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ABSTRACT 
 

Glucocorticoids mediate their anti-inflammatory and immunosuppressive 

effects through activation of the glucocorticoid receptor (GR), a nuclear receptor, 

and subsequent effects on gene transcription. GR use lysine acetyltransferases 

(KATs, also known as histone acetyltransferases or HATs) and lysine 

deacetylases (KDACs, also known as histone deacetylases or HDACs) to 

regulate the transcription through acetylation and deacetylation of histones and 

nonhistone protein targets. Small molecule inhibitors of KDACs are approved for 

the clinical use of several diseases. Previously, we have shown that KDAC 

inhibition disrupts GR-mediated gene activation at several GR target genes and 

that disruption is mediated, in part, by loss of KDAC1 activity. In the current 

study, we examine the effect of KDAC inhibition on GC-induced gene activation 

and repression, discovering novel roles of Class I KDACs in regulation of the 

transcriptional cycle.  

In the first part of the study (Chapter 2), we show that KDAC inhibition 

through two structurally distinct KDAC inhibitors, prevents dexamethasone (Dex)-

induced transcriptional repression in a gene-selective fashion. In addition, KDAC 

inhibition decreased the levels of H3K4Me2 through activation of lysine 

demethylase 1 (LSD1). These events prevent transcriptional repression at these 

gene promoters. However, this mechanism is specific for genes repressed by GC 

treatment, as LSD1 does not play a significant role in GR transactivation.  

In the second part of the study (Chapter 3), we discovered that KDAC 

inhibition disrupts multiple stages of active transcription in a gene-selective 



 17 

manner. Class I KDAC inhibition through valproic acid (VPA) did not affect the 

ability of activated GR to bind enhancer regions, nor did VPA treatment affect 

p300 recruitment to enhancer regions, suggesting that Class I KDACs are 

involved downstream of these initial enhancer activating steps. We then 

observed that VPA treatment disrupts RNA Polymerase II recruitment to 

enhancer and promoter regions in a gene-selective manner, further supporting 

the idea that Class I KDACs facilitate GR transactivation at different parts of the 

transcriptional cycle. 

In the last part of the study (Chapter 4), we examined the effect of VPA 

treatment on the transcription of several core circadian rhythm transcription 

factors. Using low dose glucocorticoid, we synchronized cultured fibroblast cells 

to a circadian oscillatory pattern. Whether VPA was added at the time of 

synchronization or 12 h later, we found that VPA disrupted the oscillatory 

expression of multiple genes encoding essential transcription factors that 

regulate circadian rhythm. Altogether, our study illustrates the disruption of the 

GR transcriptional cycle by VPA and other KDAC inhibitors, implicating these 

drugs as possible endocrine disrupters. This disruption is an unfortunate 

consequence of KDAC inhibition and the mechanism(s) behind must be fully 

elucidated as we continue to use these drugs to target various diseases.  
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CHAPTER 1: INTRODUCTION 
 

 

Enhancers and Promoters  
 
 Around 200-500 bps in length, enhancer regions contain multiple 

recognition motifs for different transcription factors (TFs). Active enhancers are 

characterized by exclusion of nucleosomes, coactivator occupancy, RNA 

Polymerase II loading, and specific histone modifications, including acetylation of 

lysine 27 9K27) on histone H3 (1-3). Enhancers are thought to activate 

transcription by delivering important accessory factors to the promoter for proper 

transcription initiation or elongation (1). Enhancers can be found within the 

introns of the genes they regulate, in the introns of neighboring genes, or far 

upstream or downstream of the promoter. The mechanisms of long distance 

enhancer promoter communication have not been fully elucidated but there are 

two well accepted models: looping and tracking (Figure 1.1). In the looping 

model, enhancer-associated factors are delivered to the promoter by direct 

interaction between the enhancer and the promoter in which the DNA between 

the enhancer and promoter is looped out (2). In the tracking model, enhancers 

activate transcription by scanning along the chromatin in search of the promoter 

(4).  

 Just like other parts of the chromatin, enhancer regions can contain 

histone modifications that are crucial to proper gene transcription. Mono- 

methylation of H3K4 (H3K4Me1) was the first modification to be linked to distal 

regulatory regions (5). However, this modification is not exclusive to enhancer 

regions and usually spans much broader regions. Unlike active promoters,  
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Figure 1.1: Enhancer looping and tracking models. Distal enhancers might 

communicate with promoters through looping (A) and tracking (B). Nucleosomes 

are shown as yellow circles. Image from Bulger, 2011 (2).  
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enhancer regions are typically depleted of trimethylated H3K4 (H3K4Me3) (5), 

but detectable levels can be found at enhancers bound by RNA Polymerase II 

(RNA Pol II) (6).  Another modification that is important at enhancers is 

acetylated H3K27 (H3K27Ac). The presence of H3K27Ac distinguishes active 

enhancer states from those that are poised for activation or disengaged (7-11). 

Interestingly, it is thought that this modification follows H3K4Me1 as the enhancer 

becomes active because H3K4Me1 persists at enhancers that are disengaged 

(7,12).  

 

RNA Polymerase II 
 

Transcription is a carefully orchestrated event that involves hundreds of 

transcriptional regulatory factors to direct and control RNA Pol II recruitment, 

initiation, elongation and termination. Each of these steps of the transcription 

cycle is highly regulated. Transcription begins with promoter recognition and 

binding of the pre-initiation complex (PIC) consisting of Pol II and general 

transcription factors, including TFIID and TFIIH. There are many different factors 

that affect the transcription cycle, but one key determinant is the phosphorylation 

status of the C-terminal domain (CTD) of Rbp1 subunit of Pol II. The CTD 

consists of multiple copies of the consensus sequence YSPTSPS that becomes 

hyperphosphorylated during transcription elongation (13) (Figure 1.2). During 

initial promoter binding, the CTD is largely unphosphorylated which favors 

interactions between CTD and activators (14). As the nascent RNA is extended, 

TFIIH phosphorylates Serine-5 (S5) of the CTD, which is thought to positively  
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Figure 1.2: Phosphorylation of the RNA polymerase II C-terminal domain. Image 

taken from Phatnani, 2006 (15). 
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influence the association of the mRNA capping machinery (16,17). After 

elongating 20-50 nucleotides into the gene, RNA Pol II stalls, referred to as 

promoter-proximal pausing, as a way to control the timing, rate and possibly the 

magnitude of transcriptional responses (18-20). Paused Pol II is enriched in 

phosphorylated S5. How Pol II escapes pausing hasn’t been fully elucidated in 

vivo, but involves the pausing factors DRB sensitivity-inducing factors (DSIF) and 

negative elongation factor (NELF) (21). Interestingly, GR has been shown to 

inhibit proinflammatory genes by acting at different stages in the transcriptional 

cycle. In fact, at some genes GR has been shown to induce the accumulation of 

NELF, thereby repressing gene transcription by blocking pause escape (22).  

Conversely, GR can interact with proteins that stimulate elongation, such as 

elongation factor for RNA polymerase II, ELL (23). Once Pol II escapes pausing, 

it will continue into productive elongation and the CTD will become 

phosphorylated at Serine-2 (S2), while phospho-S5 levels decrease after about 

200 nucleotides (13). Fluorescence recovery after photobleaching (FRAP) of 

RNA Pol II has led to a range of estimates for the elongation rate of the 

polymerase from 0.4 kb/min to 4.3 kb/min (24-26). The newly phosphorylated S2 

signals for factors involved in elongation, termination or mRNA 3’-end 

processing. 

In addition to phosphorylation of its CTD, Pol II also depends on 

acetylation to fully transcribe a gene in numerous ways. Acetylation of histone 

tails is believed to stimulate the passage of Pol II by altering DNA-nucleosome 

contacts or recruiting chromatin remodeling complexes that function within 
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transcription units (27,28). Severe histone hypoacetylation in coding regions is 

negatively correlated to transcription (29). Phosphorylation of the CTD tail of Pol 

II by TFIIH enhances the association of the KAT complex SAGA (30). In addition 

to KATs, KDACs are also recruited to coding sequences. For example, KDACs 

are responsible for the H3/H4 deacetylation at the 5’-ends of coding sequences 

and increased association of Pol II at various genes (31).  

 

Coregulators 
 
 Once bound to enhancers or promoters, transcription factors, such as GR, 

must create an environment that is favorable for gene expression through 

recruitment of coregulators (Figure 1.3). These proteins do not specifically bind 

DNA themselves but interact with transcription factors to allow them to modulate 

transcription. DNA is usually tightly wrapped around histone octamers to form 

nucleosomes, and the nucleosomes are further packed into condensed 

chromatin fibers. This structure is commonly referred to as heterochromatin. 

Each nucleosome contains approximately 146 base pairs of DNA and two copies 

each of histones H2A, H2B, H3 and H4 (32). In order for transcription to occur 

the chromatin needs to be decondensed so the basal transcription machinery 

and RNA Polymerase II can bind. This involves the recruitment of chromatin-

remodeling complexes which include ATP-dependent chromatin remodelers and 

histone-modifying enzymes. ATP-dependent chromatin remodelers work by 

directly breaking histone-DNA contacts to slide and reposition nucleosomes (33). 

In order to separate the bonds between histones and DNA, ATP-dependent 
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chromatin remodeling complexes use the energy derived from ATP hydrolysis. 

Specifically, GR interacts with the SWI/SNF complex (34). This interaction is vital 

for GR transactivation of the mouse mammary tumor virus (MMTV) (35). These 

complexes often work in concert with histone-modifying enzymes to regulate 

transcription and other DNA-dependent processes.  

Histones can undergo numerous modifications at both their tail regions 

and globular domains, which can affect the higher order chromatin structure and 

subsequent gene expression. The modifications include acetylation, 

phosphorylation, methylation, ubiquitylation, and other covalent modifications that 

regulate the ability of the tails to act as binding surfaces for other cofactors (36). 

While the exact function of every histone modification has yet to be elucidated, 

there are two overall reasons why histones are modified: (1) disruption of 

contacts between nucleosomes in order to unravel the chromatin, and (2) 

recruitment of nonhistone proteins (36). The identities of the enzymes that direct 

most modifications are largely known, including kinases (phosphorylation), 

methyltransferases (methylation), acetyltransferases (acetylation), ubqiuitylases 

(ubiquitylation), among others. These modifications are dynamic and can be 

removed by specific enzymes including phosphatases, demethylases, 

deacetylases, and deubiquitylases.  
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Figure 1.3: GR-dependent transcription is mediated by multiple coactivator 

complexes. Image adapted from Xu, 2003 (37).  
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Most modifications are found in distinct localized patterns within different 

regions of the gene, including the upstream region, the core promoter and the 5’ 

and 3’ ends of the open reading frame (38). In fact, location of a modification is 

tightly regulated and is crucial for its effect on transcription. For example, Set2-

mediated methylation of H3K36 usually occurs within the open reading frame of 

actively transcribing genes, however if Set2 is mistargeted to the promoter region 

and methylates there, transcription is repressed (39,40).  

Overall, histone modifications can be loosely divided into those associated 

with gene activation and those correlated with gene repression. Acetylation, 

methylation, phosphorylation, and ubiquitylation have been implicated in 

activation whereas methylation, ubiquitylation, sumoylation and proline 

isomerization are typically implicated in repression. Some modifications are 

found in both categories because of its effect on transcription is context-

dependent. For example, methylation of H3K4 is most commonly found in the 

promoter region of actively transcribing genes and has been linked to the initiated 

form of RNA Pol II (36). Conversely, methylation of H3K9, which can also be 

found in the promoter region, is usually indicative of gene repression and 

formation of heterochromatin (36). Most histone modifications occur within the 

amino-and carboxy-terminal tails of the histones. These dynamic modifications 

are tightly regulated by various protein complexes and play critical roles in proper 

gene transcription. 
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Lysine Acetylation and Deacetylation  
  

The process of transcription is a highly regulated and dynamic process. In 

order for transcription to occur, there are a variety of protein complexes recruited 

to the chromatin (41). These protein complexes include those that remodel or 

modify chromatin, which allows both enhancer and promoter activation as well as 

efficient elongation of nascent transcripts by RNA Pol II. Examples of such 

complexes include those that contain lysine acetyltransferases (KATs, also 

known as histone acetyltransferases or HATs) or lysine deacetylases (KDACs, 

also known as histone deacetylases or HDACs). These enzymes directly 

regulate the acetylation of chromatin proteins and are important regulators of 

transcription. Histone acetylation is tightly associated with transcriptional activity. 

KATs add acetyl groups to histones and many non-histone proteins, while 

KDACs remove those acetyl groups. The addition of acetyl groups to histones 

facilitates and maintains decondensed chromatin, which is necessary for 

transcription (42). Conversely, deacetylation of histones leads to a more compact 

chromatic structure which is not conducive to transcription. Due to the effects of 

histone acetylation on chromatin, it was originally thought that KATs were 

coactivators and KDACs were corepressors. However, recent findings suggest 

that these enzymes, particularly KDACs, can act as both coactivators and 

corepressors of transcription depending on gene context (43,44).  

Mammalian KDACs can be divided into four different classes based on 

their homology to yeast KDACs (Figure 1.4). Class I, II and IV KDACs are the 

Zn2+- 
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Figure 1.4: The four classes of KDACs. Image adapted from Delcuve, 2012 (45).  
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dependent KDACs, while Class III KDACs are the NAD+-dependent KDACs, or 

sirtuins. Class I KDACS (KDAC1-3, 8) are ubiquitously expressed and mostly 

found in the nucleus (46). Class II KDACs (KDAC4-7,9,10) shuttle between the 

cytoplasm and the nucleus depending phosphorylation status (47). Within Class 

II, KDACs can be divided into subgroups depending on the number of catalytic 

domains: Class IIa (KDAC4,5,7) and Class IIb (KDAC6 and 10). While KDACs 6 

and 10 have been shown to by robust deacetylases in vivo, Class IIa KDACs lack 

intrinsic catalytic activity and mediate their deacetylase effects through 

recruitment of KDAC3, a Class I KDAC that associates with the and KDAC 

complexes SMRT and N-CoR complexes (48).  

Class I KDACs form diverse multiprotein KDAC complexes, each with 

distinct roles depending on cellular context. In particular, KDACs 1 and 2 are 

found in several different including the Sin3 complex, the nucleosome remodeling 

deacetylase (NuRD) complex, and the CoREST complex (Figure 1.5) (49). These 

complexes can contain KDAC1/2 homodimers or heterodimers, depending on the 

gene context (45). KDAC3, which has 53% homology to KDAC1, is associated 

with the NCoR/SMRT co-repressor complex (50).  

The multiprotein complex Sin3 is highly conserved from yeast to humans. 

In mammalian cells, the Sin3 complex contains six core subunits: KDAC1/2, 

RbAp46, RbAp48, SAP18 and SAP30 (Figure 1.5) (51). The Sin3 complex 

functions at not only the promoter regions but also at transcribed regions, 

exchanging its associated cofactors for proper transcriptional regulation (49).  
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Figure 1.5: Multiprotein complexes known to contain KDACs 1 and 2. Image 

adapted from Alenghat, 2014 (51) 
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The NURD-KDAC complex is highly conserved in higher eukaryotes and 

functions in a variety of tissues. The main components of the complex include 

KDAC1/2, RbAp46, RbAp48, CHD3/4 (Mi-2), MBD2/3, MTA1/2/3, and p66α/β. 

Lysine demethylase 1 (LSD1) has also been identified as a component of NuRD 

(52).  Almost all of the NURD complex subunits have different homologs and 

isoforms, creating distinct complexes based on cell type and external stimuli (45). 

One unique property of the complex is its ability to possess both KDAC- and 

ATP-dependent chromatin-remodeling activities.  This allows the complex to 

function in many biological processes, including embryonic development, cellular 

differentiation, tumor growth inhibition, and of course, gene transcription (53).   

The CoREST-KDAC complex is distinct from the other KDAC-containing 

structures described previously due to its lack of RbAp46 and RbAp48. It 

contains KDAC1 or 2, BHC80, c-terminal binding protein (CtBP), LSD1, and a 

CoREST protein, of which there are three family members RCOR1/2/3.  Similarly 

to the other KDAC complexes, distinct complexes can be created using different 

homologs. Initially this complex was discovered to be recruited to DNA by the 

RE1 silencing transcription (REST) factor to facilitate the formation of repressive 

chromatin structure due to demethylation of Histone 3 (H3) dimethylated on 

lysine 4 (H3K4Me2) by the LSD1 subunit (54,55). However, the CoREST 

complex is not strictly a corepressor and has been shown to behave as a 

coactivator. For example, CoREST acts as a coactivator of transcription by 

recruiting H3K4 methyltransferase to the RE1 sites of target genes in embryonic 
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and neuronal stem cells (56). It is also a coactivator of the androgen receptor 

(57).  

Acetylation is probably the most extensively studied and characterized 

histone modification. Histones are usually acetylated on multiple lysine (K) 

residues in their N-terminal tails. For example, potentially active euchromatin can 

be modified at many different histone H4 residues, including K5, K8, K12 and 

K16, whereas H4 in heterochromatin is largely hypo-acetylated (58,59). In fact, 

distinct patterns of lysine acetylation on histones have been proposed to specify 

distinct downstream functions, as well as a surface for specific protein-histone 

interactions (60).  In histone H3, the main acetylation sites are K9, K14, K18, K23 

and K27 (61). Acetylation is unique in the fact that it can affect not only the 

recruitment of nonhistone proteins, but it is also the only modification that has the 

most potential to unfold chromatin since it neutralizes the basic charge of the 

lysine. For example, acetylation of N-terminal tail of chromatin-associated 

histones is essential for initiating transcription through exposure of the promoter 

(62). Acetylation of histones, as well as other nuclear proteins, plays a vital role 

in the regulation of gene expression. 

 

 

Glucocorticoid Receptor 
 

The effect of glucocorticoids (GCs) is due to the molecular actions 

glucocorticoid receptor (GR). GR is expressed nuclear receptor in nearly every 

cell in the body. GR is a ligand activated transcription factor that, once activated, 

will bind to specific DNA sequences to regulate gene transcription (Figure 1.6). In 
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its unliganded form, it is bound to heat-shock proteins (hsp), specifically hsp90. 

(reviewed in (63)). The interaction between GR and hsp90 keeps the ligand 

binding pocket of the receptor in its optimal configuration (64), but maintains the 

receptor in a non-DNA-binding form. Upon binding of GC, this complex 

dissociates, allowing for nuclear translocation of the ligand-bound receptor. Once 

inside the nucleus, receptor will then homodimerize with another ligand bound 

receptor. From there, the receptor will then bind the DNA at the glucocorticoid 

response element (GRE), also known as a GC-regulated enhancer region. This 

leads to the recruitment of transcriptional coactivator proteins and other cofactors 

that facilitate gene transcription (Figure 1.6). This is a common pathway for GR 

signaling, however, GR can regulate gene expression in other ways, including 

tethering itself to other DNA-bound transcription factors, such as AP1 and 

nuclear factor- κB (NF-κB) (65).  

GR is a modular protein that contains three critical domains: an N-terminal 

domain (NTD), a central DNA-binding domain (DBD), and a C-terminal ligand 

binding domain (Figure 1.7) (64). The NTD contains the AF-1 domain which is 

required for maximal transcriptional activation and interacts with coregulators and 

basal transcription machinery (65-68). The DBD is the most conserved region 

among the nuclear receptor family members and contains two zinc finger motifs 

that recognize the GRE sequences in the DNA. Like other nuclear hormone 

receptors, the GRE sequence is an almost palindrome of GGAACAnnnTGTTCT. 

The 3-nucleotide spacing between the two halves is to allow space for GR to 

homodimerize. However, this is just the classic motif for GRE and GR can bind  
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Figure 1.6: Schematic of how GR mediates gene activation. GCs freely diffuse 

across the cell membrane. Once bound to GR, the receptor translocates to the 

nucleus and binds to the GRE region of the DNA. This leads to the recruitment of 

other coregulators to aid in gene transcription by RNA Polymerase II. 
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Figure 1.7: Domain structure of human GR protein. GR contains three major 

domains: N-terminal domain, the DNA binding domain and the C-terminal 

domain. In addition, the hinge region connects the DBD and the CTD. Image 

taken from Revollo, 2009 (69).  
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other DNA sequences, including a negative GRE (nGRE), which can mediate 

some gene repression (70). The last major domain is the ligand binding domain 

which forms a hydrophobic pocket for binding GCs and also contains a nuclear 

localization sequence (NLS). In addition, the LBD contains an AF-2 domain that 

interacts with coregulators in a ligand-dependent manner (71). 

 

 

GR-mediated transcription 
  

Upon ligand binding, GR can interact with genes by binding DNA directly 

at simple GREs or composite GREs, at which GR binds together with other 

transcription factors that cooperate with GR to regulate transcription. GR can 

also interact with genes indirectly tethering to other transcription factors bound 

directly to DNA. While the GRE has been mostly shown to mediate 

glucocorticoid-dependent gene activation, studies show that occupancy of GREs 

can also lead to repression at some genes (72).  

In gene induction cases, when GR interacts directly with the DNA, a 

conformation change in the receptor allows it to recruit coregulators, including 

chromatin-remodeling complexes, histone-modifying enzymes, and other 

coactivators that alter the structure of the DNA, creating a more favorable 

environment for gene expression (see Figure 1.3). These coactivators also act as 

bridges to promote the recruitment of the basal transcription machinery (73,74).  

