo Fisher) and monoclonal MeCP2 (Sigma) 

antibodies were used in 1:250 dilution. 
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Figure 22. Site specific promoter methylation is necessary for Dex-induced GR and MeCP2 

occupancy at the crh promoter 

Chromatin immunoprecipitation (ChIP) analysis shows the relative enrichment of the crh 

promoter by GR and MeCP2. In the presence of 5-AzaDC, Dex fails to recruit GR and MeCP2 to 

the crh promoter region. N≥3, Fischer’s Least Significance difference Post hoc test, The data 

represented mean ± SEM, *P<0.05. 
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Table 4. List of primers used for DNA methylation analysis and chromatin 

immunoprecipitation. 

 

  

No 
Promoter 

Region 
Forward primer Reverse Primer 

Product 

size 

(bp) 

1 

Bisulfite 

converted 

crh 

proximal 

promoter  

TTTTTTTTGGTTTGTATTTGGTT ACCTTTCCCCTTTCTCTTCAAT 406 

2 

Bisulfite 

converted 

crh 

proximal 

promoter 

(nested) 

AATTTTTGTTAATGGATAAGT AACTCTAAATTTCTCCACACCA 294 

3 

crh 

proximal 

promoter 

TCAGTATGTTTTCCACACTTGG

AT 
TTTATCGCCTCCTTGGTGAC 112 
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CHAPTER 4 

 

 

Effect of repeated dexamethasone exposure on CRH gene expression 

 

 

a. Introduction 

Dysregulation of the HPA axis is associated with many neuropsychiatric disorders
8-11,99

. The 

failure of negative feedback mediated through GR is often associated with dysregulation of the 

HPA axis
8,23

. This imbalance in HPA regulation axis leads to the elevated levels of circulating 

glucocorticoids
5
. The purpose of this study was to understand the effect of repeated exposure of 

glucocorticoid on expression of crh and glucocorticoid receptors. We designed the experiment 

such that IVB cells were exposed to Dex intermittently (Figure 23). This simulates the high 

levels and increased number of glucocorticoid spikes observed in depressed individuals
100-102

. 

How this repeated exposure leads to changes in GR and crh levels is unknown.  
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b. Results and Discussion 

The crh expression data reveals some interesting aspects. We found that though single 2hr 

exposure to Dex leads to decreased crh expression levels this does not continue with subsequent 

exposures. After the 2
nd

 and 4
th

 Dex exposures there are marked increases in crh levels as 

compared to vehicle treated samples. Furthermore the 3
rd

 exposure to Dex failed to alter the crh 

expression. The results indicate that while the shorter duration of exposure represses crh 

expression, repeated Dex results in increased expression of crh (Figure 24). We then tested if 

these changes in crh expression correlate with changes in GR protein levels. We found that GR 

protein levels remain unchanged by repeated Dex exposure (Figure 25). Further experiments are 

required to understand the underlying mechanism. It will be interesting to analyze histone and 

DNA methylation changes occurring after each Dex exposure. Our prediction is that the 

chromatin changes due to first Dex exposure affect the subsequent Dex treatment. Further 

experiments are needed to understand the mechanism by which repeated GC exposure changes 

the chromatin, which results in alteration of gene expression leading to susceptibility of the HPA 

axis to dysregulation.   

 

c. Materials and methods 

All the techniques used are described in Chapter 2 and 3. 

To mimic the high GC environment, cells were intermittently exposed to 10
-7

M Dex for 2hrs. In 

all, cells were exposed to four such Dex treatments. As shown in Figure 23, cells were first 

incubated in charcoal stripped NCS supplemented media for 24 hrs before first Dex exposure. 

Then the media was replaced with stripped NCS media for 2 hrs before the next Dex exposure. 
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This sequence was repeated for a total of four Dex exposures. Cells were collected after each 

Dex treatment for analysis. 
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Figures and legends 
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Figure 23. Experimental design for repeated Dex exposure. 