In addition to direct binding, GR-mediated gene induction can also occur 

through protein-protein interactions. In this case, GR does not bind the DNA 

directly, but binds to other transcription factors that, in turn, bind directly to DNA.  
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An example of this tethering model is STAT5, a member of the Signal 

Transduction and Transcription proteins (STATs). Once activated through 

phosphorylation, STAT5 will homodimerize and bind directly to the DNA. GR can 

then physically interact with the DNA-bound STAT5. This interaction leads to the 

activation of several different genes (75). In addition, GR is also capable of 

binding STAT3 and STAT6 and inducing gene activation (76,77).  

 Ligand-bound GR can also cause gene repression in similar ways that 

lead to gene activation. GR binding directly to negative GREs (nGREs) in the 

DNA allows for negative regulation of certain genes. nGREs are similar to GREs 

and are usually found next to crucial DNA-binding sites for other transcription 

factors. This leads to a competition between GR and other transcription factors 

for binding sites which results in gene silencing when GR binds. An example of 

this is the FasL gene which contains an nGRE adjacent to a NF-κB site. When 

GR binds that nGRE, NF-κB can no longer bind, resulting in gene silencing of 

downstream NF-κB-mediated genes (78). However, there are many more GR-

repressed genes that do not contain nGRE sequences, meaning there are 

multiple ways GR facilitates gene repression. 

 One major way GR mediates gene repression is through protein-protein 

interactions with other transcription factors, or tethering. This usually occurs 

independent of GR binding directly with DNA. For example, GR can bind and 

repress the transcriptional activity of NF-κB through tethering. NF-κB is 

comprised of two subunits, p65 and p50, and GR can physically bind p65. This 

interaction prevents NF-κB from reaching its DNA-binding site, thereby 
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preventing the activation of NF-κB-mediated transcription (79). Some of the anti-

inflammatory effects of glucocorticoids are mostly due to the antagonistic 

relationship of GR and NF-κB.  

  Using chromatin immunoprecipitation combined with next generation 

sequencing, the locations of genomic GR binding sites are being identified in a 

variety of cell types. For the most part, most GR binding sites are located at 

kilobase distances away from gene promoters in introns (most common) and 

upstream and downstream of target gene bodies. (80,81). This is similar to other 

nuclear receptors such as estrogen receptor (ER) and peroxisome proliferator-

activated receptor (PPAR).  

 

Glucocorticoids 
 
 In order for GR to elicit its negative and positive effects on gene 

regulation, it must be activated by a ligand. GR’s ligand is any endogenous or 

synthetic glucocorticoid. Endogenous glucocorticoids include cortisol and 

corticosterone. Both are secreted by mammals, but the ratio between the two 

varies by species. Synthetic glucocorticoids, including prednisolone, prednisone, 

betamethasone, and dexamethasone, are usually prescribed for the treatment of 

inflammatory and autoimmune systems.  

Glucocorticoids (GCs) are corticosteroids secreted by the adrenal cortex. 

To elicit their effects, GCs bind the glucocorticoid receptor (GR), which is 

expressed in every vertebrate animal cell. The most important human 

glucocorticoid is cortisol, which mediates most of the glucocorticoid hormone 
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actions in humans. Cortisol is secreted in a circadian pattern with serum levels 

peaking in the morning and then declining throughout the day and evening. GCs 

are necessary for life and involved in many biological processes, including 

metabolism, immune function, the cardiovascular system, and homeostasis (82). 

Because of the numerous pharmacological effects of GCs, natural and/or 

synthetic steroids are used as therapy for many different disease states.  

GCs are some of the most commonly prescribed anti-inflammatory and 

immunosuppressive drugs for a number of disease states, including allergies, 

asthma, various autoimmune diseases, sepsis and cancer (83). The powerful 

effects of GCs are accomplished through a simultaneous downregulation of pro-

inflammatory proteins with an upregulation of anti-inflammatory proteins. The 

proteins downregulated include cytokines, adhesion proteins, prostaglandins, 

and chemokines. One of the main proteins upregulated is lipoprotein-1, which 

helps with the suppression of prostaglandins and leukotrienes (83). However, GC 

treatment is associated with many adverse effects, especially after prolonged 

use. The adverse events of chronic GC use are systemic and affect many 

systems, including the cardiovascular, endocrine, musculoskeletal, and central 

nervous systems. Osteoporosis, myopathy, avascular necrosis, hyperlipidemia, 

hyperglycemia, hypertension, obesity, behavioral changes, gastrointestinal 

issues have all been reported with systemic GC treatment (reviewed in (84)).  

Chronic exposure to GCs to can lead to Cushing’s syndrome, which is 

defined as a hormonal disorder in which an individual is exposed to high levels of 

cortisol. This can happen either through prolonged pharmaceutical administration 
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or the hypersecretion of endogenous steroids. In fact, some of the symptoms of 

Cushing’s syndrome overlap with the adverse effects of chronic valproic acid 

treatment. To uncover the pharmacological mechanisms behind these side 

effects, it is imperative to fully understand GCs actions in the body, focusing on 

the glucocorticoid receptor (GR), which is the driver behind the diverse actions of 

GCs.  

 

KDAC inhibitors 
  

KDACs play important roles in numerous biological processes, particularly 

transcription regulation and are of great interest to target in several disease 

states. KDACs target proteins involved in gene expression, cell proliferation, cell 

migration, cell death, immune pathways, and angiogenesis (85). In addition to 

their anticancer properties, KDAC inhibitors (KDACi) are useful in sickle cell 

anemia, HIV, and cystic fibrosis (86). As of 2016, four KDACi, not including 

Valproic Acid (VPA), an antiepileptic drug whose KDAC-inhibiting properties were 

discovered 20 years after its introduction to the clinic, are approved by the Food 

and Drug Administration (FDA) for the treatment of various blood cancers. Many 

more are currently in clinical trials (87). At present, most approved KDACi are 

used in the treatment of lymphoma and other blood cancers but they have yet to 

be found effective against solid tumors. Current clinical research with KDACi is 

focused on how to use them in combination therapies against a variety of 

cancers. 
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All clinically-approved KDAC inhibitors target more than one KDAC and 

elicit their effects through blockage of the active site on the Zn2+-dependent 

KDACs. Most inhibitors can be grouped into the following chemical classes: 

hydroxamates, cyclic peptides, aliphatic acids and benzamides (88). These drugs 

vary in specificities and efficiencies (89). The hydroxamates include Trichostatin 

A (TSA), Vorinostat (the first FDA-approved KDACi) (90,91), and Belinostat, all of 

which are pan-inhibitors that inhibit Class I and IIb KDACs (88). Romidepsin, 

FDA-approved for cutaneous T-cell lymphomas (87), and apicidin are cyclic 

peptides that are selective for Class I KDACs. Benzamides are also Class I-

selective, but, currently none are FDA-approved. Lastly, although not originally 

marketed as a KDACi, valproic acid (VPA) is an aliphatic acid used for more than 

20 years for the treatment of epilepsy, bipolar disorder and migraines. Like the 

cyclic peptides and benzamides, it is also Class I-selective.  

Valproic acid (VPA) is prescribed over 7 million times per year as of 2014 

(http://clincalc.com/DrugStats/Top200Drugs.aspx; 

https://www.ahrq.gov/research/data/meps/index.html). In addition to its KDAC-

inhibiting properties, VPA has several mechanisms of action. VPA increases γ- 

aminobutyric acid (GABA) synthesis, which increases GABAergic transmission in 

specific brain regions (92). VPA has also been found to reduce the release of the 

excitatory amino acid β-hydroxybutyric acid to attenuate neuronal excitation 

mediated by activation of N-methyl-D-aspartate (NMDA) (93), and to block 

voltage-gated sodium channels (94). Lastly, VPA modulates dopaminergic and 

serotoninergic transmission (95). After approximately two decades of clinical use, 

http://clincalc.com/DrugStats/Top200Drugs.aspx
https://www.ahrq.gov/research/data/meps/index.html
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VPA was reported to be a KDAC inhibitor (96). Compared to the other KDACi 

discussed earlier, VPA is relatively weak with activity in the millimolar 

concentrations (97). However, it has been shown to increase histone acetylation 

in humans over the therapeutic range for treatment of epilepsy and bipolar 

disorder (96). Patients taking VPA for these conditions are often required to take 

it 2-3 times a day. Because VPA has a half-life of 9 to 18 hours in humans (98), it 

is likely to accumulate in patients over a 24 h period.  

One of the main side effects of VPA usage is weight gain and an increase 

in body mass index within the first ten weeks of treatment (99,100). Oftentimes, 

caloric restriction does not alleviate the symptoms. This weight gain is 

responsible for a majority of the metabolic side effects caused by VPA, including 

a decrease in β-oxidation of fatty acids (101), increased insulin and leptin levels 

(102) and insulin/glucose ratios (103).  In addition, VPA causes alterations in lipid 

metabolism (104). These side effects can cause many patients to discontinue 

use of the drug. Unfortunately, the exact mechanisms behind these adverse 

effects are unknown. In order to have a better understanding of the therapeutic 

and adverse effects of VPA and other KDACi, it is important to understand their 

effects on other signaling pathways, particularly those involved in metabolism.  

 

Circadian Rhythm  
 

Most organisms operate on a roughly 24-hour light/dark cycle, known as 

circadian rhythm. The regulation of circadian rhythm involves a tightly-controlled 

hierarchy orchestrating rhythmicity in the brain and peripheral tissues (105,106). 
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The master clock, located in the suprachiasmatic nucleus (SCN) of the 

hypothalamus, is responsible for generating signals to synchronize the peripheral 

clocks in other tissues, including the liver, pancreas, and adrenal 

glands(reviewed in (106)). These tissues express autoregulatory clock proteins 

that generate circadian rhythmicity by transcription-translation negative feedback 

loops (Figure 1.8). This regulatory loop includes a positive limb that induces the 

transcription of genes that constitute the negative limb, which then inhibit their 

own transcription. Core components of the transcription-translation feedback 

loops include Clock and Bmal1, members of the positive limb, and negative limb 

members Period1, Period2, Period3 (Per1, Per2 and Per3), Cryptochrome1 and 

Cryptochrome2 (Cry1 and Cry2), and Rev-erbα and β (107). Clock and Bmal1 

heterodimerize and activate transcription by binding to E box sequences in target 

gene promoters, including those of genes encoding the negative limb 

components. Per and Cry proteins accumulate, enter the nucleus, and physically 

interact with the Clock/Bmal1 heterodimer at E boxes to block activated 

transcription (107-109). In addition, Rev-erbs (α, β) and RORs (α, β, γ) are critical 

components that control the cyclic expression of the Bmal1 gene, with RORs 

inducing expression and Rev-erbs suppressing it (110-112). The outcome of this 

process is the oscillatory expression and subsequent activity of the circadian 

rhythm transcription factors in both the brain and peripheral tissues (113).   

Glucocorticoid hormones, specifically cortisol, are secreted from the 

adrenal gland, with peak levels linked to the start of the activity phase. 

Interestingly, glucocorticoids could be a key link between the central pacemaker 
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in the SCN and the peripheral clocks in different tissues (114). Activation of GR 

by dexamethasone, a synthetic glucocorticoid, in cultured fibroblasts induces 

circadian rhythms of clock gene expression (115). In fact, each exposure to 

dexamethasone caused a phase shift in clock gene expression that was not 

observed in neurons of the SCN (115). However, clock gene expression in 

mouse liver was found to be independent of GR expression, suggesting that 

glucocorticoids are not the only signals responsible for synchronization of the 

peripheral clock. Nevertheless, GR signaling plays a key role in peripheral 

oscillators and disruption of that signaling could lead to negative effects on 

circadian rhythm physiology. 

Several post-translational modifications of the circadian rhythm 

transcription factors as well as histones have been shown to play an important 

role in transcriptional circadian rhythmicity. Rhythmic histone acetylation has 

been observed at promoters of several core clock components, including Per1, 

Per2, and Cry1 (116). In fact, increased histone acetylation has been shown to 

activate Per1 gene transcription (117). Interestingly, Clock itself has intrinsic 

lysine acetyltransferase activity and targets its binding partner, Bmal1, in a 

rhythmic fashion, and this acetylation leads to the recruitment of Cry1 and 

subsequent gene repression (118,119). The Clock/Bmal1 heterodimer also 

recruits the lysine acetyltransferases (KATs or HATs) p300/CBP to facilitate 

transactivation (120). It is widely hypothesized that equilibrium between KATs 

and KDACs at genes encoding circadian rhythm transcription factors is critical for 

their proper expression. Disruption of this equilibrium, specifically caused by KAT  
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Figure 1.8: The circadian rhythm transcription-translation feedback loop. 
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or KDAC inhibition, could lead to altered circadian rhythm physiology. Disruption 

of circadian rhythm is linked to several metabolic abnormalities, including 

cardiovascular disease and metabolic syndrome with characteristics of 

hyperlipidemia, hepatic steatosis, reduced insulin sensitivity, and obesity 

(121,122). 

In summary, glucocorticoid signaling regulates multiple vital biological processes. 

GCs play a major role in regulating carbohydrate, protein and lipid metabolism. 

Altered GC secretion and chronic GC pharmaceutical treatment can cause 

several side effects including osteoporosis, myopathy, avascular necrosis, 

hyperlipidemia, hyperglycemia, hypertension, obesity, behavioral changes and 

gastrointestinal issues. While we know that Class I KDACs facilitate GR-

mediated transactivation (44), we do not fully understand the mechanisms behind 

this observation. Understanding the roles KDACs play in signaling-induced 

transcription is essential for developing better therapeutic regimens involving 

theses inhibitors that minimize serious adverse effects. The following results in 

this dissertation will aim to uncover the effects of KDAC inhibition not only on 

GR-mediated transcription but also on circadian rhythm, a physiological process 

that involves the precise regulation of GC secretion. Together, these studies will 

provide new insights on the possible side effects of pharmacological modulation 

of KDACs.  
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CHAPTER 2: The role of the CoREST/KDAC complex and its subunit LSD1 

in glucocorticoid-mediated transcription 

 

Certain text and figures derived from Patrick NM, Griggs CA et al. 2017. J 

Steroid Biochem Mol Biol. 167:1-13 

 

Chanel Griggs, Nina Patrick, Ali Icenogle, Rosa Jaime-Frias, Maryam Gilpatrick, 

Vineela Kadiyala, Catharine Smith 

 

Abstract 
 
Small molecule inhibitors of lysine deacetylases (KDACs) are approved for 

clinical use in treatment of several diseases. Nuclear receptors, such as the 

glucocorticoid receptor (GR) use lysine acetyltransferases (KATs or HATs) and 

KDACs to regulate transcription through acetylation and deacetylation of protein 

targets such as histones. Previously we have shown that KDAC1 activity 

facilitates GR-activated transcription at about half of all cellular target genes. In 

the current study we examine the role of the CoREST-KDAC complex and one of 

its subunits, LSD1 on glucocorticoid-mediated activation and repression of gene 

expression. Inhibition of KDACs with the Class I-selective KDAC inhibitors, VPA 

or apicidin, prevented dexamethasone (Dex)-mediated transcriptional repression 

in a gene-selective fashion. KDAC inhibition rapidly induced a significant 

decrease in H3K4Me2 at promoter nucleosomes with no corresponding change 

in H3K4Me3, suggesting activation of the lysine demethylase, LSD1/KDM1A. 
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Depletion of LSD1 expression via siRNA restored Dex-mediated repression in 

the presence of KDAC inhibitors, suggesting that LSD1 activation at these gene 

promoters is incompatible with transcriptional repression. Treatment with KDAC 

inhibitors does not alter cellular levels of LSD1 or its association with Dex-

repressed gene promoters. Therefore, we concluded that Class I KDACs 

facilitate Dex-induced transcriptional repression by suppressing LSD1 complex 

activity at selected target gene promoters. Rather than facilitating repression of 

transcription, LSD1 opposes it in these gene contexts. Surprisingly, GR-mediated 

gene activation is not facilitated by the same mechanisms. LSD1 depletion has 

no effect on the alleviation of Dex-induced gene activation by KDAC inhibition, 

suggesting that Class I KDACs facilitate gene activation through mechanisms 

independent of LSD1.  However, GR transactivation of some KDACi-sensitive 

GR-activated genes requires the presence of intact Rcor3-containing CoREST 

complexes, suggesting that KDACs may facilitate transcription in the context of 

this complex.  However, this effect was gene-selective, indicating that other 

KDAC1/2-containing complexes are involved in efficient GR transactivation.  

 

Introduction and Rationale 
 
 Glucocorticoid agonists are some of the most commonly used anti-

inflammatory and immunosuppressive drugs for a number of disease states, 

including allergies, asthma, various autoimmune diseases, sepsis and cancer, 

among others (123,124). Glucocorticoids (GCs) elicit their effects through the 

action of glucocorticoid receptor (GR), which, as a transcription factor, modulates 
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the expression of target genes. Activation of transcription by GR involves 

interactions with KATs, which regulate acetylation of their targets. These 

enzymes not only target histones, but can also acetylate other nonhistone 

proteins, including transcription factors and their co-regulators, chaperones, and 

regulators of DNA repair, recombination and replication (125,126). In some 

cases, GR has been shown to recruit KDACs to the promoters of inflammatory 

genes and thereby exert repression, in part, via effects on the local chromatin 

environment (70,127-130).  

Mammalian Class I KDACs are subunits of multiple complexes. KDAC1 

and KDAC2 can be found in the Sin3 complex, the nucleosome remodeling 

deacetylase (NuRD) complex, and the CoREST complex. Recent studies have 

revealed that all of these complexes can associate with specific lysine 

demethylases, suggesting that deacetylation and demethylation are coregulated 

(52,131-133). The CoREST KDAC complex plays a vital role in the formation of 

repressive chromatin structure due to demethylation of Histone 3 (H3) 

dimethylated on lysine 4 (H3K4Me2) by LSD1 (54,55). LSD1, the first identified 

lysine demethylase (KDM), was initially identified as a component of the 

CoREST-REST transcriptional repressor complex that is important for repression 

of neuronal genes (134). LSD1 specifically removes mono-and di-methylation of 

histone H3 lysine 4 (135), modifications that are associated with active promoters 

and enhancers (1). However, it cannot act on trimethylated H3K4. 

In our study to explore KDACs as coregulators of GC-regulated 

transcription, we uncovered a novel role of the CoREST KDAC complex, and one 
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of its components, LSD1. In this chapter we show that KDACs regulate H3K4 

methylation through suppression of LSD1 activity to promote glucocorticoid-

induced repression in a gene-selective manner. We show that LSD1 is present at 

the promoters of GC-repressed genes, and that this association with promoter 

chromatin is independent of KDAC activity.  However, this is a process unique to 

GC-repressed genes and does not occur at GR-activated genes that are 

sensitive to loss of KDAC activity.  We found that LSD1 is dispensible for GR 

transactivation but a CoREST-KDAC1/2 protein complex specifically containing 

RCOR3 is required in a gene-selective manner. Because not all KDACi-sensitive, 

GR-activated genes require the RCOR3-containing CoREST complex, it is likely 

that multiple KDAC1/2-containing complexes contribute to GR-mediated gene 

activation. 

 

Materials and Methods 
 

Cell culture, antibodies and reagents 

 
Murine hepatoma cells (Hepa-1c1c7) were maintained in Minimum Essential 

Media α (MEMα) (Invitrogen) containing 10% fetal bovine serum (FBS) (Gemini 

Bio-Products) and 0.1% gentamicin (Invitrogen). Anti-H3K4Me2 (07-030), anti-

H3K4Me3 (2591878) and anti-LSD1 (17-10531) antibodies were purchased from 

Millipore. Anti-glyceraldehyde phosphate dehydrogenase (GAPDH) (sc-25778) 

and Protein A and G agarose beads (sc-2003) were purchased from Santa Cruz 

Biotechnology. Histone H3 (ab1791) antibody was obtained from Abcam. The 

secondary anti-mouse (115-035-146) and anti-rabbit (111-035-144) antibodies 
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were purchased from Jackson Immunoresearch and anti-goat (sc-2056) was 

purchased from Santa Cruz Biotechnology. Dexamethasone, VPA and apicidin 

were obtained from Sigma-Aldrich 

 

RNA Analysis 

 
Hepa-1c1c7 cells were seeded in 6-well dishes at 2 × 105 cells per well. After 24 

h, cells were treated with VPA (5 mM), apicidin (0.25 μg/ml) for 5 h and Dex (100 

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

according to the manufacturer’s protocol using the Nucleospin RNA II kit 

(Clontech). cDNA was generated using the qScript cDNA synthesis kit (Quanta). 

qPCR was performed using a Stepone Plus instrument (Applied Biosystems) with 

SYBR Green mastermix (Quanta) according to the manufacturer’s specifications. 

A list of the gene-specific exon-exon and exon-intron primer pairs used to 

measure levels of mRNA and nascent transcripts, respectively, can be found in 

Table A.1. In each experiment the test gene Ct values were normalized against 

the geometric mean of the corresponding GAPDH and hypoxanthine guanine 

phosphoribosyltransferase (HPRT) Ct values to obtain ΔCt values for each 

sample. To determine changes in expression between treated and untreated 

samples (ΔΔCt), the ΔCt values for treated samples were normalized against 

those from the untreated controls for each test gene. In each experiment, 

average primer efficiency of the primer sets was calculated from standard curves 

and used to convert the ΔΔCt values into fold change. The fold change values 

were then used to graph results and calculate SEM. The ΔΔCt values of two 
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different treatments (e.g. Dex alone vs. Dex+ Drug or Dex+non-targeting siRNA 

vs. Dex + targeting siRNA) were compared using the paired t-test to determine 

whether changes were statistically significant (p ≤0.05). 

 

siRNA-mediated depletions 

 
Hepa-lclc7 cells were plated in 12 well dishes at a density of 5 × 105 cells/well, in 

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

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

transfect cells with siRNA. LSD1, Rcor1-3 were knocked down using the 

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

targeting. Successful knockdown was confirmed using western blotting. Non-

targeting (NT) siRNA was used as a control. After 48h of recovery from siRNA, 

cells were either left untreated (control) or treated with Dex (100nM) for 1h 

followed by lysis with Trizol for RNA analysis 

 

Western Blot analysis 

 
Whole cell lysates were prepared by adding 2X SDS-PAGE Buffer to untreated 

(control) and treated cells. Proteins were separated by SDS-PAGE and 

transferred onto a nitrocellulose membrane (Bio-Rad) at 400mA for 2 hours. 

Membranes were blocked with 2% non-fat milk in TBS for 1 hour, followed by 

exposure to primary antibodies at 4ºC overnight. After subsequent exposure to 

secondary antibodies, membranes were washed 3 times with 1XTBS/0.1% 
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Tween-20 solution. The proteins were visualized using enhanced 

chemiluminescence (ECL) solution.  

 

Chromatin immunoprecipitation 

 
Hepa1c1c7 cells were seeded in 150mm plates at a density of 2.2X106 cells per 

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

both. The cells were then fixed with 1% formaldehyde at room temperature for 

10min and neutralized using 0.125M glycine. Fixed cells were scraped using ice 

cold PBS with 2% FBS, washed once with ice-cold PBS, and resuspended in 

lysis buffer (0.625% SDS, 10mM EDTA, 50mM Tris, pH 8.0). Chromatin was then 

fragmented to 400-500bp at 4oC with 35 cycles (30s on, 30s off) in a Bioruptor 

(Diagenode). 5% of the chromatin was removed for use as input. The sonicated 

chromatin was pre-cleared with Protein A- and Protein G-agarose that was pre- 

treated with 1µg/ml salmon sperm DNA and 1mg/ml BSA, for 45min. The 

chromatin supernatants were then rotated overnight at 4oC with H3K4Me2, 

H3K4Me3, anti-LSD1, or no antibody. Protein A and G agarose beads (sc-2003) 

were added and incubation continued for 45 min. Following incubation the beads 

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

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

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

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

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

EDTA). All buffers contained protease inhibitor cocktail and 100nM TSA. Bound 
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chromatin was eluted with sequential washes of high SDS buffer (1.5% SDS, 

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

Crosslinks were reversed by incubation at 65oC with 200mM NaCl and 10µg of 

RNAse A overnight followed by proteinase K digestion at 45oC in 10mM EDTA, 

40mM Tris pH 6.8 for 2h. DNA was extracted twice with Phenol-chloroform-

isoamyl alcohol (25:24:1) and ethanol-precipitated in the presence of glycogen. 

Input and bound DNA was amplified in PerfeCTa SYBR green FASTmix ROX 

(Quanta 95073-012) using real time qPCR (ABI StepOnePlus). Primer 

sequences are provided in Table A.2. Locations of the GREs for GR target genes 

are provided in Table A.3. Ct values for the bound DNAs were normalized 

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

against control (ΔΔCt). Average primer efficiency was calculated using standard 

curves for each primer set and used to convert the ΔΔCt into fold change. The 

ΔCt values from various treatments were compared with those of untreated 

control within each experiment and were used in a paired two-tailed t-test to 

determine whether changes were statistically significant. Values of p≤ 0.05 were 

deemed significant. For histone modification analysis, the fold change values 

were normalized against total Histone H3 fold change values. The Dex fold 

change values were compared to the VPA+Dex treatments in a paired t-test (one 

tailed) to determine whether changes were statistically significant. Values of p≤ 

0.05 were deemed significant. 
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Results 
 

KDAC inhibition prevents Dex-induced gene repression of transcription 
 

Previous microarray and RT-qPCR results explicitly show that KDAC 

inhibition significantly blunted GR-activated gene transcription (44), indicating 

that KDACs can function as coactivators. However, since GR activation can also 

lead to transcriptional repression, we were interested in determining whether 

Class I KDACs also function in GC-mediated gene repression in the same cell 

context. Using the microarray data, we selected several genes that were 

repressed by Dex for analysis by RT-qPCR.  We found that that Dex-mediated 

repression can be alleviated in the presence of VPA, a Class I selective KDAC 

inhibitor (Figure 2.1). Fig. 2.1A, B shows seven genes at which repression by 

Dex was significantly impaired in the presence of VPA. At three of these genes, 

VPA alone has no significant effect on mRNA levels (Fig. 2.1A), while at four 

others, VPA treatment increases mRNA levels very modestly, about 1.5- to 2-fold 

(Fig. 2.1B). The effect of VPA on Dex- induced repression is, however, gene-

selective. Fig. 2.1C shows two genes, Ikbke and Mllt11, at which VPA has no 

effect on Dex-induced down-regulation.  

VPA is known to induce cellular effects through targets other than KDACs 

(136). To confirm that impaired repression was due to KDAC inhibition rather 

than an off-target effect, we repeated the experiment with apicidin, another Class 

I-selective KDACi that, as a cyclic tetrapeptide, has a very different chemical 

structure when compared to VPA, a simple aliphatic acid. The structural 

differences of the two drugs suggest that they will not have the dame off-target  
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Figure 2.1: Class I-selective KDAC inhibitors alleviate Dex-induced repression of 

gene expression. Hepa-1c1c7 cells were treated with Dex (100nM), VPA (5mM) 

or apicidin (0.4µM) alone, and in combination with Dex and either KDACi. Cells 

were exposed to the KDACi for 5 h and Dex for 4 h. For the combination 

treatments, cells were dosed with the KDACi 1 h prior to the 4 h Dex treatment. 
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RNA was isolated and subjected to RT-qPCR with exon-exon primers to 

measure levels of mRNA. The results are represented as fold change relative to 

Control (untreated). (A,B) Genes at which KDACi attenuates Dex-induced gene 

repression. (C) Genes at which Dex- induced gene repression is unaffected by 

KDACi. All graphs represent the results of 3–6 independent replicates. Error bars 

represent standard error of the mean (SEM). *,# – p 0.05, **,## – p 0.01, ***,### 

–p 0.001. Pound signs (#) represent significant changes between untreated cells 

and cells treated with Dex or KDACi alone. Asterisks (*) represent significant 

changes between cells treated with Dex and cells treated with the combination of 

Dex and KDACi. (Contributed by V. Kadiyala, M. Gilpatrick and R. Jaime-Frias) 
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off-target effects, suggesting similar effects are through their shared targets: 

Class I KDACs. As shown in Fig. 2.1, apicidin and VPA have very similar effects 

at all nine genes tested both in the presence and absence of Dex, strongly 

indicating that the impairment of glucocorticoid- repressed gene expression is 

due to inhibition of the shared targets of these drugs, the Class I KDACs.  

To determine whether these effects are transcriptional, we measured 

levels of nascent, unspliced transcripts from six glucocorticoid-repressed target 

genes using exon-intron primer sets in RT-qPCR (Table A.1). Hepa-1c1c7 cells 

were treated with Dex or a combination of Dex plus VPA for up to 4 h as shown 

in Fig. 2.2A-F. Transcription from all genes analyzed was significantly decreased 

in the presence of Dex relative to no treatment at zero hrs. Transcription of the 

Rgs16, Igsf9, Hes1 and Hbegf genes was significantly repressed within 1 h of 

Dex treatment, while transcription of the Mex3a and Cdon genes was repressed 

more slowly. In the presence of VPA, all of the genes tested showed significant 

impairment of Dex-induced gene repression at multiple time points. At several 

genes (Mex3a, Igsf9, Cdon, and Hbegf) the combination of Dex and VPA 

significantly increases transcription over the basal level, although the increases 

are modest, with the exception of Cdon. 

 The rapid repression of transcription by Dex at the Hes1, Igsf9, and Hbegf 

genes (Fig. 2.2D–F) indicates that it is not mediated through secondary effects 

requiring altered expression of other GR target genes. Thus, we focused the 

ChIP analysis on these genes. GR ChIP-sequencing performed after 1 h Dex 

treatment in several cell lines (137), and mouse liver, shows that the closest GR 
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Figure 2.2: VPA prevents Dex-induced gene repression. Hepa-1c1c7 cells were 

treated with either Dex (100 nM) or in combination with Dex and VPA (5 mM).  

(A–F) For the combination treatment cells were exposed to VPA 1 h prior to the 

addition of Dex. Cells were harvested at 30, 60, 120, and 240 min after Dex 

addition. RNA was isolated and subjected to RT-qPCR using intron-exon primer 

sets to measure levels of nascent transcripts. Fold changes in nascent 

transcripts for each treatment time relative to levels in untreated cells for Mex3a 

(A), Cdon (B), Rgs16 (C), Igsf9 (D), Hes1 (E), and Hbegf (F). Error bars 

represent SEM. *,# – p ≤ 0.05, **,## – p ≤ 0.01, ***,### – p ≤ 0.001. Pound signs 

(#) represent significant changes between untreated cells and Dex treated cells. 

Asterisks (*) represent significant changes between cells treated with Dex and 

cells treated with the combination of Dex and VPA. (Contributed by N. Patrick 

and A. Icenogle) 
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peaks are at least 50–100kb away from the transcription start sites (TSS) (not 

shown) of these genes making it unclear whether GR binding to these very 

distant sites actually influences their transcription. Recently, Guertin et al. 

reported that estrogen-repressed genes in MCF-7 cells show early transient 

interactions (10min post treatment) with estrogen receptor at enhancer regions 

that do not contain canonical estrogen response elements (138). Since GR ChIP-

seq data at early time points of Dex treatment in Hepa1c1c7 cells is unavailable 

to identify such enhancer regions, we focused our ChIP analysis on the proximal 

promoter/TSS regions of these genes in an effort to determine how KDACs 

contribute to glucocorticoid-mediated gene repression.  

 

Class I KDACs regulate H3K4 methylation at Dex-repressed promoters 
 

Because H3K4 and H3K9 methylation have been associated with 

transcriptional activation and repression, respectively, we determined the effects 

of glucocorticoid signaling and/or KDAC inhibition on H3 methylation at the 

promoters of glucocorticoid-repressed genes that were significantly repressed by 

Dex exposure for 1 hr. Analysis of H3K9 dimethylation did not reveal any 

remarkable changes, while H3K9 trimethylation was not detectable at any of the 

genes tested (139).  In the case of H3K4 methylation, Dex treatment does not 

cause any significant changes in H3K4 dimethylation (H3K4Me2) or 

trimethylation (H3K4Me3) at the Hes1, Igsf9, or Hbegf gene promoters (Fig. 

2.3A,B). VPA treatment caused a significant decrease in H3K4Me2 at all three 

promoters in both the presence and absence of Dex (Fig 2.3A). In order for 
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regulatory proteins to access the DNA, the tightly wound chromatin must be 

remodeled to a more transcriptionally favored conformation. One way to examine 

the changes in nucleosome density is to measure histone H3 levels at a 

particular genomic region. For all three treatment conditions, histone H3 levels 

are unaffected (Fig. 2.3C), suggesting that the decrease in H3K4Me2 cannot be 

explained by loss of nucleosomes from these promoters. An alternative 

explanation is that H3K4Me2 is reduced due to an increase in lysine 

methyltransferase (KMT) activity that converts H3K4Me2 to H3K4Me3. We 

measured H3K4Me3 levels at the three gene promoters and found that they do 

not significantly change under any of the treatments. Thus, the loss of H3K4Me2 

at these promoters is likely to be caused by a VPA-induced activation of a lysine 

demethylase (KDM).  

To determine whether the VPA-induced loss of H3K4Me2 was due to its 

KDAC-inhibiting activity rather than an off-target effect, we repeated the H3K4 

methylation ChIP experiments substituting apicidin for VPA (Fig 2.4). Like VPA, 

apicidin causes significant decreases in H3K4Me2 levels at all three promoters in 

the presence or absence of Dex (Fig 2.3A) In addition, like VPA, apicidin 

treatment does not increase levels of H3K4Me3 at promoter nucleosomes (Fig 

2.4B). Altogether the results show that Class I KDAC inhibition results in 

increased activity of a KDM that targets H3K4Me2 at the promoters of genes 

where KDACs facilitate glucocorticoid-induced transcriptional repression. 

Furthermore, activation of this KDM occurs even in the presence of 

glucocorticoid signaling. 
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Figure 2.3: Effects of Dex and VPA on Histone H3 modifications and total 

Histone H3 at the transcription start site regions of rapidly-repressed genes. (A–

B) Hepa-1c1c7 cells were treated with Dex (100 nM) for 1 h, VPA (5 mM) for 2 h, 

or a combination of VPA (5 mM) plus Dex. In the latter, cells were exposed to 

VPA for 1 h prior to the addition of Dex for 1 h. Chromatin immunoprecipitation 

was performed with antibodies against H3K4Me2 (A) and H3K4Me3 (B)and total 

Histone H3 (C). Primer sets specific for the TSS/proximal promoter regions of the 

Hes1, Igsf9, and Hbegf gene were used in qPCR. The graphs show fold changes 

in the level of histone modification for each of the treatments relative to untreated 

and are a summary of 4–7 independent experiments. Pound signs (#) represent 
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significant changes between untreated cells and drug-treated cells. Asterisks (*) 

represent significant changes between cells treated with Dex and cells treated 

with VPA or the combination of Dex and VPA. *,# – p 0.05, **,## – p 0.01, ***,### 

– p 0.001  Error bars represent S.E.M. (Contributed by N. Patrick and R. Jaime-

Frias) 
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Figure 2.4: Effect of Apicidin on total Histone H3, and H3K4 methylation at 

transcription start site regions of rapidly-repressed genes. Hepa-1c1c7 cells were 

treated with Dex (100nM) for 1 h, Apicidin (0.25µg/ml) for 2 h, or a combination of 

Apicidin plus Dex (2 h Apicidin. 1 h Dex). Chromatin immunoprecipitation was 

performed with antibodies against total histone H3 (A), H3K4Me2 (B), and 

H3K4Me3 (C). Primer sets specific for the TSS/proximal promoter regions of the 
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Hes1, Igsf9, and Hbegf gene were used in qPCR. The graphs show fold changes 

in the level of histone modification for each of the treatments relative to untreated 

controls and are a summary of 5 independent experiments. Pound signs (#) 

represent significant changes between untreated cells and drug-treated cells. 

Asterisks (*) represent significant changes between cells treated with Dex and 

cells treated with VPA or the combination of Dex and VPA. *,# – p 0.05, **,## – p 

0.01. Error bars represent S.E.M. (Contributed by N. Patrick and R. Jaime-Frias) 
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LSD1 depletion restores Dex-induced repression in the absence of KDAC 

activity 

 
The unique chemistry of the KDM, LSD1, allows it to demethylate mono-

and di-methylated H3K4 but not tri-methylated H3K4 (135). LSD1 was originally 

identified as a transcriptional corepressor in neuronal cells as a subunit of the 

CoREST-REST complex, which also includes KDACs 1 and 2 (134). However, 

recent studies have identified it as a coactivator of estrogen-, androgen-and 

retinoic acid-regulated transcription (57,140,141). 

Due to this more recent association with transcriptional activity, we 

hypothesized that activation of LSD1 present at our target genes through KDAC 

inhibition may work against Dex-induced transcriptional repression. To address 

this issue, we depleted LSD1 using siRNA and showed that it does not affect 

expression of KDACs 1 and 2, which associate with LSD1 in the CoREST 

complex (Fig 2.5A). We then measured the effect of LSD1 depletion on 

transcription at the KDACi-sensitive, Dex-repressed genes as shown in Fig 2.5B–

E. In the presence of non-targeting siRNA, KDAC inhibition by VPA treatment 

significantly impairs Dex-induced repression at the four genes tested, as 

expected. In the presence of LSD1 siRNA Dex-induced transcriptional repression 

is unaffected (Dex treatment alone). However, LSD1 depletion largely restores 

Dex-mediated transcriptional repression at these genes in the absence of KDAC 

activity (Dex plus VPA treatment). Thus, when activation of LSD1 at these  
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Figure 2.5: LSD1 depletion overcomes the requirement for KDAC activity in Dex-

induced gene repression. Hepa-1c1c7 cells were transfected with non-targeting 

(NT) control siRNAs or siRNAs targeted to LSD1. (A) Forty-eight hours after 

transfection cell lysates were generated and subjected to SDS-PAGE. Western 

blotting was performed with antibodies against LSD1, KDAC1, or KDAC2. 

GAPDH was used as a loading control. (B-D) Forty-eight hours after transfection 
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cells were not treated or treated with Dex (100 nM) for 1 h, VPA (5 mM) for 2 h, 

or a combination of VPA (5 mM) plus Dex. In the latter, cells were exposed to 

VPA for 1 h prior to the addition of Dex for 1 h. RNA was isolated from 

transfected cells and subjected to RT-qPCR. The graphs represent the fold 

changes for nascent transcript levels for Hbegf (B), Igsf9 (C), Hes1 (D), and 

Rgs16 (E) genes. The graphs are a summary of 4–5 independent experiments. 

Error bars represent SEM. Asterisks denote significant changes between Dex-

treated cells and the combination (VPA/Dex) treatment for each siRNA. * – p 

0.05, *** – p 0.001, **** – p 0.0001. (F) Hepa-1c1c7 cells were treated with VPA 

(5 mM) for 0, 2, or 5 h. Whole cell lysates were subjected to SDS-PAGE and 

immunoblotting with antibodies against LSD1 and GAPDH. (G) Hepa-1c1c7 cells 

were treated with Dex (100 nM) for 1 h, VPA (5 mM) for 2 h, or a combination of 

VPA (5 mM) plus Dex. In the latter, cells were exposed to VPA for 1 h prior to the 

addition of Dex for 1 h. Chromatin immunoprecipitation was performed with 

antibody against LSD1. The graph shows fold changes in the level of LSD1 

association with the promoters of the genes tested for each of the treatments 

relative to untreated and are a summary of 4–5 independent experiments. 

Statistical analysis (paired t-test) did not show any significant changes. 
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promoters is prevented, transcriptional repression mediated by glucocorticoid 

signaling is no longer impeded by KDAC inhibition. 

One mechanism by which KDAC inhibition could lead to increased activity 

of LSD1 at target promoters is through increased expression. However, as 

shown in Fig 2.5F, up to 5 h of VPA treatment does not increase cellular LSD1 

levels. It is also possible that KDAC inhibition increases association of LSD1 with 

promoter chromatin. Through ChIP with LSD1 antibody, we determined that 

LSD1 is present at the Hes1, Igsf9, and Hbegf promoters (Fig 2.6), but its 

association with promoter chromatin relative to untreated cells is unchanged 

under any of the treatment conditions (Fig 2.6). Altogether our results suggest 

that KDACs regulate the demethylase activity of LSD1 at the three promoters 

tested. 

 

LSD1 is not involved in GR-mediated gene activation 
 

Recently, LSD1 has been shown to function as a coactivator for androgen 

receptor (142). To examine the role of LSD1 in GR-mediated gene activation, we 

tested the effect of LSD1 depletion and KDAC inhibition on several GR target 

genes. If KDAC inhibition activates LSD1 at these gene contexts, we expect 

LSD1 depletion to restore Dex-induced gene activation in the presence of VPA. 

Hepa-1c1c7 cells were transfected with NT or LSD1 siRNA.  After treatment and 

RNA isolation RT-qPCR was run with exon-intron primers to several GR target 

genes that do not become fully activated in the presence of KDACi. As expected,  
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Figure 2.6: LSD1 is constitutively-associated with the promoters of the Hbegf, 

Igsf9, and Hes1 genes. Hepa-1c1c7 cells were treated with Dex (100nM) for 1 h, 

VPA (5mM) for 2 h, or a combination of VPA (5mM) plus Dex. In the latter, cells 

were exposed to VPA for 1 h prior to the addition of Dex for 1 h. Chromatin 

immunoprecipitation was performed with either no antibody or an antibody 

against LSD1. Primer sets specific for the TSS/proximal promoter regions of the 

Hes1, Igsf9 and Hbegf gene were used in qPCR. The results are expressed 

graphically as percent relative to input for each treatment condition. The graphs 

are a summary of 4-5 independent experiments. Error bars represent SEM. 
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VPA treatment significantly blunts Dex-induced gene activation for the NT 

samples (Fig 2.7 – NT). Loss of LSD1 had no effect on Dex induced 

transcription, indicating that it does not play an important role in GR 

transactivation at any of the genes tested. We then compared the ability of 

KDACi to alter gene activation in the presence and absence of LSD1. Fig 2.7 

shows that the impaired transactivation caused by VPA treatment is unaffected 

by the absence of LSD1.  This result indicates that the mechanism by which 

KDACs facilitate GR transactivation does not require the presence of LSD1.    