IVB cells were plated in media containing NCS and allowed to grow for 24hrs (Red line). Cells 

were then incubated in media containing charcoal stripped NCS (ss media) for 24 hrs (Black 

line). On the 3
rd

 day cells were treated with 10
-7

M Dex or Veh for 2hrs (Blue line). After 

treatment, cells were incubated in media containing charcoal stripped NCS for 2hrs (Black line). 

This sequence of 3
rd

 day was repeated three more times as shown. The cells were collected after 

every Dex/Veh treatment as indicated by arrows. 
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Figure 24. The crh expression following repeated Dex exposure. 

CRH hnRNA expression measured by RT-qPCR following repeated Dex treatments (Gray bars) 

presented as fold change of corresponding Veh treated samples (Black bars). The first 2hrs of 

Dex exposure decreases crh expression while the 2
nd

 and 4
th

 Dex exposure increases it. N≥3, 

Student T test compared to Veh, The data are represented as mean ±SEM, *P<0.05. 
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Figure 25. The relative expression of glucocorticoid receptor following repeated Dex 

exposure. 

Western blot showing relative GR and Actin protein expression following repeated Dex 

treatments. No significant difference was observed in Dex treated samples when compared with 

corresponding Veh treated samples. Polyclonal GR (Santa Cruz) and polyclonal Actin (Cell 

Signaling) antibodies were used in 1:1000 dilution. N=3, Student T test. The data are represented 

as mean ±SEM. 
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CHAPTER 5 

 

 

Discussion 

 

 

The regulation of crh is a major component of the negative feedback mechanism which is 

important in homeostasis of the HPA axis
23

. The molecular mechanism by which crh expression 

is finely tuned dtermines the susceptibility of the HPA axis to stress
42

. The CRH neurons in the 

PVN of hypothalamus receive various signals which converge onto the CRH gene
5,15,16

. The 

balance between stimulatory and inhibitory signals determines the HPA axis activity
16

. The 

molecular changes that maintain this balanced state are not well understood. Glucocorticoids 

secreted by adrenal glands act through GRs inhibiting HPA axis at various levels. In the PVN of 

the hypothalamus they inhibit crh
21

 activity and in pituitary glucocorticoids inhibit Pro-

opiomelanocortin (POMC) gene, a precursor for ACTH
23

.  
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Studies over the years have suggested different mechanisms by which crh is 

regulated in the PVN. This study was aimed at investigating different molecular aspects by 

which GR represses crh in hypothalamic cells. 

 

Formation of a GR mediated putative complex 

Our findings suggest that GR interacts with chromatin modifying proteins to form a complex in a 

ligand dependent manner
39

. Previous finding suggested that HDAC1 plays an important role in 

GR mediated repression of crh
37

. Consistent with this, we found that GR interacts with HDAC1 

and this interaction increases in the presence of Dex. It was also shown that Dex increases the 

occupancy of GR and HDAC1 at the crh promoter region in the presence of Dex. A depressive 

state is associated with dysregulated HPA axis activity and increased CRH levels
8,103

. 

Interestingly, studies have shown that conventional antidepressants have HDAC inhibitory 

action
104,105

. Also sodium butyrate, a known HDAC inhibitor, shows antidepressant like 

action
105

. Whether antidepressant mediated inhibition of HDAC affects the crh and HPA axis 

activity is not known. Taken together, the results from this study are consistent with previous 

findings suggesting a role of HDAC in depression related pathophysiology. 

We also analyzed the interaction of GR with MeCP2. The role of MeCP2 in the 

regulation of crh is evident from the findings of McGill et al.
45

. The mice with truncated MeCP2 

have higher levels of crh in the PVN
45

. We found that similar to HDAC1, The degree of GR-

MeCP2 interaction is also a ligand dependent. Furthermore, Dex increased the recruitment of 

MeCP2 to the crh promoter region. This interaction and promoter enrichment was associated 

with decreased crh expression
39

. McGill et al. reported that the mutation in MeCP2 decreases its 
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ability to occupy the crh promoter region
45

. These two findings are consistent and point to the 

role of MeCP2 in repressing crh.  