 

CoREST-KDAC complexes with Rcor3 promote GR-mediated gene 

activation 

 
Our previous studies show that KDAC1 plays a major role in facilitating 

GR transactivation (44). We were interested if KDAC1-containing complexes are 

involved in this process, specifically the CoREST KDAC complex. In addition to 

LSD1 and KDACs 1 and 2, the CoREST KDAC complex contains a CoREST 

subunit which makes contact with both of the enzymatic subunits (143), 

suggesting an important role in complex activity and integrity (54).  The CoREST 

family contains three members, Rcor1 (also known as CoREST1), Rcor2, and 

Rcor3. Each of the paralogs can form the complete CoREST complex, however, 

a study by Barrios at al reported that the different CoREST complexes have 

specific properties (50).  We determined that Hepa-1c1c7 cells express mRNAs 

for all three CoREST family members (Fig 2.8A).  Rcor1 and Rcor3 mRNAs are 

expressed at similar levels, but Rcor2 mRNA levels are 10 times lower.   
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Figure 2.7: LSD1 is not involved in GR-mediated gene activation. Hepa-1c1c7 

cells were transfected with non-targeting (NT) control siRNAs or siRNAs targeted 

to LSD1. Forty-eight hours after transfection cells were not treated or treated with 

Dex (100 nM) for 1 h, VPA (5 mM) for 2 h, or a combination of VPA (5 mM) plus 
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Dex. In the latter, cells were exposed to VPA for 1 h prior to the addition of Dex 

for 1 h. RNA was isolated from transfected cells and subjected to RT-qPCR. The 

graphs represent the fold changes for nascent transcript levels for the 

corresponding gene. Asterisks represent significant changes between Dex-

treated cells and the combination (VPA and Dex) treatment for each siRNA 

treatment. * – p 0.05, ** – p 0.01. Error bars represent SEM. (Contributed by C. 

Griggs and A. Icenogle) 
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Previous studies have shown that protein levels of CoREST1 and LSD1 

are interdependent.  Foster et al found that LSD1 depletion resulted in a 

reduction of CoREST1 (Rcor1) protein levels and associated KDAC activity 

(144).  Shi et al showed that CoREST1 depletion caused destabilization of LSD1 

(55).  We used siRNA targeted to each Rcor family member (Rcor1-3) and tested 

the effect of the knockdown on LSD1 protein levels. Currently, commercial 

antibodies directed towards each of the CoREST family members are unspecific 

or nonexistent so we confirmed successful knockdown (≥75%) by assaying Rcor 

mRNA levels (Fig 2.8B). As shown in Fig 2.8C, knockdown of Rcor1 and Rcor3 

drastically decreased LSD1 protein levels, while depletion of Rcor2 had no effect.  

These results suggest that most of the LSD1 protein in Hepa-1c1c7 cells is 

associated with complexes containing Rcor1 and Rcor3, which is consistent with 

the low level of Rcor2 mRNA expression. 

The depletion of Rcor subunits along with the destabilization of LSD1, will 

result in loss of cellular CoREST complexes.  To determine whether KDAC1/2-

containing CoREST complexes are required for efficient GR transactivation, we 

used siRNA targeted towards Rcor1-3 to deplete their expression individually and 

then measured the ability of Dex to increase transcription.  We chose to examine 

four GR target genes that we found to be sensitive to VPA and Apicidin treatment 

as well KDAC1 depletion (44). If KDAC1 facilitates GR transactivation in the 

context of the CoREST complex, we hypothesize that GR-mediated gene 

activation will be significantly blunted in the absence of the Rcor proteins due to  
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Figure 2.8: Depletion of Rcor1 and Rcor3 drastically reduces LSD1 protein 

levels. (A) Normalized expression of the Rcor family members in untreated Hepa-

1c1c7 cells. Gene expression is relative to housekeeping genes Gapdh and Hprt. 

(B-C) Hepa-1c1c7 cells were transfected with non-targeting (NT) control siRNAs 

or siRNAs targeted to Rcor1-3. (B) Forty-eight hours after transfection cell were 

harvested and RNA was isolated and subjected to RT-qPCR. Knockdown was 
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deemed successful with a decrease in corresponding RNA levels of 75% or 

greater compared to Non-targeting (NT) control siRNA. (C) Protein was isolated 

from transfected cells and subjected to Western blotting with an antibody for 

LSD1. GAPDH was used as a loading control. The graphs are a summary of 3 

independent experiments. Error bars represent SEM. 
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complex destabilization. As shown in Fig 2.9, for all four genes tested, depletion 

of Rcor1 alone did not affect the magnitude of the Dex-induced increase in 

transcription. Rcor2 depletion had a very interesting gene specific response. As 

shown in Fig 2.9A,B, GR transactivation of Tsc22d3 and Tg2m was moderately 

but significantly enhanced in the presence of Rcor2 siRNA. This suggests that 

complexes formed with Rcor2 may oppose GR transactivation and depletion of 

that complex allows for GR to more efficiently activate the gene. Rcor3 also had 

a gene-selective response. In fact, at the same genes where Rcor2 depletion 

enhanced gene activation, Rcor3 depletion significantly blunted it. These results 

illustrate that the roles of these Rcor family proteins are not redundant in GR 

transactivation at these select GR-target genes. Dex-induced transcription from 

the St5 and Ampd3 genes was unaffected by any of the Rcor depletions tested, 

suggesting that KDACs facilitate transcription at these genes in the context of a 

different complex.    

 

Discussion 
 

KDACs are generally considered to function as corepressors of 

transcription. However, our previous studies show that Class I KDACs facilitate 

GR transactivation. In the current study, we show that, in the same cell context, 

KDACs also facilitate GC-mediated transcriptional repression.  We observed a 

correlation between KDAC inhibition and decreased H3K4Me2 at the promoters 

of several GC-repressed genes that led us to discover a novel mechanism by  
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Figure 2.9: Rcor3 depletion affects GR-activated target genes in a gene-

selective manner. Hepa-1c1c7 cells were transfected with non-targeting (NT) or 

Rcor1-3 siRNA. Forty-eight h after transfection, cells were treated with Dex 

(100nM) for 1 h. RNA was isolated from cells and subjected to RT-qPCR. The 

graphs are a summary of 2-5 independent experiments and represent the data 

as fold inductions in the presence of Dex relative to the corresponding untreated 

control for the cells transfected with NT or Rcor siRNAs. Asterisks denote 

significant changes between untreated and Dex-treated cells for each 

transfection. * – p 0.05, ** – p 0.01. Error bars represent SEM. 
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which LSD1 opposes transcriptional repression. Rather than promoting 

transcriptional repression through H3K4 demethylation, LSD1 activity impairs it in 

these gene contexts. However, this mechanism is specific to repressed genes, 

as we found no evidence of a vital role for LSD1 in the mechanism by which 

Class I KDACs facilitate GR transactivation. Lastly, we show that CoREST KDAC 

complexes are involved in GR-mediated gene activation in a gene-selective 

manner, but only when the complex includes Rcor3.  Altogether, these findings 

indicate the CoREST KDAC complex facilitates GR-regulated gene transcription 

depending on gene context.  However, this mechanism is independent of the 

LSD1 subunit.   

Known mechanisms by which glucocorticoids repress transcription include 

binding of GR to DNA in gene promoters/enhancers directly or indirectly through 

tethering to other bound proteins or protein complexes (145). However, recent 

ChIP-sequencing studies suggest that this is not the predominant mechanism of 

glucocorticoid-mediated gene repression. GR binding sites are found much 

farther from glucocorticoid-repressed genes relative to activated genes 

(80,81,146). ChIP-sequencing data from mouse liver (147) show that the closest 

GR binding sites are at least 50–100 kb from the TSS of the Hbegf, Hes1, and 

Igsf9 genes. Reddy et al suggested two possible mechanisms for glucocorticoid-

induced repression at genes far from GR binding sites: 1.) secondary effects 

dependent on protein synthesis or 2.) protein-protein interactions that occur away 

from the target gene, consistent with a squelching mechanism, which posits that 

activated steroid receptors compete for limiting amounts of coregulators and 
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thereby sequester them at target genes to which the receptors bind (81). 

Transcription of the Hbegf, Igsf9, Rgs16, and Hes1 genes is significantly 

repressed within 1 h of Dex treatment making it highly unlikely that their 

repression is due to a secondary effect that requires protein synthesis. GC-

mediated transcriptional repression of these genes is direct and probably 

involves either direct binding of GR to unknown regions in or around these genes 

or to GR-protein interactions away from the genes that sequester coregulatory 

proteins that are required to maintain their transcription.  

Analysis of the proximal promoter regions of the most rapidly repressed 

genes in our study showed that Dex down-regulates transcription without 

changes in nucleosome density or H3K4 di-or tri-methylation, consistent with the 

idea that repression could be caused, at least in part, by events that are removed 

from the gene promoters. VPA treatment induced a significant loss of H3K4Me2 

at all three gene promoters that was not due to decreased nucleosome density or 

conversion to H3K4Me3 through increased methyltransferase activity. The 

structurally-distinct KDACi, apicidin, had the same effect, indicating that their 

common targets, Class I KDACs, mediate this change. The lack of effect on 

H3K4Me3 indicates that KDAC inhibition activates a demethylase that can act on 

H3K4Me2 but not H3K4Me3. LSD1 is unique among KDMs for its inability to 

remove trimethylation and it specifically targets H3K4 and sometimes H3K9 

(57,135). It is a core component of the CoREST complex and can associate with 

NURD complexes; both CoREST and NURD complexes also contain KDACs 1 
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and 2 (43) (148). Interestingly, Bantscheff et al. showed that apicidin and VPA 

were both able to efficiently inhibit KDAC activity in the CoREST complex (149).  

Our results show that VPA treatment modestly increases transcription at 

many of the genes assayed (Figs. 2.1). However, it is unlikely that the activation 

of LSD1 contributes to that increase because LSD1 depletion does not prevent it 

at the Hbegf, Igsf9, and Rgs16 genes (Fig. 2.5). Dex treatment alone does not 

change H3K4 di-methylation at our promoters of interest, indicating that it does 

not alter LSD1 activity. Accordingly, the loss of H3K4Me2 induced by KDACi 

treatment at the promoters of interest was not reversed by the presence of Dex. 

However, this raised the possibility that activation of LSD1 through KDAC 

inhibition makes these genes resistant to Dex-mediated transcriptional 

repression. To prevent activation of LSD1, we depleted its expression through 

siRNA and found that loss of LSD1 largely restored the repressive transcriptional 

effect of Dex treatment in the presence of KDACi. This is analogous to an 

intergenic suppressor mutation in yeast genetics, where the effects of a mutation 

in one gene are negated by a mutation in a second gene. In our case, the first 

“mutation” is loss of KDAC activity and the second is loss of LSD1 expression. 

Identification of suppressor mutations is useful because they reveal 

unrecognized functional interactions between the proteins encoded by the 

mutated/inactivated genes. Altogether our results strongly suggest that the level 

of LSD1 activity at these genes becomes functionally relevant to transcription 

upon activation of glucocorticoid signaling. Although we demonstrate LSD1 

activation by a change in H3K4 dimethylation, it is not clear whether H3 
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demethylation is the key target of LSD1 that contributes to glucocorticoid 

response. Nonhistone transcriptional regulatory proteins are also LSD1 

substrates (150,151). To explain the function of KDAC inhibition and LSD1 in 

Dex-mediated transcriptional repression at the genes we have examined in 

Chapter 2, we propose the models shown in Fig 2.10. When KDACs are active 

(Fig. 2.10A) they suppress the activity of LSD1 that is present at the promoters of 

the genes examined in our study and makes them susceptible to Dex-mediated 

transcriptional repression. When KDAC activity is inhibited (Fig. 2.10B), LSD1 is 

activated and disrupts the mechanism by which glucocorticoids repress 

transcription, thereby making the genes resistant to Dex-mediated repression. 

Upon LSD1 depletion (Fig. 2.10C), the enzyme is no longer present at the 

promoters and cannot be activated upon KDAC inhibition, thereby allowing the 

repression of transcription through glucocorticoid signaling. Although LSD1 is 

generally considered a transcriptional corepressor, global ChIP analyses showed 

that LSD1 is enriched at distal elements and promoters of active genes with 

surprisingly little localization in repressed chromatin (140,152,153). This is 

consistent with the results of our ChIP assays showing the constitutive presence 

of LSD1 at the Hes1, Igsf9, and Hbegf promoters. In addition, LSD1 associated 

with AR-activated genes is required for AR-activated transcription in a gene-

selective fashion (154,155). Our study shows that LSD1 activity blocks 

transcriptional repression rather than promoting it, further supporting the 

contention that LSD1 can be a corepressor or a coactivator, depending on the 

gene context.  
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Figure 2.10: Proposed model for KDAC inhibition by VPA and LSD1 action in 

glucocorticoid-mediated repression. (A) Class I KDACs facilitate glucocorticoid-

mediated transcriptional repression through inhibition of LSD1 activity at the 

promoters of the model genes used in this study, namely Hbegf, Igsf9, Hes1, and 

Rgs16. At these genes GR action is likely to be indirect. Class I KDACs may 

suppress LSD1 activity at or away from the gene. (B) Loss of KDAC activity 

through VPA and other Class I-selective KDAC inhibitors causes LSD1 
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activation, which blocks glucocorticoid- mediated repression by an as yet 

undetermined mechanism. (C) Depletion of LSD1 removes it from the gene 

promoters and may destabilize the CoREST complex. The lack of activated 

LSD1 removes the block to glucocorticoid-mediated repression even if KDACs 

are inhibited. Image from Patrick, Griggs, 2016 (139).  
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In contrast to the KDACi-sensitive GC-repressed genes, LSD1 is 

dispensible for KDACi-mediated impairment of GR transactivation at KDACi-

sensitive GC-activated genes. However, some of those genes are sensitive to 

the depletion of CoREST complex Rcor scaffold subunits.  Interestingly, 

depletion of only the Rcor3 protein impaired GR activation of the Tsc22d3 and 

Tgm2 genes, suggesting a lack of functional redundancy among Rcor family 

members.   Rcor1 is the most well-studied of these; relatively little is known about 

Rcor2 and Rcor3. Expression profiles of the family members suggest expression 

is cell-context specific, with Rcor1 being ubiquitously in somatic cells (156). 

Barrios et al reported that complexes formed with Rcor2 have less deacetylase 

activity than complexes formed with Rcor1 or Rcor3 (50). In fact, according to 

their study, complexes with Rcor2 are resistant to KDAC inhibition. This is 

somewhat agreeable to our study, as we found that Rcor2 depletion enhances 

the ability of GR transactivation at selective KDACi sensitive genes, suggesting 

that CoREST2 complexes actually oppose GR-mediated gene activation at 

certain gene contexts.  

We found that Rcor3 depletion affected GR transactivation at some but 

not all KDACi-sensitive target genes.  This result suggests that Class I KDACs 

contribute to GR-activated transcription from multiple complexes.   We previously 

found that depletion of the Sin3 complex, through siRNA targeted to its scaffold 

Suds3, had no effect on GR transactivation (not shown). The KDAC1- and 

KDAC2- containing NURD complex is another possible candidate and follow up 

studies should assess its role in GR-mediated gene activation. While the scaffold 
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subunit of the NURD complex has not been identified, it is known that KDACs 

associate with the complex through the MTA subunits, MTAs 1-3 (143).  These 

could be depleted with specific siRNAs to prevent KDAC association with the 

complex.   

This study, along with previously published data, indicates that 

pharmaceutical modulation of KDACs or LSD1 could have a significant impact on 

glucocorticoid signaling in vivo. A more comprehensive understanding of the role 

of these modifying enzymes in signaling-induced transcription is essential for 

developing therapeutic regimens involving their inhibitors that minimize serious 

side effects. The next step in this study, is to discover at which stage in the 

transcriptional cycle do KDACs facilitate transcription to better narrow down the 

transcriptional targets of Class I KDACs. Chapter 3 will begin to answer this 

question.  
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CHAPTER 3: KDAC inhibition disrupts multiple stages of active 

transcription in a gene-selective manner 

 

Chanel Griggs, Nina Patrick, Rosa Jaime-Frias, Catharine Smith   

 

Abstract 
 
Small molecule inhibitors of KDACs, specifically VPA and apicidin, disrupt GR-

mediated gene transcription, as shown in Chapter 2. However, the underlying 

mechanism remains unknown. In the current study, we discovered that KDAC 

inhibition disrupts multiple stages of active transcription in a gene-selective 

manner. While VPA treatment had no effect on activated GR binding to enhancer 

regions, p300 recruitment, or chromatin remodeling, we observed significant 

increases in H3K27Ac and H3K4Me3 with VPA treatment, suggesting disruption 

of the transcriptional cycle occurs downstream of enhancer activation by GR. 

Interestingly, GR-induced RNA Pol II recruitment to enhancer and promoter 

regions is altered by VPA treatment in a gene-selective manner. Our study 

suggests that GR target genes Tgm2 and Tsc22d3 are affected by KDAC 

inhibition prior to initial RNA Pol II loading at both the enhancer and promoter 

regions. In contrast, RNA Pol II recruitment to the promoter region of the Glul 

gene was unaffected by the presence of VPA, suggesting that KDACs act 

downstream of transcriptional initiation in this context. Lastly, using single 

molecule fluorescence in situ hybridization (smFISH), we examined 

transcriptional bursting of GR target gene Tgm2 and observed that VPA 
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treatment affected the frequency of its transcription at this gene, indicating that 

KDACs contribute positively to the probability of transcription at the gene. This 

study illustrates that KDAC inhibition can have different effects on active 

transcription depending on gene context.  Overall, this study shows that KDACs 

facilitate GR transactivation at multiple points of the transcription cycle, 

dependent on gene context.  

 

Introduction and Rationale 
 
 KATS and KDACs target non-histone proteins in addition to histones. 

Transcription factors, regulators of DNA repair, recombination and replication, 

chaperones and viral proteins are just a few non-histone proteins that are subject 

to acetylation (125,157,158). Figure 3.1 is a small snapshot of acetylated 

proteins involved in transcription. We reported that Class I KDACs, specifically 

KDAC1, facilitate glucocorticoid receptor-mediated gene activation (44) and 

repression (139), depending on gene context. Our previous work clearly 

illustrates that transcription is sensitive to the absence of KDACs. One way by 

which KDACs may elicit their positive effects on transcription, is through 

deacetylation of transcriptional regulatory proteins needed for GR-mediated 

activation to occur efficiently. Transcription is a multi-step process that involves a 

large number of protein complexes acting at different stages.  To characterize the 

mechanism by which KDACs facilitate transcription, the next logical step is to 

identify the stage of the transcriptional cycle at which KDACs perform critical 

functions. This will allow us to narrow down the list of possible KDAC targets.  
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Transcription is a tightly regulated, dynamic process that involves many 

different steps. Nuclear receptors recruit many coregulators to the DNA in order 

to facilitate transcription [reviewed in (159,160)]. The regulatory proteins have 

transient interactions with the chromatin from which genes are transcribed in 

pulsatile fashion referred to transcriptional bursting (161-164). These regulatory 

proteins include a wide variety of enzymes and other proteins that regulate 

chromatin remodeling or interact with general transcription factors (37). Many of 

these protein complexes contain acetylated subunits (157). As previously 

discussed, KDACs play a vital role in GR transactivation, however, the exact 

mechanism(s) by which KDACs positively contribute to GR-mediated 

transcription is poorly understood.  

The primary steps of the transcription cycle are preinitiation, which 

involves enhancer activation, chromatin remodeling, and enhancer-promoter 

communication.  This is followed by transcriptional initiation, promoter clearance 

of Pol II, elongation, and termination.  Each of these steps involves different 

transcription factors and protein complexes, many of which have the potential to 

be modified by KDACs. As shown in Figure 3.1, these complexes include ATP-

dependent chromatin remodelers, KATs, protein arginine methyltransferases, 

lysine methyltransferases, the mediator complex, elongation factors and other 

proteins involved in the transcriptional cycle (37). Before Pol II can begin 

transcribing the DNA initially, ligand-activated GR must properly bind enhancer  
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Figure 3.1: Acetylated subunits of large macromolecular complexes involved in 

transcription. Image adapted from Choudhary, 2009 (157). 
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regions and recruit several different chromatin remodeling and modifying 

complexes. Once the chromatin environment has been sufficiently prepared, 

RNA Pol II is recruited to the enhancer regions. The enhancer and promoter 

regions interact, likely through chromosomal looping, to allow assembly of a pre-

initiation complex at the proximal promoter, which culminates in Pol II binding 

and the initiation of transcription (reviewed in (2)). As discussed in Chapter 1, 

after elongating for <100 nucleotides RNA Pol II stalls to allow 5’ capping of the 

nascent transcript, in a process referred to as promoter-proximal pausing. Once 

Pol II escapes pausing, it continues along the gene until it is signaled for 

termination.  

In order to narrow down the large number of possible KDAC targets, we 

examined how KDAC inhibition disrupts the activation of transcription by GR. 

Using a combination of biochemical assays, specifically ChIP, and mechanistic 

studies that take into account the dynamic component of transcription, we will 

identify whether KDAC inhibition disrupts transcription prior to RNA Pol II loading 

at target gene promoters or downstream of transcriptional initiation. Upon 

completion of this study, we will gain new insights on how KDACs act within 

regulatory elements and/or gene bodies to facilitate active transcription.  

Our approach will involve ChIP analysis with antibodies targeted to 

transcription-associated histone modifications, RNA Pol II, and other well-known 

steroid coregulators that will allow us to examine the effect of KDAC inhibition on 

the binding of these cofactors to the enhancer and promoter regions of GR-

activated genes. We will also examine how KDAC inhibition impacts 
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transcriptional bursting. In response to a stimulus, most genes are transcribed in 

bursts interspersed with periods of inactivity.  As a result, genes toggle between 

two states: an active state in which RNA transcripts are produced and an inactive 

state in which the chromatin is thought to be reset in preparation for a 

subsequent burst of activity (164). This is referred to as the two state model 

(Figure 3.2), which can be used to infer bursting parameters. These parameters 

include burst frequency (a), a measurement of the off time, burst length (b), a 

measurement of the on-time, and the rate of transcriptional initiation (c), a 

measurement of the number of RNA produced during the on time. Using b and c, 

we can derive the burst size (b/c), a measurement of the number of transcripts 

produced per active state. Studies of transcriptional bursting have shown that 

transcription of genes is not generally found to be uniformly distributed in a 

population of cells.  Bursting genes show cell to cell variations in transcription 

indicating that transcription of a particular gene in a cell population is 

heterogeneous rather than homogeneous, as previously thought. To examine 

these cell to cell variations, we will employ the technique single molecule 

fluorescence in situ hybridization (smFISH). smFISH allows us to fluorescently 

tag nascent transcripts that can be visualized and counted under various 

treatment conditions. The data generated will determine the number of cells in 

which a gene is actively transcribing, a measurement of burst frequency, and the 

intensity of each site of transcription, a measurement of burst size. Burst 

frequency is a function of the inactive period and burst size is related to the 

active period.  
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Figure 3.2: The two state model of gene expression. The promoter activity (red 

line) toggles between two starts, “off” and “on.” During the active state (promoter 

“on), transcripts are produced indicated by vertical green lines. The rates of 

transition between active and inactive states and transcription initiation are each 

controlled by single rate-limiting steps (a, b, c). a is burst frequency, a 

measurement of the off time, b is burst length, a measurement of the on-time, 

and c is the rate of transcription initiation during a burst, a measurement of the 

number of RNA produced during the on time.  Image from Larson, 2011 (165). 
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Because we know that the absence of Class I KDAC activity caused a 

decrease in transcriptional output of several GR-target genes (44), we can use 

smFISH to examine the effect of KDAC inhibition on the number of cells actively 

transcribing and the intensity of the transcription sites. Based on the response, 

we can determine if KDAC inhibition affects the active state, inactive state, or 

both. If KDAC inhibition affects the number of cells actively transcribing, it 

suggests that KDACs are required during the inactive period, prior to 

transcriptional initiation and contribute to regulation of burst frequency. 

Conversely, if KDAC inhibition affects the transcription site intensity it suggests 

that KDACs are required for effective production of transcripts downstream of Pol 

II initiation. Together with the ChIP assays, we will be able to identify where in 

the transcription cycle KDAC activity is vital.   

 Here we report that KDAC inhibition can disrupt the transcription of GR 

target genes at different stages of the transcriptional cycle, depending on gene 

context. However, recruitment of GR to GREs and Dex-induced chromatin 

remodeling is not affected by VPA treatment, indicating that Class I KDACs act 

downstream of enhancer activation. We also found that KDAC inhibition affects 

the methylation status of H3K4, suggesting that acetylation and methylation are 

regulated together at these selected GR target genes. Lastly, we show that 

KDAC inhibition can disrupt RNA Pol II binding at both enhancer and promoter 

regions. 
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Materials and Methods 
 

Cell culture, antibodies and reagents 

 
Murine hepatoma cells (Hepa-1c1c7) were maintained in Minimum Essential 

Media α (MEMα) (Invitrogen) containing 10% fetal bovine serum (FBS) (Gemini 

Bio-Products) and 0.1% gentamicin (Invitrogen). Anti-H3K4Me2 (07-030), anti-

H3K4Me3 (05-745R), Anti- H3K27Ac (07-360) antibodies were purchased from 

Millipore. Anti-RNA Polymerase II (sc-899) and Anti-GR (sc-1004) antibodies 

were purchased from Santa Cruz Biotechnology. Anti-p300 antibody 

(C15200211) was purchased from Diagenode. Dextran sulfate, formamide, 

parafolmadehyde. dexamethasone, VPA and apicidin were purchased from 

Sigma-Aldrich. 

 

Chromatin immunoprecipitation 

 
Hepa-1c1c7 cells were seeded in 150mm plates at a density of 2.2X106 cells per 

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

both. 

Single crosslink: The cells are fixed with 1% formaldehyde at room temperature 

for 10min and neutralized using 0.125M glycine. 

Double crosslink: The cells are fixed with Disuccinimidyl glutarate (DSG) 

(Covachem) for 45 min at room temperature, washed and then fixed with 1% 

formaldehyde at room temperature for 10min and neutralized using 0.125M 

glycine. 
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Fixed cells were scraped using ice cold PBS with 2% FBS, washed once with 

ice-cold PBS, and resuspended in lysis buffer (0.625% SDS, 10mM EDTA, 

50mM Tris, pH 8.0). Chromatin was then fragmented to 400-500bp at 4oC with 35 

cycles (30s on, 30s off) in a Bioruptor (Diagenode). 5% of the chromatin was 

removed for use as input. The concentration of chromatin per condition was 

calculated using a BCA assay. Specific µg of chromatin (100µg-300µg) per IP 

was used and diluted with ChIP dilution buffer (2.5% Triton X 100, 1.2 mM EDTA, 

16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, protease inhibitors) . The sonicated 

chromatin was pre-cleared with Protein A- and Protein G-agarose beads (Santa 

Cruz Biotechniology) that was pre- treated with 1µg/ml salmon sperm DNA and 

1mg/ml BSA, for 45min. The chromatin supernatants were then rotated overnight 

at 4oC with GR, Histone H3, p300, H3K27Ac, H3K4Me2, H3K4Me3, or no 

antibody. Protein A and G agarose beads (sc-2003) were added and incubation 

continued for 45 min. Following incubation the beads were pelleted and washed 

sequentially once with low salt buffer (0.1%SDS, 1% triton-x 100, 2mM EDTA, 

20mM Tris pH 8.0, 150mM NaCl), high salt buffer (0.1%SDS, 1% Triton-X 100, 

2mM EDTA, 20mM Tris pH 8.0, 500mM NaCl) and lithium chloride buffer (0.25M 

LiCl, 1% NP-40, 1% sodium deoxycholate, 1mM EDTA, 10mM Tris pH 8.0) and 

twice with TE buffer (10mM Tris pH8.0, 1mM EDTA). All buffers contained 

protease inhibitor cocktail and 100nM TSA. Bound chromatin was eluted with 

sequential washes of high SDS buffer (1.5% SDS, 0.1M NaHCO3 in TE) and low 

SDS buffer (0.5% SDS, 0.1M NaHCO3 in TE). Crosslinks were reversed by 

incubation at 65oC with 200mM NaCl and 10µg of RNAse A overnight followed by 
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proteinase K digestion at 45oC in 10mM EDTA, 40mM Tris pH 6.8 for 2h. DNA 

was extracted twice with Phenol-chloroform-isoamyl alcohol (25:24:1) and 

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

amplified in PerfeCTa SYBR green FASTmix ROX (Quanta 95073-012) using 

real time qPCR (ABI StepOnePlus). Primer sequences are provided in Table A.2. 

Locations of GREs for each GR target gene are provided in Table A.3. Ct values 

for the bound DNAs were normalized against the input Ct values (ΔCt) and the 

various treatments were normalized against control (ΔΔCt). Average primer 

efficiency was calculated using standard curves for each primer set and used to 

convert the ΔΔCt into fold change. The ΔCt values from various treatments were 

compared with those of untreated control within each experiment and were used 

in a paired two-tailed t-test to determine whether changes were statistically 

significant. Values of p≤ 0.05 were deemed significant. For histone modification 

analysis, the fold change values were normalized against total histone H3 fold 

change values. The Dex fold change values were compared to the VPA and 

VPA+Dex treatments in a paired two-tailed t-test to determine whether changes 

were statistically significant. Values of p≤ 0.05 were deemed significant. 

 

Single molecule fluorescence in situ hybridization  

 
Twenty-four hours before cells were plated, coverslips (7222-01, Electron 

Microscopy Sciences) were incubated at 37ºC in MEMα containing 10% FBS and 

0.1% gentamicin. Hepa-1c1c7 were plated in 12 well dishes at 4.1x 104 cells per 

well. After 24 h, cells were treated with VPA (5 mM) for 2.5 h and Dex (100 nM) 
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for 90 min. Cells were then fixed with 4% paraformaldehyde for 10 min at room 

temperature. After 2x10 min washes with PBS, cells were permeabilized 

overnight at 4ºC in 70% ethanol. The next day the cells were washed once for 10 

min with PBS and once with 2x SSC and once with 10% formamide for 5 min. 

Coverslips were inverted onto 50µl of hybridization buffer containing 100nM 

Stellaris RNA FISH Probes (Biosearch Technologies) in 6.6mM dextran sulfate, 

2x SSC, and 10% formamide. 48 oligonucleotide probes were custom designed 

to either exons or intron of the Tgm2 gene. Oligonucleotide placement for exonic 

and intronic probesets specific for murine Tgm2 are found in Figure A.1. Exon 

probes specific for the murine Gapdh gene (NM_008084.2) were purchased 

directly from BioSearch Technologies.  Coverslips were then incubated in the 

dark in a humidified chamber at 37ºC for 4h to overnight depending on the probe 

set. After hybridization, coverslips were washed twice with 2x SSC and 10% 

formamide for 30 min each at 37ºC. Coverslips were then stained with DAPI 

(0.01%). Coverslips were fixed to precleaned microscopes slides (Thermo 

Scientific) using Prolong Gold antifade reagent (Fisher Scientific)  

 

Image acquisition  

 
Imaging of smFISH was performed on a Nikon Ti-E inverted microscope 

equipped with a 40X Plan Fluo 1.3 NA Nikon objective, Photometrics CoolSNAP 

MYO CCD camera, motorized stage. The microscope was controlled by NIS-

Elements software. Several fields were image with Z-stacks spanning 6 microns 
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at 0.5 micron intervals. The maximum intensity projections were performed using 

NIS-Elements and utilized for subsequent analysis. 

 

Data analysis 

 
Nascent RNA counting: Spot detection was based on a two-dimensional 

Gaussian mask algorithm described in Thompson et al (2002) (166) and was 

implemented with custom-made software for the Interactive Data Language (IDL) 

platform (ITT Visual Information Solutions). Nuclear segmentation was done by 

DAPI thresholding using Cell Profiler (http://cellprofiler.org/ ). To obtain the 

single-cell expression profiles, data from the spot detection and the nuclear 

segmentation were combined using custom made software in IDL, computing the 

number of nascent transcripts per cell and the intensity of each transcription site. 

Comparison of untreated control with treatment condition was accomplished 

using a Kolmogorov-Smirnov test for the burst frequency data and a Mann-

Whitney test for transcription site intensity data.  

 

Results 
 

VPA does not affect GR binding to enhancer regions of GR target genes 

  
The first step of GR transactivation is the binding of active glucocorticoid 

receptor (GR) to enhancer regions in or around target genes. Human GR has 

been shown to be acetylated at lysines 494 and 495 in its hinge domain (128). 

Acetylation of GR was shown to attenuate binding of the receptor to GREs at 

select target genes and represses GR-induced transactivation of GRE-driven 

http://cellprofiler.org/
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promoters (167). As KDAC inhibition affects the delicate balance of acetylation, it 

is possible that VPA disrupts GR-GRE binding and leads to decreased 

transcriptional output. Using chromatin immunoprecipitation (ChIP), we assayed 

the effects of various treatments on GR binding to enhancer regions of several 

GR target genes that are sensitive to KDAC inhibition or KDAC1 depletion (44). 

Fig 3.3 represents a ChIP study in which we treated Hepa-1c1c7 cells with Dex, 

VPA or a combination of both. As expected, Dex treatment significantly increases 

GR binding. VPA treatment has no effect GR binding and serves as an internal 

negative control as VPA does not activate GR. Upon co-treatment with VPA and 

Dex, GR binding to the GRE is still significantly increased. When comparing GR 

binding in the co-treatment to that of Dex alone, the results are not significantly 

different. Therefore, we can conclude that VPA does not affect GR binding to 

GREs at selected GR target genes. 

 

VPA has no effect on Dex-induced chromatin remodeling  
 
 Once GR is bound to DNA, it recruits other coregulators to aid in 

chromatin remodeling (168). Nucleosome occupancy at GR-bound enhancers is 

typically reduced to allow other transcription factors and coregulators to access 

the enhancer DNA. This is carried out by ATP-dependent chromatin remodeling 

complexes, which have been shown to contain acetylated subunits as 

summarized in Fig. 3.1. While the function of these acetylations is unknown, it is 

possible that some of them are inhibitory to complex function.  Changes in 

nucleosome occupancy/density are often assessed by measuring association of 

histone H3 with a particular genomic region.  Thus, to investigate if VPA disrupts  
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Figure 3.3: VPA does not affect GR binding to enhancer regions of GR target 

genes. Hepa-1c1c7 cells were treated with Dex (100nM) for 1h, VPA (5mM) for 

2h, or a combination of VPA (5mM) plus Dex. In the latter cells were exposed to 

VPA for  1 h prior to the addition of Dex for 1 h. Chromatin immunoprecipitation 

was performed with either no antibody or an antibody against GR. Primer sets 

specific for the enhancer regions (GRE) of Tgm2, Tsc22d3 and Glul were used in 

qPCR. The results are expressed graphically as fold change relative to untreated 

control for each treatment condition. The graphs are a summary of 4-5 

independent experiments. Asterisks denote significant changes between the 

various treatment conditions and untreated control. ** – p ≤ 0.05, ** – p ≤ 0.01, 

*** – p ≤ 0.001. Error bars represent SEM.   
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Figure 3.4: VPA has no effect on Dex-induced chromatin remodeling. Hepa-

1c1c7 cells were treated with Dex (100nM) for 1h, VPA (5mM) for 2h, or a 

combination of VPA (5mM) plus Dex. In the latter cells were exposed to VPA for 

1 h prior to the addition of Dex for 1 h. Chromatin immunoprecipitation was 

performed with either no antibody or an antibody against histone H3. Primer sets 

specific for the enhancer regions (GRE) of Tgm2, Tsc22d3, Glul and Tns1 were 

used in qPCR. The results are expressed graphically as fold change relative to 

untreated control for each treatment condition. The graphs are a summary of 4-5 

independent experiments. Asterisks denote significant changes between the 

various treatment conditions and untreated control. ** – p ≤ 0.05, ** – p ≤ 0.01, 

*** – p ≤ 0.001. Error bars represent SEM.   
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Dex-induced chromatin remodeling, we used a ChIP assay with an antibody to 

Histone H3. As shown in Fig. 3.4, Dex treatment alone decreased the amount of 

histone H3 at the enhancer regions at select GR target genes, as expected. The 

dotted line represents a fold change of 1, which is the untreated control. VPA 

treatment alone does not have a significant effect on histone H3 occupancy when 

compared to untreated control. The co-treatment of VPA and Dex also 

significantly decreases histone H3 binding, showing that chromatin remodeling is 

unimpaired in the absence of KDAC activity.  

These two ChIP studies clearly show that GR is able to bind the DNA and 

induce proper chromatin remodeling in the absence of KDAC activity.  Thus, 

Class I KDACs are not required for initial enhancer activation by GR.     

 

p300 is recruited to GREs in the presence of VPA 
 
 p300 is a lysine acetyltransferase (KAT) that has been well documented to 

be recruited to enhancers by steroid receptors during gene activation. GR 

interacts with p300 in vivo in a hormone-dependent manner (35,169). 

Interestingly, p300 has been shown to interact with KDAC1 in vitro and in vivo 

(170). This interaction can attenuate deacetylase activity through p300-mediated 

KDAC1 acetylation (171). Therefore, we were curious if recruitment of p300 was 

affected during VPA treatment. p300 is a coactivator that elicits its effects 

through interaction with transcription factors, not the DNA itself. Because of this, 

we incorporated a second crosslinking agent, disuccinimidyl glutarate (DSG), in 

our ChIP assay. This will increase the efficacy of immunoprecipitating protein  
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Figure 3.5: p300 is recruited to GREs in the presence of VPA. Hepa-1c1c7 cells 

were treated with Dex (100nM) for 1h, VPA (5mM) for 2h, or a combination of 

VPA (5mM) plus Dex. In the latter cells were exposed to VPA for 1 h prior to the 

addition of Dex for 1 h. Chromatin immunoprecipitation was performed with either 

no antibody or an antibody against p300. Primer sets specific for the enhancer 

regions (GRE) of Tgm2, Tsc22d3 and Glul were used in qPCR. The results are 

expressed graphically as fold change relative to untreated control for each 

treatment condition. The graphs are a summary of 4-5 independent experiments. 

Asterisks denote significant changes between the various treatment conditions 

and untreated control. ** – p ≤ 0.05, ** – p ≤ 0.01. Error bars represent SEM.   

 

 

 



 105 

complexes that do not directly associate with the DNA but are physically 

associated with the chromatin. DSG is added first to crosslink protein-protein 

interaction, followed by formaldehyde to crosslink the DNA-protein interactions. 

Fig 3.5 illustrates a ChIP assay with an antibody to p300. As expected, 

Dex treatment causes a significant increase in p300 binding at these selected 

GR-activated genes. The co-treatment of VPA and Dex also shows an increase 

in p300 recruitment. Comparing the co-treatment and Dex analysis by statistical 

analysis verifies that the binding of p300 is unaffected in the presence of VPA. 

This suggests that p300 is recruited properly and is therefore not a mechanism of 

transcription disruption by VPA. 

 

VPA alters histone modifications at the promoter and enhancer regions of 

select GR active genes  

 As discussed earlier, several different chromatin-modifying complexes that 

are known to be acetylated are recruited to DNA during the transcription cycle.  

Determining the effect of VPA on various histone modifications regulated by 

these complexes is one approach to identifying important KDAC targets. This will 

allow us to determine the type of proteins affected, such as methyltransferases or 

acetyltranferases.  

 The first histone modification we examined was H3K27Ac. H3K27Ac has 

been reported to be indicative of active or potentially-active enhancer regions (8). 

As shown in Fig. 3.6. VPA treatment alone caused a significant increase in 

H3K27Ac levels that indicates that Class I KDACs are present and active at  
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Figure 3.6: H3K27Ac levels are unchanged in the presence of VPA. Hepa-1c1c7 

cells were treated with Dex (100nM) for 1h, VPA (5mM) for 2h, or a combination 

of VPA (5mM) plus Dex. In the latter cells were exposed to VPA for 1 h prior to 

the addition of Dex for 1 h. Chromatin immunoprecipitation was performed with 

either no antibody or an antibody against H3K27Ac. Primer sets specific for the 

enhancer regions (GRE) of Tgm2, Tsc22d3, Glul and Tns1 were used in qPCR. 

The results are expressed graphically as fold change normalized to average 

histone H3 levels for each treatment condition, as a way to account for 

nucleosome density change. Each fold change is relative to untreated control for 

each treatment condition. Astericks denote significant changes between VPA 

treatment and untreated control. The graphs are a summary of 4-5 independent 

experiments.  *– p ≤ 0.05, ** – p ≤ 0.01.  Error bars represent SEM. 
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these selected enhancer regions. This would suggest that certain GREs are 

primed for activation in the absence of active GR. The co-treatment of VPA and 

Dex has no significant effect on H3K27Ac levels when compared to Dex 

treatment alone. H3K27Ac is acetylated by CBP/p300. However, it is interesting 

that, at the Tgm2 and Glul GREs, the levels of H3K27Ac are not as elevated 

upon VPA and Dex co-treatment as they are with VPA alone. It is possible that 

GR activation results in recruitment or activation of other KDACs that are 

unaffected by VPA treatment at certain genes, including Tgm2 and Glul. 

Bantscheff et al found that VPA inefficiently inhibits KDAC3 in the context of the 

NCoR/SMRT complex and does not affect KDACs 1 and 2 found in the Sin3 

KDAC complex (149). Thus, it is possible that GR recruits these other KDACs 

that maintain the level of acetylation, in the presence of Dex. 

In Chapter 2, we uncovered an important relationship between methylation 

and acetylation at GR-repressed genes. As a way to investigate whether there is 

a linkage between the two at GR-activated genes, we used a ChIP assay to 

quantitate the levels of H3K4Me2 and H3K4Me3 in the presence and absence of 

VPA. As shown in Fig 3.7, Dex treatment has no effect on either H3K4Me2 or 

H3K4Me3 levels, similar to what we saw at GR repressed genes. VPA treatment 

alone caused a significant increase of both H3K4Me2 and H3K4Me3 levels in a 

gene-selective manner, suggesting that KDAC inhibition affects H3K4 

methylation status. Interestingly, the co-treatment of VPA and Dex causes a 

significant increase in H3K4Me3 at the enhancer of every GR target gene tested 

(Fig 3.7B). There is no corresponding increase in H3K4Me2 levels at those same  
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Figure 3.7: Valproic acid increases H3K4Me3 levels at the enhancer regions of 

select GR target genes. Hepa-1c1c7 cells were treated with Dex (100nM) for 1h, 

VPA (5mM) for 2h, or a combination of VPA (5mM) plus Dex. In the latter cells 

were exposed to VPA for 1 h prior to the addition of Dex for 1 h. Chromatin 

immunoprecipitation was performed with either no antibody or antibodies against 
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H3K4Me2 (A) and H3K4Me3 (B). Primer sets specific for the enhancer regions 

(GRE) of Tgm2, Glul, Tsc22d3 and Tns1 were used in RT-qPCR. The results are 

expressed graphically as fold change normalized to average histone H3 levels for 

each treatment condition, as a way to account for nucleosome density change. 

Each fold change is relative to untreated control for each treatment condition. 