We then further investigated the role of MeCP2 in the maintenance of basal crh 

activity. A 50% reduction in the MeCP2 protein level is associated with 3.5 fold increased 

expression of crh in hypothalamic cells. This is consistent with findings by previous reports, 

which suggests that functional deficits in MeCP2 level lead to elevated levels of CRH mRNA in 

the rat PVN 
45

, however levels of MeCP2 and crh are not always inversely correlated
84

. 

Transgenic mice that over-express MeCP2, as observed in the MeCP2 duplication syndrome, 

also express increased CRH mRNA in the PVN
83

. Thus, MeCP2 expression level is not always 

inversely related to crh expression. This is explained in a comprehensive review by Chao and 

Zoghbi
86

. Complete MeCP2 functionality is necessary for normal phenotype. Increased as well 

as subnormal MeCP2 protein functionality is detrimental
84

. 

 Next we demonstrated that MeCP2 knock down leads to failure of Dex to repress 

crh to basal levels. This suggests that the GR mediated repression and maintenance of the basal 

crh level requires 100% availability of MeCP2. MeCP2 also acts as a link between DNA and 

histone methylation
106

.  The results from this study and one by Sharma et al.
39

. suggest that Dex 

induced recruitment of MeCP2 to the crh promoter is associated with increased H3K9 di and tri-

methylation
39

. Whether MeCP2, in context of crh, interacts with the histone methylating enzyme 

remains unknown.   

 

Role of Promoter methylation 

The crh promoter has a CpG island which plays an important role in the regulation of the 

gene
41,42

. In vivo studies in mice have shown that exposure to stress is associated with decreased 
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methylation of the crh promoter and subsequent increased gene expression
41,42

. Also, CRH 

mRNA levels are elevated following treatment with the DNA methyltransferase inhibitor 5-

AzaDC in mouse N42 hypothalamic cells
42

. The role of DNA methylation in crh regulation is 

also evident through the maternal deprivation (MD) model of stress. According to Chen et al., 

animals exposed to MD after birth have elevated levels of hypothalamic but not amygdalar CRH 

mRNA following restraint stress in adulthood. These elevated levels of CRH mRNA correspond 

to reduced methylation of CpG dinucleotides in the crh promoter
41

. 

The findings from this study are consistent with previous reports. The results 

indicate that the Dex mediated repression of crh coincides with overall and a site specific 

increase in DNA methylation (Figure 7 and 14). The results presented here also suggest that 

increased methylation is mediated through DnMT3b, which forms a complex with GR and is 

recruited at the crh promoter region in the presence of Dex
39

. The Dex-mediated site specific 

methylation takes place at CpG No. 9 and 10. The studies presented here were performed to 

determine the requirement of DNA methylation in down-regulation of crh expression. The 

findings suggest that this is indeed the case (Figure 15). This inhibition of methylation by DnMT 

inhibitor 5-AzaDC is also site specific. The findings suggest that methylation of CpG 

dinucleotide No. 10 plays a critical role in regulation of basal crh expression (Figure 16 and 17). 

Interestingly, this was one of the two sites at which Dex exposure increases the methylation 

(Figure 14)
39

. 

It is interesting to note that other studies that examined crh promoter methylation 

also reported site specific changes in methylation. The studeis by Chen et al., and Elliot et al. 

reported that under stressful conditions methylation at CpG No. 2, which overlaps the CRE, 
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decreases, resulting in increased crh expression. Contrary to this, we do not see any change in 

methylation of CpG No. 2, either in presence of Dex or 5-AzaDC. 

IVB cells, used in this study, are derived from rat embryos and show a distinct crh 

promoter methylation pattern. In this pattern the CpG at -147 (No.4) is notably hypomethylated 

as compared to other sites. This is in keeping with our previous report
39

 (Figures 14C and 17).  

This site is also hypomethylated in in vivo analysis along with other sites as reported by Chen et 

al.
41

.   The methylation at this site is not affected by stress
41

, Dex
39

 or 5-AzaDC (Figure 17). 

The in vivo study on rats in maternal deprivation model of stress also revealed that 

the changes in DNA methylation following stress are specific to PVN of the hypothalamus. The 

amygdala, which also plays an important role in stress response and expresses crh showed no 

changes in the methylation of crh promoter
41

.  This indicates that the changes in DNA 

methylation are cell specific and may be the reason for differential response to glucocorticoids as 

reported previously
28-30

.  

Though the effects of glucocorticoids and DNA methylation on crh had been 

known, there had been no prior study which had examined their interdependence. This is the first 

study to analyze the action of glucocorticoid down-regulation of crh in relation to DNA 

methylation. Some of our findings were unexpected. We found that Dex alone was able to 

repress or maintain the repressed levels of crh. But when used in combination with 5-AzaDC, it 

actually stimulated expression (Figure 18). It should be noted that in the conditions used, 5-

AzaDC failed to stimulate crh on its own. This was unexpected and contradictory to our 

concentration response curve (Figure 15). We believe that this effect is due to charcoal stripping 

of NCS. While the concentration response curve (Figure 15) was done with cells in media 

supplemented with NCS for all 5 days, the 5-AzaDC±Dex experiment (Figure 18) was 
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performed with media supplemented with charcoal stripped NCS for 24 hrs prior to Dex 

exposure. To test whether charcoal stripping of NCS indeed alters the response, the 

concentration response curve was done in the presence of charcoal stripped NCS. The 5-AzaDC 

failed to stimulate crh in media containing charcoal stripped NCS (Figure 19). This suggests that 

inhibition of DNA methylation by 5-AzaDC is required but not sufficient for activation of crh. 

These findings also indicate that Dex bound GR has different effects on a gene depending upon 

the methylation status of the promoter. As mentioned earlier, this could also explain the opposite 

effects of glucocorticoids in the PVN and amygdala, both of which express GR. 

  Changes in DNA methylation by 5-AzaDC are known to increase the protein 

levels of GR in B and T lymphocytes 
95

 and MeCP2 in Neuronal stem cells
96

. Our results suggest 

that the failure of Dex to repress the gene is not accounted for by changes in GR or MeCP2 

protein levels (Figure 20). This suggests that the availability of regulatory proteins is not 

compromised due to treatment. This was an important experiment as changes in the levels of 

regulatory proteins can have a direct impact on gene expression. The negative 

immunocytochemical data corroborates the lack of changes in protein levels. Furthermore data 

suggest that the findings are not due to changes in sub-cellular localization. Dex and/or 5-AzaDC 

do not alter the sub-cellular distribution of GR and MeCP2 (Figure 21).  

To further understand the mechanism of Dex failure to repress crh, we tested the 

hypothesis that, decreased methylation prevents the binding of GR and/or MeCP2 to the 

promoter region. Indeed results from ChIP analysis suggest that demethylation mediated by 5-

AzaDC, restricts the Dex mediated enrichment of GR and MeCP2 to the crh promoter region 

indicating that promoter methylation allows recruitment of GR holoreceptor and MeCP2 (Figure 

22).  
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Data from the last study presented suggest that repeated Dex exposure leads to 

stimulation of crh after initial repression (Figure 24). To explain this further, investigation is 

needed to understand the chromatin structure due to repeated Dex exposure. One possibility 

could be that, initial Dex exposure alters the chromatin and sets the stage for next Dex exposure. 

Whether repeated Dex exposure changes DNA methylation and thus alters GR recruitment to the 

promoter remains unknown.  

Taken together, these findings add novel insight into the molecular mechanism by 

which GR regulates crh. This will enable us to better understand the reasons by which HPA axis 

becomes dysfunctional in the case of depression. Depressed individuals have an imbalanced 

HPA axis mainly because of failed GR mediated negative feedback
8
. The study by Elliott et al., 

suggests that imipramine, a widely used antidepressant, is able to reverse the DNA methylation 

changes that are associated with social avoidance model of depression
42

. It may be that, 

antidepressants restore the crh promoter methylation that allows GR-mediated down-regulation 

of crh expression, thus restoring physiologic HPA axis function. 

 

In the context of GR and other NR signaling: 

The mechanisms by which nuclear receptors (NR) mediate repression of a gene remain elusive. 