The graphs are a summary of 4-5 independent experiments. Astericks denote 

significant changes between VPA treatment alone and untreated control. Pound 

signs denote significant changes between the Dex treatment alone and the co-

treatment of Dex and VPA. *,# – p ≤ 0.05, **,## – p ≤ 0.01. Error bars represent 

SEM.   
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genes (Fig 3.7A), besides a moderate but significant increase in H3K4Me2 levels 

at the Tns1 GRE. This could be caused by several mechanisms. First, KDAC 

activity may regulate the activity or recruitment of a lysine methyltransferase that 

trimethylates H3K4.  Alternatively, KDACs may enhance the activity of a H3K4 

demethylase that is specific for H3K4Me3. Whatever the mechanism, it is clear 

that there is a relationship between KDAC activity and methylation at GR-

activated genes that is distinct from that demonstrated at GC-mediated 

repressed genes. H3K4Me3 has been shown to be enriched in promoter regions 

of active genes but depleted in enhancer regions, while H3K4Me2 is found at 

both enhancers and promoters (6,172). Therefore, it is possible that KDAC 

inhibition misdirects a KDM or KMT to enhancer regions, which is why we 

observe an increase in H3K4Me3 levels. 

 

KDAC inhibition disrupts Pol II loading at both enhancer and promoter 

regions in a gene-selective manner  

The goal of this study was to determine which part of the transcriptional 

cycle KDAC activity affects, particularly downstream or upstream of RNA Pol II 

loading. Several studies have shown that KDAC inhibition interferes with RNA 

Pol II recruitment to DNA in several different gene contexts (173,174). In an effort 

to examine if RNA Pol II can be recruited to promoters and enhancers in the 

absence of KDAC activity, we used a ChIP assay with an antibody to RNA Pol II. 

Transcriptional activation mediated by steroid receptors involves 

recruitment of RNA Pol II at both the TSS of a target gene and nearby enhancers 
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to which the receptor binds (175-178), therefore we focused on the transcription 

start site (TSS) and the glucocorticoid response elements/enhancers (GRE) of 

KDAC inhibitor-sensitive genes. If KDAC activity is required for transcriptional 

activation prior to RNA Pol II recruitment to the promoter or enhancer, we expect 

to see significant decreases in Dex-induced Pol II binding to these regions in the 

presence of VPA. Conversely, if KDAC activity is required after transcriptional 

initiation, then we expect to see either no changes in Pol II binding at promoter 

regions or an increase in binding if KDACs promote pause escape.  

 We used a ChIP assay with an antibody targeted to the Pol II N-terminal 

domain, which is not sensitive to the phosphorylation state of the CTD. Because 

Pol II can bind both enhancer and promoter regions, we used primers towards 

both the GRE and the transcription start site (TSS). As shown in Figure 3.8, for 

all three genes tested at both the GRE and the TSS, Dex treatment causes a 

significant increase in total Pol II binding. As expected, VPA treatment alone 

does not affect Pol II loading at either the GRE or TSS for all genes tested.  

The co-treatment of VPA and Dex caused gene-specific effects. In the 

case of Glul (Fig. 3.8A), VPA did not disturb Pol II binding at the TSS; however, 

at the GRE, Pol II binding is significantly decreased. ChIP-seq studies indicate 

that the Glul GRE is located 1.4kb downstream of the TSS (Table A.3) consistent 

with our ChIP analysis shown in Fig 3.3.  Because the GRE is intronic the 

reduced association with the GRE region could be due to a decrease in the 

amount of elongating Pol II passing through.  However, the lack of change at the 
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promoter suggests that KDAC activity is required downstream of Pol II loading 

onto the promoter region, perhaps at the pause escape step.   

Tgm2 exhibits a distinct response to VPA treatment (Fig 3.8 C,D). Upon 

addition of VPA, Pol II binding is significantly decreased at both the enhancer 

and the promoter regions of Tgm2. , Similar to Glul, the Tgm2 GRE is intragenic, 

located in the 10th intron (Table A.3), meaning that the antibody will pick up both 

initiating and elongating polymerases. Therefore, it is difficult to elucidate 

enhancer region effects at this specific gene.  However, decreased binding of Pol 

II to the TSS region in the presence of VPA and Dex, strongly indicates that 

KDACs act to facilitate transcription upstream of this step.  Because of the 

intragenic GREs in the Glul and Tgm2 genes, we must consider alternative 

methods in order to confirm whether KDAC inhibition affects upstream or 

downstream of Pol II loading (see Future Studies).  

Lastly, Tsc22d3 shows a Pol II binding pattern that is opposite to that of 

Glul. As shown in Fig 3.8 E, F, RNA Pol II binding is significantly decreased by 

VPA treatment at the TSS, suggesting that Pol II is unable to bind and initiate 

transcription in the presence of VPA. However, at the enhancer region, Dex-

induced Pol II loading is unaffected in the presence of VPA. The GRE of Tsc22d3 

is about 1.6 kbp downstream of the promoter region where elongating 

polymerases should not be present. This suggests that KDACs act downstream 

of Pol II association with the enhancer region of Tsc22d3, perhaps facilitating 

enhancer-promoter communication that allows Pol II loading at the promoter.  
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Figure 3.8: KDAC inhibition disrupts Pol II binding at the GRE and TSS 

depending on the gene context. Hepa-1c1c7 cells were treated with Dex (100nM) 

for 1h, VPA (5mM) for 2h, or a combination of VPA (5mM) plus Dex. In the latter 

cells were exposed to VPA for 1 h prior to the addition of Dex for 1 h. Chromatin 
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immunoprecipitation was performed with either no antibody or an antibody 

against RNA Pol II. Primer sets specific for the enhancer (GRE) or promoter 

(TSS) regions of Glul, Tgm2 and Tsc22d3 were used in qPCR. The results are 

expressed graphically as fold change relative to untreated control for each 

treatment condition. Each fold change is relative to untreated control for each 

treatment condition. The graphs are a summary of 4-5 independent experiments. 

Asterisks denote significant changes between the various treatment conditions 

and untreated control. Pound signs represent significant changes between Dex 

treatment alone and the co-treatment of VPA and Dex. *,# – p ≤ 0.05, **,## – p ≤ 

0.01, *** – p ≤ 0.001.  Error bars represent SEM.   
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smFISH allows us to visualize Dex-induced sites of transcription 
 
 As mentioned previously, transcription is highly dynamic with stochastic 

fluctuations, resulting in cell-to-cell heterogeneity. To fully understand how KDAC  

inhibition disrupts transcriptional regulation, it is essential to integrate the results 

of biochemical assays, which measures the average state of all cells in a 

population, with transcriptional dynamics, which are assessed by single cell 

methods. Recent studies have introduced single molecule fluorescence in situ 

hybridization (smFISH) as a way to visualize single mRNAs and sites of 

transcription (164,179).  

Multiple fluorescently-labeled oligonucleotide probes (up to 48) were 

designed to hybridize to non-overlapping intronic or exonic sequences of GR 

target genes in single cells. For Tgm2, exonic probes were labeled with Cy3 

(green) and intronic probes were labeled with Cy5 (red) (Figure A.1). These 

probes were mixed and allowed to hybridize to fixed, permeabilized cells in which 

nuclei were visualized by DAPI staining (blue) (Fig 3.9A).  Co-localization of 

intronic and exonic probes in nuclei was used to identify sites of active 

transcription where nacscent transcripts will contain both intronic and exonic 

sequences. Levels of nascent transcripts as measured by RT-qPCR (44) peak 

between 1-2 h after exposure to Dex.  Using smFISH we observed that after 90 

minutes of Dex treatment, only a fraction of cells exhibit active sites of 

transcription, which is consistent with transcriptional bursting. To confirm that 

both probes bind RNA and not DNA and that the signal is specific to the 

hybridization of the probes, we exposed Dex-treated cells to RNase, effectively  
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Figure 3.9: smFISH allows us to visualize Dex-induced sites of transcription. 

Hepa-1c1c7 cells were treated with Dex (100nM) for 90 min and hybridized with 

fluorescently-labeled Tgm2 probes. (A) smFISH shows Cy3 (exonic) and Cy5 

(intronic) labeled RNA in Hepa-1c1c7 cells stained with DAPI. White dotted box 
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illustrated co-localization of intronic (red) and exonic (green) probes in the 

nucleus (blue) representing sites of active transcription. Solid white box shows 

Cy3 (green) and Cy5 (red) separated. Yellow triangle represents newly 

synthesized nascent transcripts that are not long enough yet to bind exonic 

probes. (B) Dex-treated Hepa-1c17 cells were treated with RNase and hybridized 

with fluorescently-labelled Tgm2 probes. Top panel represents Cy3 (green) and 

Cy5 (red) channels merged with nuclear DAPI staining.  
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degrading RNA. As seen in Fig 3.9B, cells treated with both Dex and RNase 

exhibit no nuclear spots. Also, the overall signal is reduced because the probes 

do not bind anything. 

As with our biochemical assays, we tested the effect of Dex and VPA on a 

housekeeping gene. We designed probes to exonic regions of Gapdh labeled 

with Cy3 to confirm that neither burst frequency or average intensity are affected 

under any treatment conditions. As shown in Fig 3.10A, neither Dex nor VPA 

alters the percentage of cells actively transcribing. Furthermore, the average 

intensity of the sites of transcription is unchanged by Dex and VPA treatment (Fig 

3.10B). 

Once we confirmed that the probes detect Dex-induced changes in Tgm2 

RNA (both nascent and exonic), we were interested in how Dex treatment affects 

bursting kinetics. After imaging >1000 cells in the presence and absence of Dex, 

we used custom software to count the number of intronic spots. After we 

segment the cells into nuclei and cytoplasm, we assign spots to the nucleus and 

cytoplasm. The output of this process is the number of cells with active sites of 

transcription and the intensity of each transcription site, which reflects the 

amount of nascent RNA.  

 Based on our biochemical assays, we know that Dex treatment increases 

the amount of Tgm2 transcripts produced and smFISH will allow us to visualize 

this but in each single cell, incorporating cell to cell variability. As shown in Fig 

3.11A, control cells (black bar) have close to 80% of cells with zero spots per 

nucleus, which indicates the number of cells that are not transcribing. Upon Dex  
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Figure 3.10: Neither Dex nor VPA treatment affects Gapdh mRNA expression. 

Hepa-1c1c7 cells were treated with Dex or a combination of Dex and VPA and 

then hybridized to Gapdh fluorescently-labeled probes (Cy3) directed to mRNA. 

(A) Percentage of cells with 0-4 spots per nucleus for Gapdh. Cells with zero 

spots per nucleus are not transcribing. (B) The intensity of each transcription site 

for all treatment condition. The graphs are a summary of 2 independent 

experiments 
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treatment (Fig 3.11A, white bar), the number of cells with zero spots per nucleus 

significantly decreases to about 50% of cells while the percentage of cells with 

one or two spots per nucleus increases in the presence of Dex. While our results 

did not reach statistical significance (p = 0.0571), the p value is very close to 

significance and we believe that more replicates will alleviate this issue. As very 

few cells have more than two spots per nucleus, it is likely that this cell line 

contains two or three copies of the Tgm2 gene. In both the control and Dex 

treated samples, there is a high population of non-transcribing cells, suggesting 

that the times between transcriptional burst is greater than the dwell time of 

individual nascent RNA. The increase in transcribing cells upon Dex treatment, 

indicates that steroid treatment increases the probability of Tgm2 gene 

transcription and thereby raises burst frequency.  

The transcription site intensity allows one to examine the overall amount 

of nascent RNA transcripts in a single burst. The intensity is a measurement of 

the burst size, which is a function of both the duration of the burst and the 

amount of RNA produced during the burst. Unexpectedly, as seen in Fig 3.11B, 

Dex treatment caused a small but significant decrease in the median (black 

horizontal line) transcription site intensity, suggesting that Dex treatment does 

not increase the amount of nascent RNA. Rather, Dex treatment increases the 

fraction of cells actively transcribing but does not increase the number of RNA 

which are initiated during a burst. The result is a net gain in transcripts is 

observed in biochemical assays because Dex treatment significantly increases 

the number of cells actively transcribing, or burst frequency. This finding is in 



 121 

agreement with a study by the Larson Group in which they determined that 

estrogen regulates the off periods of the estrogen responsive TFF1 gene 

(Rodriguez et al, submitted). 

 

VPA treatment reduces the burst frequency of the Tgm2 gene  
 

In an effort to assess the effect of KDAC inhibition on transcriptional 

bursting, we treated our cells with a combination of Dex and VPA. We 

hypothesize that VPA treatment will either decrease the number of actively-

transcribing cells and/or reduce the intensity of the transcription site signal.  The 

former would indicate an effect on burst frequency while the latter would indicate 

that less nascent RNA is produced.  As shown in Fig 3.11A, gray bar, VPA 

increased the percentage of cells with zero spots per nucleus, while decreasing 

the percentage of actively-transcribing cells. This result suggests that VPA 

treatment diminishes the frequency of bursting, which indicates a lengthening of 

the inactive period between bursts. This agrees with our Pol II ChIP data, which 

shows a reduction in Pol II binding to the TSS region upon VPA treatment and 

supports the conclusion that KDACs act upstream of transcriptional initiation at 

the Tgm2 gene.  

 To examine if the active period is also impacted, we examined the effect 

of KDAC inhibition on the intensity of the sites of transcription (Fig 3.11B). In the 

co-treatment of VPA and Dex, we observe a large decrease in the median 

transcription site intensity, indicating that KDAC inhibition has a strong effect on 

the amount of nascent RNAs produced. Unlike what we observed with the Dex 

treatment, VPA decreases the burst frequency. In the presence of VPA, not only  
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Figure 3.11: VPA treatment decreases the burst frequency of Dex-induced 

transcriptional bursting. Hepa-1c1c7 cells were treated with Dex or a combination 

of Dex and VPA and then hybridized to Tgm2 fluorescently-labeled probes. (A) 

Percentage of cells with 0-4 spots per nucleus for Tgm2. Cells with zero spots 
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per nucleus are not transcribing. (B) The intensity of each transcription site for all 

treatment condition. Astericks represent significant changes between treatment 

and untreated control. Pound signs represents significant changes between co-

treatment of Dex and VPA and Dex treatment alone. ***,###  – p ≤ 0.0001. Error 

bars represent SEM.   
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is there less overall transcripts being produced but there is also less cells actively 

transcribing compared to Dex treatment alone. Therefore, it is clear that KDAC 

inhibition affects both the active and inactive periods of Dex-induced 

transcriptional bursting.  

Integrating ChIP studies with the smFISH studies illustrates that KDAC 

inhibition has a negative impact on the events that occur in the off period of 

transcriptional bursting at the Tgm2 gene, possibly affecting the resetting of 

chromatin that may be required for RNA Pol II loading at the promoter to initiate a 

transcriptional burst.  Future studies will examine Tsc22d3 and Glul.  

 

Discussion 
 

Our study revealed that KDAC inhibition affects multiple stages of active 

transcription depending on gene context. First we show that VPA treatment has 

no effect on GR recruitment to enhancer regions nor subsequent chromatin 

remodeling. Many coactivators are recruited by active GR to facilitate 

transcription, including lysine acetyltransferases. We found that Dex-induced 

recruitment of p300 to enhancer regions and increased levels of H3K27Ac are 

unperturbed in the presence of VPA. These findings indicate that KDAC activity 

is not required for the initial stages of enhancer activation.  We also found that 

H3K27Ac levels, a marker of active or potentially-active enhancers, accumulates 

in the presence of VPA alone, indicating that KDACs are present in the absence 

of activated GR, consistent with the findings of Qiu et al at the GR-regulated 

mouse mammary tumor virus promoter (171). However, we also observed 
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significant increases in H3K4Me3 levels at enhancers in the presence of VPA, 

indicating that KDACs are involved in proper regulation of H3K4 methylation. Pol 

II ChIP experiments showed that Pol II recruitment to enhancer or promoter 

regions is disrupted by KDAC inhibition in a manner depending on gene context. 

This suggests that there are multiple mechanisms by which Class I KDACs 

facilitate transcription at GR target genes.  Lastly, we used smFISH to study Dex-

induced transcriptional bursting and found that at Tgm2, a GR target gene, 

KDAC inhibition in the presence of Dex decreases the burst frequency, indicating 

that KDACs act on this gene upstream of transcriptional elongation. 

Understanding how KDAC inhibition disrupts active transcription will allow us to 

narrow down the list of possible KDAC targets that are essential for 

transcriptional activation at GR target genes.   

 Steroid receptors are subject to acetylation that has been found to affect 

their transcriptional regulation (180,181). GR acetylation sites are within the 

lysine-rich motif shared by other NRs. Acetylation of GR is found to be ligand 

dependent (128). Thus far, GR has been shown to be acetylated by the KAT 

Clock in its hinge region, and this acetylation suppresses GR’s ability to bind to 

GREs and influence GC-responsive gene expression. In fact, loss of this KAT 

activity abolishes the ability of Clock to repress GR-induced transcriptional 

activity (182). Conversely, GR is deacetylated by KDAC2 enabling its association 

with NFB, and subsequent attenuation of proinflammatory gene transcription 

(128). While loss of KDAC2 inhibited this association and prevented the 

repression of transcription, it had no effect on GR nuclear translocation nor did it 
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affect GR’s ability to binding GREs and induce transcription at activated GR 

target genes.  This is in agreement with our studies that showed GR recruitment 

to GREs was unaffected in the presence of VPA (Fig 3.3) and that KDAC2 

depletion does not affect GR-induced gene activation of select GR-target genes 

(unpublished data). Altogether, these studies demonstrate that the acetylation 

status of GR plays a regulatory role in a gene-selective fashion.   

 Chromatin structure and acetylation are major factors in regulating 

transcriptional activity.  Active enhancers are usually devoid of nucleosomes 

(183). In the process of enhancer activation the chromatin must be remodeled to 

decrease nucleosome density and allow transcription factors and coregulators to 

interact with the DNA. This is achieved through the action of ATP-dependent 

chromatin remodeling complexes, which are heavily acetylated (Fig. 3.1), and 

acetylation of nucleosomal histones by KATs.  Acetylated histones allow for a 

more open conformation of chromatin, which is transcriptionally favorable. 

Interestingly, moderate elevation in histone acetylation levels activates the 

mouse mammary tumor virus (MMTV) promoter and remodels chromatin similar 

to that of hormone activation (184). However, we did not observe any significant 

changes in histone H3 occupancy in the presence of VPA alone. In addition, 

Dex-induced reductions in nucleosome density at GREs of KDACi-sensitive 

genes were unaffected in the presence of VPA, consistent with our previous 

study of the MMTV promoter (185). Therefore, KDAC inhibition disrupts 

transcription downstream of GR binding and chromatin remodeling. 
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 Activated GR recruits several different protein complexes to enhancers to 

facilitate transcription. One of the major proteins involved is the KAT, p300, a 

coactivator that interacts with a variety of transcription factors, including GR. A 

study by Simone at al and suggested that KDAC1 interacts directly with the C/H3 

domain of p300 (170), indicating functional relationship between KATs and 

KDACs to regulate gene expression. Furthermore, another study reported that 

KDAC1 and p300 can bind overlapping regions of the histone H3 tail in a 

mutually exclusive manner (186). We hypothesized that, in the absence of KDAC 

activity, p300 should bind higher levels because there is no competition. 

However, we found that VPA treatment did not affect p300 binding to GREs in 

the presence or absence of Dex, suggesting that Class I KDACs are not involved 

in GR-mediated p300 recruitment.  

 One of the known targets of p300 is H3K27Ac (187,188). The presence of 

H3K27Ac distinguishes active or poised enhancer states from those that are 

disengaged (7-11). However, the presence of p300 does not always signal 

H3K27Ac modifications. For example, in human ESCs, poised developmental 

enhancers are bound by p300 but lack H3K27Ac (10). We did not observe any 

changes in H3K27Ac levels in the presence of Dex and VPA, when compared to 

Dex alone. Since enhancer acetylation is most likely regulated by many different 

processes including CBP recruitment as well, H3K27Ac is not always a marker 

for active enhancers. It is interesting though that VPA treatment alone 

significantly increased the levels of H3K27Ac at the GREs of selected GR-target 

genes, indicating that Class I KDACs are present at the enhancer regions of 
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these genes. It is quite possible that KDACs occupy enhancers to prevent 

premature acetylation (1).  

 Another common histone modification associated with gene activation is 

H3K3Me3. Considered a marker of active promoters, enhancer regions are 

usually depleted of this marker (5). In the context of promoters, H3K4Me3 is 

associated with initiating RNA Pol II, characterized by phosphorylation of Serine 

5 in the CTD. Interestingly, H3K4Me3 levels are detectable at active enhancers 

that are bound by Pol II, although at lower levels than promoters (172), 

suggesting a functional relationship between RNA Pol II and H3K4Me3 

accumulation. For example, treatment with an inhibitor of transcriptional 

elongation causes a significant increase in H3K4Me3 levels in both enhancer 

regions due to the accumulation of Pol II at both regions (172). Interestingly, the 

co-treatment of VPA and Dex caused significantly increased H3K4Me3 levels at 

several GR target genes, suggesting that VPA may disrupt Dex-induced Pol II 

elongation at enhancers. In addition, VPA treatment alone significantly increased 

the levels of H3K4Me2 and H3K4Me3 in a gene-selective manner, suggesting a 

functional relationship between Class I KDACs and regulation of histone 

methylation at enhancer regions.  