Initial findings suggested that the gene repression mediated through NRs is through the 

recruitment of co-repressors by unliganded receptors. For example, the unliganded thyroid 

hormone receptor recruits the silencing mediator of retinoid and thyroid hormone receptor 

(SMRT)
107

. It also recruits nuclear receptor co-repressor (NCoR)
108

, in association with 

HDAC3
109

.  Other studies indicated that NR mediated negative regulation of a gene is mediated 

through negative response elements present in gene promoter. This mechanism is still under 
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scrutiny since there is a substantial deviation in the response element sequence. Also the 

presence of half sites adds doubt to the association of NRs to corresponding negative response 

elements.  

GR is a major ligand activated transcription factor and negatively regulates the 

expression of many genes. The crh promoter lacks the consensus GREs but contains a composite 

half site for GRE and AP-1 as reported by Maloski and Droin
35

. The association of GR to the crh 

promoter was first demonstrated through electromobility shift assays
36

. The authors concluded 

that this interaction was mediated through GR half sites. Whether the GR holoreceptor interacts 

with the crh promoter remains controversial. Evans et al.
47

 reported that GR does not interact 

with crh promoter region containing half sites
47

 others contradict these findings
36-39

. This 

contradiction may be due to difference in test models. While studies in a rat stress model reveal 

no GR-crh promoter interaction following stress and increased glucocorticoids
47

, in vitro studies 

show ligand dependent interaction
37-39

. Our findings indicate that GR interacts with the crh 

promoter and that this interaction is ligand dependent.  

As reported by Sharma et al., there are two possible ways in which GR can 

interact with crh promoter (Figure 26A, B).The first scenario is that GR interacts with the nGRE 

half sites in the crh promoter. This interaction is coupled with GR-MeCP2 and GR-DnMT3b 

interactions. DnMT3b then leads to the methylation of the promoter and MeCP2 recruitment to 

the methylated CpGs. This complex then recruits HDAC1. We predict that GR-MeCP2 

interaction stabilizes their respective interactions with DNA. This is also supported by our 

findings which suggest that MeCP2 knock down and inhibition of CpG methylation prevents GR 

mediated crh repression. Furthermore, Dex fails to recruit GR and MeCP2 to the de-methylated 

promoter (Figure 22). This mechanism is similar to the one suggested in figure 6G. 
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As mentioned earlier some studies have reported that GR does not interact with 

crh promoter directly
47

. One study done on GR
dim/dim

 mice suggests that GR-DNA interaction 

may not be necessary for crh gene regulation. The GR
dim/dim

 mice carry a mutation in GR protein 

that prevents its binding to the DNA. The GR
dim/dim

 mice show no change in CRH mRNA levels 

in the median eminence as compared to wild type
46

. This suggests that direct interaction of GR 

may not be necessary for crh regulation. On the other hand, in the same study there was a 

marked increase in POMC expression as compared to the wild type, suggesting that GR-DNA 

interaction is necessary for its negative regulation.  

Figure 26B shows a working model in which GR may not interact with DNA 

directly but through its interaction with MeCP2. Such an alternate or tethering pathway 

mechanism was first described with respect to AP-1 binding proteins
70-72

. In those studies AP-1 

prevented GR binding to GRE and acted as a potent inhibitor of gene activation. For example the 

repression of collagenase gene by GR does not involve direct binding of GR to the promoter but 

through possible interaction with the AP-1 site
71,72

. Such trans-repression mediated by GR is also 

implicated in the genes activated by NF-kB.  The physical association of GR holoreceptor with 

NF-kB prevents it from binding to target gene promoter. This results in repression of gene 

without direct GR-DNA interaction
73,110,111

. Thus GR mediated repression of crh is possible 

without direct GR-DNA interaction. 

Here the molecular mechanism proposed by Sharma et al. was further analyzed to 

begin to determine which components of the putative complex are required for its assembly. The 

inhibition of methylation revealed that site specific methylation is necessary for maintaining 

repressed levels of crh and recruitment of components of complex. As shown in figure 27B, 

demethylation increases the expression of crh in parallel to the decreased presence of GR and 
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MeCP2 at the promoter. We predict that the methylation pattern sets the stage for GR action. 

Perhaps in case of site specific inhibition of methylation, GR activates a gene, by recruiting co-

activators. On the other hand, in presence of CpG methylation GR and MeCP2 are recruited and 

thus cause gene repression.  

It has been demonstrated that a DNA sequence determines GR recruitment, 

interaction, conformation and activity
98,112

. In addition, recent crystallographic study revealed 

that the binding of GR to a novel nGRE is unique as compared to GRE. Generally GR interacts 

with GRE as a dimer while its interaction with these novel nGRE is in such a way that it prevents 

GR dimerization
97

. These findings underscore GR:DNA binding depends on DNA sequence and 

structural orientation. Another study by Meijsing et al. suggests that the activity of GR can 

change due to changes in the response elements by as little as single nucleotide. That 

crystallographic study revealed that distinct binding site sequences induce structural changes in 

GR that lead to different activity
98

. Taken together, the course of GR action depends on sequence 

of DNA and chromatin architecture, thus changes in the methylation of promoter CpG will alter 

the course of GR action. 

Since MeCP2 binds to methylated CpGs and is a part of GR-mediated putative 

co-repressor complex, we tested if MeCP2 is necessary for GR action. Our results indicate that 

GR fails to repress crh in the absence of MeCP2 (Figure 13 and 27). Whether depletion of 

MeCP2 affects GR occupancy to the crh promoter remains unknown. The results from the 

MeCP2 knock down study differ from that of inhibition of methylation. In cells incubated in 

charcoal stripped NCS, 5-AzaDC failed to increase crh expression (Figure 18). On the other 

hand MeCP2 knock down alone was able to increase the crh expression and Dex failed to repress 
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it (Figure 13). These findings suggest that inhibition of methylation is necessary but not 

sufficient to activate the gene, while MeCP2 knockdown is sufficient to activate the gene.   

In summary, GR mediated regulation of crh in the PVN involves chromatin 

changes and formation of a complex. While the DNA methylation pattern sets the stage for the 

course of GR action, MeCP2 plays a critical role in its execution. The studies presented 

advanced our knowledge about the role of chromatin and epigenetics in the regulation of crh and 

hence regulation of the stress response. These mechanistic insights should help us understand the 

development of depressive conditions. 

 

Relevance to other areas 

Our findings add a new dimension to the regulation of crh gene and a novel mechanism of GR 

mediated gene regulation. To our knowledge, there is no study that has investigated the role of 

DNA methylation in NR mediated gene regulation and NR-DNA binding. These findings will 

likely have significant implications in a wider array of areas. For example, the difference in gene 

promoter methylation can explain the opposing effects of hormonal ligands in different tissues 

and in diseased and normal state. It could also explain the resistance to hormonal therapies 

observed in certain cases of breast, cervical and prostate cancer which have a major hormonal 

component.   
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Figures and legends 
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Figure 26. Working model of co-repressor complex recruitment 

A, GR and MeCP2 interact directly with DNA elements and form a putative complex with 

DnMT3b and HDAC1. B, The Methylation of DNA at CpG dinucleotides is induced by GR-

DnMT3b complex. Then the methylated DNA recruits MeCP2, GR and HDAC1 and the 

complex which represses gene expression. In this case GR does not bind to the DNA directly but 

is present at the crh promoter as a part of the complex. Me; Methylated CpGs. (From Sharma et 

al. Mol. Endo. 2013) 
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Figure 27. Contributions of MeCP2 and CpG methylation to repression.  

A, Ligand-bound GR induces formation of a GR-mediated co-repressor complex that is recruited 

to the proximal promoter. B, Demethylation of CpG site 10, diminishes occupancy of GR and 

MeCP2, which in turn leads to increased gene expression. C, The absence of MeCP2 permits 

gene expression, even though DNA methylation is not altered. The fate of DnMT3b and HDAC1 

is not known for either scenario (B and C). Me; Methylated CpGs.   
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