 As discussed previously, RNA Pol II binds not only promoter regions but 

also enhancers. Binding of RNA Pol II to enhancers produces unstable, non-

coding transcripts referred to as eRNAs. The production of eRNAs is now 

thought to be a signature of activated enhancers. eRNA producing enhancers 

exhibit higher binding of transcriptional co-activators, greater chromatin 
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accessibility and higher enrichment of active histone marks such as H3K27Ac 

compared to non-transcribing enhancers (3,176,177,189). We tested the effects 

of VPA treatment on Pol II binding at both enhancer and promoter regions.  We 

observed Dex-induced Pol II binding at all enhancers and promoters tested.  

Because some of the enhancers tested are located in introns, we cannot 

distinguish between induced Pol II binding at the enhancer and Pol II that is 

elongating through the enhancer region after initiation at the promoter.  Future 

studies with different approaches will address this. At promoters, VPA had gene-

specific effects on Pol II recruitment.  At the Tgm2 and Tsc22d3 genes, Dex-

induced Pol II binding was impaired in the presence of VPA, indicating that 

KDACs act upstream of this event to facilitate transcription.  At the Tsc22d3 

enhancer, which is not intronic, Dex-induced Pol II loading is unaffected by VPA, 

suggesting that enhancer-promoter communication is dependent on KDAC 

activity.  Thus, at these genes the initial steps of enhancer activation are 

independent of KDAC activity but recruitment of Pol II to their promoters requires 

it.   This may extend to other steroid-regulated genes.  A study completed by 

Seok et al found that KDAC inhibition decreased the recruitment of RNA Pol II at 

mineralocorticoid receptor target genes (190).  

At the Glul gene, Dex-induced Pol II recruitment to the promoter is 

unaffected by VPA.  However, Dex-induced nascent transcription generation at 

this gene is significantly repressed by VPA (44).  These findings indicate that 

KDACs facilitate Glul transcription at a point downstream of Pol II promoter 

binding.  Several studies indicate a role of KDACs downstream of transcriptional 
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initiation.  In yeast, KDAC activity was found to be important for efficient Pol II 

elongation through gene bodies by deacetylating histones and decreasing 

chromatin accessibility after RNA Pol II passage to prevent cryptic transcription 

initiation (191). A study by Kim et al found that KDAC inhibition represses the 

transcription of highly expressed genes in breast cancer cells (192).  The 

reported mechanism behind decreased transcription was due to elongation 

blockade by KDACi causing a significant decrease in the levels of transcribing 

Pol II (192). A follow-up study found that KDACi causes redistribution of 

elongation factors throughout the genome, subsequently blocking elongation of 

Pol II (193). The study also found that KDACi promote the interaction of NELF 

and RNA Pol II to reduce the ability of Pol II to progress beyond the site of 

pausing. The study concluded that KDACs limit acetylation in gene bodies so 

elongation factors can properly localize at acetylated chromatin around 

promoters/TSS regions for efficient pause escape and subsequent elongation 

(193). Interestingly, Greer et al found that overexpression of KDAC1 rescues the 

effect of KDAC inhibition at a subset of genes expressed in breast cancer cell 

lines, suggesting a key role of KDAC1 in transcriptional elongation. We have 

previously shown that most of the effects of VPA treatment on GR transactivation 

are mediated through KDAC1 (44). Thus, altogether our results show that Class I 

KDACs facilitate GR transactivation at different stages in the transcriptional 

cycle, depending on gene context.  

Incorporating the dynamic component of transcription allowed us to further 

explore the mechanism behind the effect of KDAC inhibition on the transcriptional 
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cycle. There are already studies that have investigated the effect of KDAC 

inhibition on transcriptional bursting. KDAC inhibition through TSA had different 

effects on bursting kinetics in a gene-selective manner. One gene at which 

transcription was impaired by TSA showed both decreased burst size and burst 

frequency, indicating that KDACs acted during the on-time and off-time (194). 

Another study of the prolactin gene showed that TSA caused the opposite - an 

increase in stimulus-dependent burst frequency and a significant increase in 

burst size (195). These studies are in agreement with our results in which KDAC 

inhibition affected both the on and off periods of Tgm2 gene bursting.  

It is clear that KDACs are involved in multiple aspects of transcriptional 

regulation. Consequently, drugs that target KDACs could have serious 

implications on gene regulation by steroid receptors that are critical for steroid-

regulated physiological processes.  The next chapter will focus on a possible 

physiological side effect of chronic VPA usage.  
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CHAPTER 4: Valproic acid disrupts the oscillatory expression of core 

circadian rhythm transcription factors 

 

Chanel Griggs, Scott Malm, Rosa Jaime-Frias, Catharine Smith 
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Abstract 
 

Valproic acid (VPA) is a well-established therapeutic used in the treatment 

of seizure and mood disorders as well as migraines and a known hepatotoxicant. 

About 50% of VPA users experience metabolic disruptions, including weight gain, 

hyperlipidemia, and hyperinsulinemia, among others. Several of these metabolic 

abnormalities are similar to the effects of circadian rhythm disruption.  In the 

current study, we examine the effect of VPA exposure on the expression of core 

circadian transcription factors that drive the circadian clock via a transcription-

translation feedback loop. In cells with an unsynchronized clock, VPA 

simultaneously upregulated the expression of genes encoding core circadian 

transcription factors that regulate the positive and negative limbs of the feedback 

loop. Using low dose glucocorticoid, we synchronized cultured fibroblast cells to 

a circadian oscillatory pattern. Whether VPA was added at the time of 

synchronization or 12 h later at CT12, we found that VPA disrupted the 

oscillatory expression of multiple genes encoding essential transcription factors 
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that regulate circadian rhythm.  Therefore, we conclude that VPA has a potent 

effect on the circadian rhythm transcription-translation feedback loop that may be 

linked to negative VPA side effects in humans.  Furthermore, our study suggests 

potential chronopharmacology implications of VPA usage.  

 

Introduction 
 

Most organisms operate on a roughly 24-hour light/dark cycle, known as 

circadian rhythm. The regulation of circadian rhythm involves a tightly-controlled 

hierarchy system orchestrating rhythmicity in the brain and peripheral tissues 

(105,106). Both clinical and animal studies have established that disruption of 

circadian rhythm is associated with a variety of pathological states that include 

perturbations of metabolism, immune function, sleep, and fertility, among others 

(196-200). Circadian misalignment with environmental rhythms can arise from 

modern-day lifestyles that involve long-distance jet travel, exposure to nighttime 

light, erratic meal schedules, and shift work. In addition, xenobiotics, including 

environmental toxicants (201-203) and drugs (204,205), have been shown to 

cause disruptions to circadian rhythm.  A recent study showed that more than 

50% of all drugs approved for clinical use target genes or proteins that show 

rhythmic expression in mice (206). As human exposure to xenobiotics continues 

to increase, it is imperative to develop a comprehensive understanding of their 

impact on circadian rhythms as well as how circadian rhythm affects their 

metabolism, potency, and toxicity.  
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Mammalian circadian timing is driven by the master clock, located in the 

suprachiasmatic nucleus (SCN) of the hypothalamus, which generates signals to 

synchronize peripheral clocks in other tissues [reviewed in (106)]. These tissues 

express autoregulatory clock proteins that generate circadian rhythmicity by 

transcription-translation negative feedback loops (107). Core components of 

these feedback loops include Clock and Bmal1, members of the positive limb, 

and negative limb members Per1-3, Cry1 and Cry2, and Rev-erbα and β. Clock 

and Bmal1 heterodimerize and activate transcription by binding to E box 

sequences in target gene promoters, including those of genes encoding the 

negative limb components. Per and Cry proteins accumulate and physically 

interact with the Clock/Bmal1 heterodimer at E boxes to block activated 

transcription (107-109). In addition, Rev-erbs (α, β) and RORs (α, β, γ) control 

the cyclic expression of the Bmal1 gene, with RORs inducing expression and 

Rev-erbs suppressing it (110,111,207). The outcome of this process is the 

oscillatory expression and subsequent activity of the circadian rhythm 

transcription factors in both the brain and peripheral tissues (113).  A study to 

comprehensively catalog circadian gene expression in mice showed that this 

regulatory loop has been found to confer rhythmic expression on about 43% of all 

genes in at least one tissue type (206). 

The equilibrium between lysine acetyltransferases (KATs – also known as 

histone acetyltransferases or HATs) and lysine deacetylases (KDACs – also 

known as histone deacetylases or HDACs) is hypothesized to be critical for 

proper circadian gene expression.  The Clock/Bmal1 heterodimer recruits the 
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KATs, p300/CBP, to facilitate transactivation at target genes (120).  In addition, 

association of KDACs and their complexes with clock-regulated gene promoters 

has been shown to exhibit a rhythmic periodicity (208-210). Accordingly, rhythmic 

histone acetylation has been observed at promoters of several core clock 

components, including Per1, Per2, and Cry1 (116).  In the case of the Per1 gene, 

increased histone acetylation at its promoter has been shown to activate 

transcription (117). Clock itself has intrinsic KAT activity that targets its binding 

partner, Bmal1, in a rhythmic fashion. Bmal1 acetylation leads to the recruitment 

of Cry1 and subsequent gene repression (118,119).  Sirt1, a Class III, NAD+-

dependent KDAC, is required for high-magnitude circadian expression of several 

core clock genes and has been shown to balance the KAT activity of Clock 

(211,212).  Zinc-dependent Class I KDACs also contribute to circadian clock 

physiology. The KDAC1/2-containing Sin3 and Nucleosome Remodeling and 

Deacetylase (NuRD) complexes associate with promoters of Per and Cry genes 

in rhythmic fashion to repress their transcription (117,210,213).  Finally, Rev-erbα 

(encoded by the Nr1d1 gene) has been found to recruit the NCoR/KDAC3 

complex to repress Bmal1 transcription (214). In mouse liver, oscillatory 

association of Rev-erbα and KDAC3 with genes that regulate lipid metabolism 

contributes to hepatic lipid homeostasis (209).  Thus, reversible acetylation at 

histones and non-histone proteins controlled by KATs and KDACs is an integral 

part of the circadian transcription-translation feedback loop.  

Valproic acid (VPA) is prescribed over 7 million times per year as of 2014 

(http://clincalc.com/DrugStats/Top200Drugs.aspx; 

http://clincalc.com/DrugStats/Top200Drugs.aspx
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https://www.ahrq.gov/research/data/meps/index.html). It causes both acute and 

chronic, reversible hepatotoxicity [reviewed in (215-217).  After two decades of 

clinical use, VPA was reported to be a KDAC inhibitor (KDACi) (96). VPA has 

been shown to cause metabolic side effects in about 50% of regular users, 

including non-alcoholic fatty liver disease, hyperinsulinemia, hyperlipidemia, and 

weight gain that leads to increased body mass index (98,104).  Disruption of 

circadian rhythm is also linked to several metabolic abnormalities, including 

cardiovascular disease and metabolic syndrome with characteristics of 

hyperlipidemia, hepatic steatosis, reduced insulin sensitivity, and obesity 

(reviewed in (121,122)). The similarities in side effects between chronic VPA 

usage and circadian rhythm disruption and the emerging roles of KATs and 

KDACs in regulating circadian transcription feedback loops, raise the possibility 

that VPA may disrupt clock function. A previous study showed that oscillatory 

activity of an integrated PER2 promoter driving expression of the luciferase gene 

(PER2::LUC) was phase-shifted by VPA treatment in tissue explants of mouse 

SCN and in cultured human fibroblasts (204). In the current study we 

investigated whether VPA exposure impacts the expression of genes encoding 

multiple core circadian transcription factors in a cell culture model system.  In 

cells that were not synchronized to the circadian clock, we showed that treatment 

with VPA or another clinically-relevant KDACi, vorinostat, simultaneously 

increased the expression of genes encoding circadian transcription factors that 

regulate the positive and negative limbs of the circadian clock.  In cells 

synchronized to the circadian clock, we found that VPA exposure disrupts the 

https://www.ahrq.gov/research/data/meps/index.html
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oscillatory expression pattern of genes encoding transcription factors regulating 

both limbs of the circadian transcription-translation feedback loop.  These results 

suggest that the common side effects of VPA could be mediated in part through 

disruptions to circadian rhythm.  

 

Methods 
 

Cell lines, reagents, and antibodies 

 
Murine hepatoma cells (Hepa-1c1c7) and murine fibroblast cells (NIH/3T3) were 

obtained from American Type Culture Collection and maintained in Minimum 

Essential Media α (MEMα) and Dulbecco’s Modified Eagle Medium (Invitrogen), 

respectively, containing 10% fetal bovine serum (FBS) (Peak Serum) and 0.1% 

gentamicin (Invitrogen). Dexamethasone (Dex) and valproic acid (VPA) were 

obtained from Sigma-Aldrich.  Anti-acetylated histone H3 (06-599), H3K27ac (07-

360), and acetylated histone H4 (06-866) were all obtained from Millipore. Anti-

histone H3 (Finlay et al., 1991) was obtained from Cell Signaling. The secondary 

goat anti-rabbit antibody (111-035-144) was purchased from Jackson 

Immunoresearch.  

 

RNA Analysis  

 
Hepa-1c1c7 or NIH/3T3 cells were seeded in 6 well dishes at 2.5 x 105 cells per 

well. After 24 h, cells were treated with VPA (5mM) for 5 h or 24 h followed by 

lysis in Trizol (Invitrogen). Total RNA was isolated according to the 

manufacturer’s protocol using the Nucleospin RNA II kit (Clontech) and included 



 138 

DNase I digestion. cDNA was generated using the qScript cDNA synthesis kit 

(Quanta). qPCR was performed using a StepOne Plus instrument (Applied 

Biosystems) with SYBR Green mastermix (Quanta) according to the 

manufacturer’s specifications. Table A.1 lists the gene-specific exon-exon and 

exon-intron primer pairs used to measure levels of mRNA and nascent 

transcripts, respectively.  In each experiment the test gene Ct values were 

normalized against the geometric mean of the corresponding glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) and hypoxanthine guanine 

phosphoribosyltransferase (Hprt) Ct values to obtain ΔCt values for each sample. 

These housekeeping genes were chosen for normalization based on our long-

term observations that their expression is not affected in these cell lines by 

treatment with Dex and/or various KDAC inhibitors. To determine changes in 

expression between treated and untreated samples, the ΔCt values for treated 

samples were normalized against those from the untreated controls for each test 

gene to derive ΔΔCt values. In each experiment, average primer efficiency was 

calculated from standard curves and used to convert the ΔΔCt values into fold 

change. The fold change values were then used to graph results and calculate 

SEM. The ΔCt values of untreated samples were compared to treated samples 

using the paired t test (Graphpad Prism) to determine whether the changes were 

statistically significant (p ≤ 0.05).  

 

Western Blot analysis 
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Whole cell lysates were prepared by adding 2X SDS-PAGE buffer to cells.  After 

denaturation proteins, were separated by SDS-PAGE and transferred onto a 

nitrocellulose membrane (Bio-Rad) at 400mA for 4 hours. Membranes were 

blocked with 2% non-fat dry milk in TBS for 1 hour, followed by exposure to 

primary antibodies at 4ºC overnight. After subsequent exposure to secondary 

antibodies, membranes were washed 3 times with TBS/0.1% Tween-20 solution. 

The proteins were visualized with enhanced chemiluminescence (ECL) solution 

using a chemiluminescence imaging system (BioRad).  

 

Per1 sensitivity studies 

 
NIH/3T3 cells were seeded in 6 well dishes at 2.5 x 105 cells per well. After 24 h, 

cells were treated with Dex (0.1nM, 0.3nM, 1nM, 3nM, 10nM, 30nM, 100nM, 

300nM, 1μM) for 1 h. Cells were harvested and RNA was isolated and analyzed 

as described above. The fold change values were fit with a Dose Response 

curve using Graphpad Prism. Again, a paired t-test was run to determine whether 

there were significant differences between untreated and Dex treated samples. 

 

Circadian rhythm synchronization 

 
NIH/3T3 cells were seeded in 60 x 15 mm dishes at 3 x 105 cells per dish. After 3 

days of incubation, media was changed to media supplemented with media 

containing charcoal stripped FBS (1% FBS). After 24 h, cells were treated with 

Dex (1nM) for 1 h. After treatment, the media was removed and the cells were 

washed with 1% FBS supplemented media before being replaced with fresh 
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media (1% FBS), which marks the 0 hr time point (circadian time 0 or CT0). The 

cells were then harvested at various time points over the next 48 h and RNA was 

isolated and analyzed as described above. In experiments that included VPA 

treatment, VPA (Ostrowski et al., 1984) was added at the same time as Dex 

treatment or at Circadian Time 12 (CT12).  In the former case, when VPA was 

added at the same time as Dex, it was re-added with fresh media (1% FBS) after 

cells were washed to remove Dex.   

After RT-qPCR (described above) fold change values were derived based on 

comparison of treated conditions with the untreated condition (at the time of Dex 

treatment).  The fold change values were fit with the following equation using 

Graphpad Prism: 

y= BaseLine + Amplitude sin(frequency x + PhaseShift) 

Using this equation the following parameters were extrapolated from each gene: 

1.) baseline, a measurement of the base expression level around which the curve 

oscillates and 2.) amplitude, the height of the waves from the baseline. The ΔCt 

values of two different treatments (e.g. untreated vs. Dex alone or Dex treatment 

vs. Dex and VPA cotreatment) were compared using the paired t test to 

determine whether the changes were statistically significant (p ≤ 0.05).  

 

Results 

 

Valproic Acid induces the expression of genes encoding circadian rhythm 

transcription factors 

During the analysis of expression profiling data in multiple cell lines, we noted 

that KDAC inhibitors (KDACi), including VPA, induced mRNA levels of several 
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transcription factors (TFs) that regulate the circadian clock (not shown).  One of 

the cell lines we examined, Hepa-1c1c7, was derived from mouse hepatoma.  

Since VPA is established to impact liver function (215-217), we used this cell line 

to verify the impact of VPA on mRNA levels of several TFs vital to the negative 

(Per1, Per2, Cry1, Cry2, Nr1d1 [Rev-erbα]) and positive (Bmal1) limbs of the 

circadian transcription-translation feedback loop. Fig 4.1A shows that in the 

mouse hepatoma cell line, Hepa-1c1c7, all circadian genes tested are 

significantly upregulated by 5 h VPA treatment when compared to untreated 

cells.  To determine whether this represents a transient response to the drug, we 

measured expression of these genes after 24 h of VPA treatment.   With the 

exception of Nr1d1, all of the genes tested demonstrate sustained upregulation in 

the presence of VPA.  

To determine whether this was a cell-specific response to VPA treatment, 

we repeated the experiment in NIH/3T3 cells, a standard in the field for 

examining the circadian rhythm transcription-translation feedback loop in vitro 

(105,218). In these cells, neither short- nor long-term VPA exposure affected 

expression of Per1 and Per2 and expression of Nr1d1 was mildly but significantly 

decreased.  However, as was the case in the Hepa1-c1c7 cells, expression of 

Cry1, Cry2, and Bmal1 were significantly upregulated by 5 h VPA treatment (Fig 

4.1B).  At 24 h VPA treatment, upregulated expression of Cry1 and Cry2 was 

sustained.  While VPA impacted expression of more circadian TF genes in Hepa-

1c1c7 cells, it caused significant and simultaneous upregulation of genes  
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Figure 4.1: KDAC inhibitors induce expression of genes encoding circadian 

rhythm transcription factors. (A, C) Hepa-1c1c7 cells were untreated (control), 

treated with VPA (5mM) (A) or Vorinostat (C) for 5 or 24 h. (B, D) NIH/3T3 were 

treated with vehicle (control), VPA (B) or Vorinostat (2μM) (D) for 5h or 24h. RNA 

was isolated and subjected to RT-qPCR with exon-exon primers to measure 

mRNA. The results are represented as fold change of drug-treated relative to 
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untreated or vehicle-treated. All graphs are a summary of 3-6 independent 

replicates. Error bars represent standard error of the mean (SEM). * - p ≤ 0.05, ** 

- p ≤ 0.01, *** - p ≤ 0.001. Asterisks (*) represent significant changes between 

untreated cells and cells treated with drug. (E, F) Hepa-1c1c7 (E) and NIH/3T3 

(F) cells were treated with VPA (5mM) or Vorinostat (2μM) for 0, 5, or 24h. Whole 

cell lysates were subjected to SDS-PAGE and immunoblotting with antibodies 

against H3K27Ac, acetylated histone H4, acetylated histone H3, and total histone 

H3.  
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encoding TFs in the negative (Cry1 and Cry2) and positive (Bmal1) limbs of the 

circadian transcriptional feedback loop.    

Since VPA is known to have targets other than Class I KDACs (219), we 

also exposed both cell lines to vorinostat, another clinically-relevant KDACi. 

Vorinostat, a hydroxamate, and VPA, a simple aliphatic acid, are structurally 

distinct and likely to have different off-target effects.  At 5 h treatment in Hepa-

1c1c7 cells (Fig. 4.1C), vorinostat caused significant upregulation of 4 of 6 

circadian TF genes tested, including three members of the negative limb (Per2, 

Cry1, Cry2) and Bmal1, representing the positive limb.  Thus, there is strong 

overlap in the circadian TF genes upregulated by VPA and vorinostat at 5 h, 

which captures mostly primary changes in gene expression due to drug 

treatment.  At 24 h of vorinostat treatment, three of the four genes upregulated at 

5 h are still significantly higher than baseline although the magnitude of the 

difference is lower.  In NIH/3T3 cells, vorinostat causes increased expression of 

the same three genes upregulated by VPA at 5 h (Fig 4.1D).  Cry1 and Bmal1 

were significantly upregulated; Cry2 expression was upregulated relative to 

control in each replicate but the changes fell just short of significance by the 

paired t-test (p=0.07).  By 24 h of vorinostat treatment, only Bmal1 upregulation 

is sustained.   In general, at the 5 h treatment time, the effects of VPA and 

vorinostat are very similar in each cell line, suggesting that early upregulation of 

the genes encoding the circadian TFs is mediated through the shared target of 

VPA and vorinostat, Class I KDACs (220).  Effects of the two KDACi are more 
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divergent at the 24 h time point, which will capture secondary effects of drug 

treatment.   

Finally, to ensure that both VPA and vorinostat display KDAC-inhibiting 

activity at the concentrations used, we treated Hepa-1c1c7 (Fig 4.1E) and 

NIH/3T3 (Fig 4.1F) cells with each drug and assayed acetylation of histones H3 

and H4 by Western blot with antibodies against histone H3 acetylated at K27 or 

at K9/K14 and a pan-acetyl H4 antibody.  The results show that VPA and 

vorinostat are able to induce robust increases in both H3 and H4 acetylation at 5 

and 24 h treatment.   

 

Low dose glucocorticoid activated circadian rhythm expression of core 

peripheral clock factors 

Because Bmal1 gene expression is normally antiphase to Per and Cry 

gene expression during the circadian cycle (221).  The fact that these drugs 

cause simultaneous upregulation warrants analysis of cells which have been 

synchronized to the circadian clock.  Immortalized, non-transformed cell lines 

such as NIH/3T3 have been most commonly used to do this in vitro by various 

methods including serum shock and glucocorticoid exposure (115,218,222). In 

humans, serum glucocorticoid levels fluctuate in a circadian manner (223,224) 

and are highest in the morning when VPA users might take their daily dose or 

their first dose if they are on a multiple daily dosing regimen.  Thus, we chose to 

use glucocorticoid exposure for clock synchronization. Reddy et al reported that 

low dose dexamethasone treatment drives oscillatory circadian gene expression  
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Figure 4.2: Per1 is hypersensitive to glucocorticoid treatment in the presence or 

absence of VPA. (A) NIH/3T3 cells were treated for 1 h with increasing 

concentrations of Dex (0 nM, 0.1nM, 0.3nM, 1nM, 3nM, 10nM, 30nM, 100nM, 

300nM or 1μM). RNA was isolated and subjected to RT-qPCR with exon-inton 

primer sets to measure the nascent transcripts. Fold changes in nascent 

transcripts for each treatment concentration relative to levels in untreated cells 

for Per1, Tgm2, Sgk1, and Ampd3. The half maximal effective concentration 

(EC50) was calculated for each gene tested (shown in the inset). (B). NIH/3T3 

cells were treated with Dex (1nM) in the presence or absence of VPA (5 mM) for 

1 h. The Dex was then removed and the cells were washed out and replaced 

with serum-free media and treated again with VPA. RNA was isolated as 

described above. All graphs represent the results of 3-6 independent replicates. 

Error bars represent standard error of the mean (SEM). * - p ≤ 0.05, ** - p ≤ 0.01, 



 147 

*** - p ≤ 0.001. Asterisks (*) represent significant changes between untreated 

cells and cells treated with Dex. 
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in vitro because the Per1 gene is hypersensitive to activation by glucocorticoids 

(225).  They found that upregulation of Per1 was sufficient to induce the 

oscillatory expression of other circadian TFs.  To determine whether this works in 

NIH/3T3 cells, we characterized the Dex dose-response relationship for circadian 

gene Per1 and several other glucocorticoid-activated genes and determined the 

EC50 concentration for each gene.  As shown in Fig 4.2A, the EC50 for Per1 is the 

lowest at 1nM. At this concentration Per1 is activated while other glucocorticoid-

sensitive genes are unaffected. We previously reported that VPA and other 

KDACi impair glucocorticoid receptor-activated transcription at up to 50% of 

target genes (44). Because Per1 activation is vital for the oscillation of other 

circadian genes, it was important to determine whether KDACi treatment disrupts 

this activation.  NIH/3T3 cells were treated with 1nM Dex for 1 hour in order to 

activate the Per1 gene in the presence and absence of VPA, as shown in Fig 

4.2B. VPA treatment had no effect on the nascent transcript levels of Per1 

confirming that VPA treatment does not affect Dex-mediated activation of Per1.  

 To determine whether low dose glucocorticoid and Per1 activation can 

initiate circadian rhythm, contact-inhibited NIH/3T3 cells were treated with 1nM 

Dex for 1 hour, after which the Dex-treated media was removed and replaced 

with low serum media (1% FBS) without Dex. The mRNAs encoding several core 

peripheral clock genes were monitored over 48 h along with two housekeeping 

genes (Gapdh and Hprt).  Nonlinear regression was used to curve fit the data to 

a sine wave with circadian time 0 (CT0) set at the time of Dex removal.  As 

expected, expression of the housekeeping genes does not oscillate (Fig. 4.3F).   
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Figure 4.3: Low dose glucocorticoid activates circadian rhythm gene expression 

of core peripheral clock transcription factors. NIH/3T3 cells were treated with Dex 

(1nM) for 1 hr. The cells were then washed and the media was replaced with low-

serum (1%) media (referred to as Circadian Time 0, CT0) and gene expression 

was followed for the next 48 h. RNA was isolated and subjected to RT-qPCR with 
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primer sets to measure the oscillatory pattern of mRNA levels. All graphs 

represent fold changes in expression at various time points relative to expression 

at the time of Dex addition and are the summary of 7-17 independent biological 

replicates. Error bars represent standard error of the mean (SEM). Asterisks (*) 

represent significant changes between expression in untreated cells and in cells 

treated with Dex.  * - p ≤ 0.05, ** - p ≤ 0.01, *** - p ≤ 0.001. 
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In contrast, exposure to low dose Dex induces the oscillatory expression of 

genes encoding the core circadian TFs (Fig 4.3A-E).  The Bmal1 gene, belonging 

to the positive limb, has an oscillatory pattern opposite to those of the Per2, Cry1, 

Cry2, and Nr1d1 genes, all of which belong to the negative limb.  Within the first 

8 h after Dex treatment expression of the latter genes increases, while Bmal1 

mRNA levels significantly decrease.  Bmal1 gene expression peaks between 8 

and 16 h and between 32 and 40 h, times when the expression of genes 

encoding TFs of the negative limb are declining.   

Table 4.1 shows 1.) baseline, a measurement of the average expression 

level around which the curve oscillates over time and 2.) amplitude, the percent 

by which expression changes at high points (peaks) and low points (troughs) 

relative to the corresponding baseline.  These values for each of the five 

circadian TF genes tested in cells synchronized with Dex alone are listed in 

column 2.  The times at which peaks and troughs occurred for each gene over 

the 48 h period were also determined and are shown for Dex-synchronized cells 

in the unshaded columns of Tables 4.2 and 4.3. 

 

Valproic Acid affects circadian gene expression in a gene-selective fashion 
 

To ascertain whether VPA alters circadian gene oscillation in vitro, we 

exposed Dex-synchronized NIH/3T3 cells to VPA. VPA was added to the 

NIH/3T3 cultures at the same time as Dex.  To determine whether VPA acts as a 

KDACi under these conditions, lysates were generated from NIH/3T3 cells just 

prior to Dex and VPA addition (UT) and at CT1, 8, 24, and 48.  Fig 4.4F shows  
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Table 4.1: Baseline and amplitudes of oscillatory circadian transcription factor 

gene expression under conditions of Dex alone or co-treatment of Dex and VPA. 

Shaded values are derived from experiments in which VPA was present at CT0.  

 

Baselines values are averages (± standard error) over all replicates expressed in 

fold change units relative to untreated cells at the time of Dex treatment. 

Amplitude values are represented as the average change (± standard error) in 

expression (in fold change units) at peaks and troughs relative to the 

corresponding baseline. The p values were derived through comparison of the 

curve-fitting for co-treatment and Dex treatment alone using the extra sum of 

squares test.  
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that VPA induces a robust increase in histone H3 and H4 acetylation that is 

maintained through the 48 h treatment period.   

To determine whether VPA exposure impacts clock function, levels of 

mRNA from circadian TF genes were monitored and analyzed as described 

above.  In Fig 4.4A-E, the curves generated by Dex treatment alone (Fig. 4.3A-E) 

are indicated by a dotted line in each graph for the purpose of comparison.  

Baselines and amplitudes were extrapolated from the curves for each gene and 

are listed in Table 4.1 (shaded columns).  Changes in these parameters caused 

by VPA exposure provide a measure of whether it alters the range of expression 

for a given gene. The results show that the oscillatory expression of some, but 

not all, of the circadian TF genes were affected by VPA.  Curve-fitting of Per2 

mRNA expression (Fig 4.4A) does not indicate any significant impact of VPA 

treatment on baseline or amplitude [Table 4.1, compare values in column 3 

(VPA,Dex) to those in column 2 (Dex alone)].  For Nr1d1 mRNA (Fig 4.4B), the 

amplitude for the VPA treated cells was similar to that observed in cells treated 

with Dex alone, but baseline expression was mildly but significantly decreased.  

 Expression of the Cry1 (Fig 4.4C) and Cry2 (Fig 4.4D) genes were 

similarly affected by VPA exposure at CT0.  While the amplitudes of their 

oscillatory expression cycles were not changed, their baseline expression was 

increased by 40% (Cry1) and 65% (Cry2) (Table 4.1, compare baselines for Dex 

alone and VPA, Dex). Thus VPA resets the range of their expression to a higher 

level.  In support of this, fold changes in Cry1 and Cry2 mRNAs calculated in the 

presence of both VPA and Dex (relative to levels of mRNA in cells at the time of  
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Figure 4.4: VPA exposure around CT0 affects expression of circadian 

transcription factor genes in a gene-selective manner. (A-E) NIH/3T3 cells were 

treated with Dex (1nM) and VPA (5mM). After 1hr, the cells were washed and the 

media was replaced with low-serum (1%) media (CT0).  For the cells previously 

treated with VPA, VPA was re-added after Dex removal and maintained for the 

remainder of the experiment (48 h). RNA was isolated at 4 h intervals and 
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subjected to RT-qPCR.  All graphs represent fold changes in expression at 

various time points relative to expression at the time of Dex,VPA addition and are 

the summary of of 3-6 independent biological replicates.  Curve-fitting data from 

the cells exposed to VPA is indicated by the solid line.  Curves derived from 

analysis of cells not exposed to VPA (Fig 4.3) are shown with a dotted line for 

comparison.  Error bars represent standard error of the mean (SEM).  Pound 

signs (#) represent significant changes between cells treated with Dex and cells 

treated with the combination of Dex and VPA. # - p ≤ 0.05, ## - p ≤ 0.01, ### - p 

≤ 0.001. (F) Dex-induced NIH/3T3 cells were treated with VPA before and after 

Dex removal and harvested at 1, 8, 24 and 48h. UN represents untreated cells 

before Dex addition. Whole cell lysates were subjected to SDS-PAGE and 

immunoblotting with antibodies against H3K27Ac, acetylated histone H4, 

acetylated histone H3, and total histone H3. 
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initial treatment) were significantly higher than those observed with Dex 

treatment over much of the 48 h cycle (denoted with pound signs in Fig 4.4C and 

4.4D). The cycle of Bmal1 mRNA expression (Fig 4.4E) was altered the most by 

VPA treatment.  While the amplitude of the Bmal1 mRNA expression cycle was 

unaffected by VPA exposure at CT0 (Table 4.1), the baseline expression was 

significantly reduced by greater than 40%.  Thus, in contrast to its effects on Cry1 

and Cry2 expression, VPA resets the range of Bmal1 expression to lower level.  

In contrast to the negative limb circadian TF genes, VPA induced a strong 6 h 

phase shift in the oscillatory cycle of Bmal1 mRNA levels.  In the presence of 

Dex alone, Bmal1 mRNA levels reached a low point (trough) within 2 h after Dex 

removal (Table 4.2, column 4).  However, the presence of VPA caused a 

prolonged decrease in Bmal1 mRNA that results in the trough being reached at 

about 8 h after Dex removal (Table 4.2, column 5).  This 6 h phase delay is 

maintained over a second 24 h cycle as evidenced by a 6 h shift in the times of 

peaks and troughs for Bmal1 mRNA when comparing VPA, Dex to Dex alone 

(Table 4.2, shaded vs. unshaded columns).  These results show that VPA 

treatment at CT0 has a dramatic effect on the positive limb of the circadian cycle.   
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Table 4.2: Times of peaks and troughs of circadian rhythm exression: Dex alone 

versus Dex plus VPA at CT0.  
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Addition of Valproic Acid at CT12 causes phase shifts in expression of 

genes encoding TFs belonging to both limbs of the circadian transcription-

translation feedback loop.   

In the experiments described above, cells were exposed to VPA at a time 

when expression of the TF genes in the negative limb were increasing and 

Bmal1 gene expression was decreasing. It is possible that adding VPA 12 h later, 

when Bmal1 gene expression is on the rise, may have less of an effect on 

oscillatory expression cycles. To address this, we treated Dex-synchronized cells 

with VPA 12 h after Dex was washed out (Circadian Time 12, CT12) and 

monitored expression of the various circadian TF genes.  As in Fig 4.4, the 

graphs of Fig 4.5 show the curves generated by Dex treatment alone (Fig 4.3) as 

a dotted line.   Relative to Dex alone, VPA treatment at CT12 had no effect on 

baseline expression of Bmal1 mRNA but significantly increased amplitude by 

greater than 2-fold (Table 4.1, compare unshaded columns, CT12 VPA, Dex vs. 

Dex). It also caused an immediate, robust increase in Bmal1 mRNA levels before 

they trended downward after CT16 (Fig 4.5E). This produced a 3 h phase shift 

[Table 4.3, compare peak and trough times of VPA, Dex (shaded columns) with 

Dex alone].  Although the curve-fitting does not reflect it, there may also be a 

lengthening of the period between peaks of Bmal1 expression (Fig 4.5E).  The 

first peak occurred at CT16 while the subsequent peak occurred around CT44, a 

difference of 28 h.   
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Figure 4.5: Addition of Valproic Acid at CT12 causes phase shifts in expression 

of genes encoding TFs belonging to both limbs of the circadian transcriptional 

feedback loop. NIH/3T3 cells were synchronized to a circadian cycle as 

described previously. At CT12 (12 hours from when Dex removal), the cells were 

treated with VPA (5mM). The cells were then harvested every 4h until 48 h.  All 

graphs represent fold changes in expression at various time points relative to 

expression at the time of Dex,VPA addition and are the summary of 4-7 
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independent biological replicates.  Curve-fitting data from the cells exposed to 

VPA is indicated by the solid line.  Curves derived from analysis of cells not 

exposed to VPA (Fig 4.3) are shown with a dotted line for comparison.  Error 

bars represent standard error of the mean (SEM). # - p ≤ 0.05, ## - p ≤ 0.01, ### 

- p ≤ 0.001. Pound signs (#) represent significant changes between cells treated 

with Dex and cells treated with the combination of Dex and VPA. 
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The effects of VPA exposure at CT12 on expression of circadian TF genes 

in the negative limb were more pronounced than the effects of exposure at CT0.  

As shown in Fig 4.5A, the cycle of Per2 mRNA expression, which was unaffected 

by VPA exposure around CT0, showed significant decreases in baseline (20%) 

and amplitude (65%) (Table 4.1) as well as a 5 h phase shift (Table 4.3).  In the 

case of Nr1d1, (Fig 4.5B), VPA at CT12 did not affect baseline expression of the 

oscillatory cycle but significantly increased amplitude by greater than 2-fold 

(Table 4.1) and caused a 3-4 h phase shift (Table 4.3).  The oscillatory 

expression Cry1 and Cry2 mRNAs (Fig 4.5C-D) was profoundly impacted by 

VPA treatment at CT12.  The cycle of Cry1 mRNA expression showed a 

significant increase in baseline expression (Table 4.1, CT12 VPA, Dex vs Dex).  

In addition, there was a phase shift of 12 h (Table 4.3) resulting in an opposite 

oscillatory cycle relative to Dex treatment alone (Fig 4.5C).  In fact, its oscillation 

pattern becomes similar, rather than opposite, to that of Bmal1 mRNA (compare 

solid lines in Fig 4.5C and 4.5E).  After VPA treatment at CT12, Cry2 mRNA 

essentially loses its oscillatory pattern of expression (Fig 4.5D) and, at most time 

points tested, its average level of expression is significantly higher relative to Dex 

alone, which is reflected in a significantly higher baseline (Table 4.1).     

 

Discussion 
 

VPA, a well-established anticonvulsant and mood stabilizer, causes 

several metabolic disturbances similar to those observed by disruption of 

circadian rhythm.  Two previous in vitro studies indicated that VPA or an  
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Table 4.3: Times of peaks and troughs of circadian rhythm expression: Dex 

alone versus Dex plus VPA at CT12 
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additional KDACi, trichostatin A (TSA), affected the oscillatory expression of the 

Per1 (117) and Per2 (204) genes, which function in the negative limb of the 

circadian transcription-translation feedback loop.  In the current study we show 

that exposure to the KDACi, VPA or vorinostat, alters expression of genes 

encoding multiple core circadian TFs in two murine cell lines of different tissue 

origin.  Expression of the Cry1, Cry2, and Bmal1 genes were sensitive to short-

term (5 h) treatment with VPA or vorinostat in both cell lines. These effects of 

these KDACi were more divergent after 24 h of exposure. Although we cannot 

rule out off-target secondary effects, these differences could be due to the fact 

that VPA is a Class I-selective KDACi while vorinostat is a pan-KDACi which also 

efficiently inhibits the Class IIb KDAC6 (149).  In cells synchronized to the 

circadian transcription-translation feedback loop through glucocorticoid 

treatment, VPA exposure perturbs oscillatory expression of genes encoding core 

circadian TFs that participate in both the positive and negative limbs of the 

circadian clock.  VPA exposure impacts baseline, amplitude, and phase of 

oscillatory expression in a gene-dependent manner.  Also, the effects of VPA 

exposure are different at the beginning of the circadian cycle (CT0) versus mid-

cycle (CT12). These findings suggest that VPA has the potential to disrupt 

circadian rhythms at the organismal level and alter physiological homeostasis.   

Glucocorticoid signaling is thought to be a component of the 

communication between the master clock in the SCN and the peripheral clocks.  

Serum glucocorticoid levels peak in the morning and reach a low point in the 

evening (223,224).  We used low dose glucocorticoid to initiate the rhythmic 
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expression of genes encoding five core circadian TFs through upregulation of the 

Per1 gene in NIH/3T3 cells.  In addition to the genes shown in Fig 4.3-4.5, Per1 

mRNA was also monitored but, after the initial Dex-induced peak in expression, 

there were no further oscillations in its expression (data not shown), consistent 

with the findings of Osland et al (226).  Clock mRNA was not examined because 

it does not oscillate during the circadian cycle in cultured fibroblasts (221,226). In 

mouse liver Clock mRNA and protein show shallow oscillations (110,227).  

Instead, Clock protein undergoes robust changes in post-translational 

modifications during the circadian cycle (228).   

Our results in cells not synchronized to the circadian clock suggest that 

both VPA and vorinostat may disrupt the circadian transcription-translation 

feedback cycle. However, the two drugs have very different pharmacokinetic 

properties and dosing schedules. In humans vorinostat is rapidly cleared from 

serum with a half-life of 1.5-2 h (229) while VPA persists with a half-life in serum 

of 8-20 h (98,230).  In addition, vorinostat, approved for use against advanced 

cutaneous T cell lymphoma, is typically given once daily while VPA is taken 1-3X 

daily. Its extended half-life combined with multiple daily dosing makes VPA a 

more likely candidate for disruption of the circadian clock because it probably 

persists in human serum over a 24 h cycle, especially if patients are taking 

multiple daily doses.  

VPA was initially added at the beginning of the circadian cycle to model 

VPA users who take a daily dose in the mornings when serum glucocorticoid 

levels are high.  In this case oscillatory expression of genes encoding TFs in both 
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the positive and negative limbs of the circadian feedback loop were affected.  

Baseline expression of Cry1 and Cry2 genes was significantly increased while 

that of the Bmal1 gene was decreased. This could shift the balance of expression 

between circadian TFs towards those in the negative limb of the circadian cycle.  

In addition, the cycle of Bmal1 gene expression was phase delayed by 6 h, 

putting its oscillatory expression out of sync with expression of genes encoding 

TFs that drive the negative limb of the circadian cycle because their phases of 

expression were unaffected. We also measured VPA exposure at CT12, which 

would be analogous to a VPA user taking a dose in the evening.  This had a 

stronger effect, causing multiple changes in the rhythmic cycling of TF genes in 

both negative and positive limbs of the circadian feedback loop.  Similar to VPA 

exposure at CT0, baseline expression of the Cry1 and Cry2 genes was 

significantly increased. In addition, Cry1 gene expression was phase advanced 

by 12 h and Cry2 gene expression lost its rhythmicity.  Both Cry1 and Cry2 have 

been implicated in maintaining period length and circadian rhythm, and their 

delicate balance of expression is crucial for proper circadian function (231).   

While unaffected by VPA exposure at CT0, baseline expression of the 

Per2 gene was significantly reduced and its expression was phase-delayed by 

approximately 5 h when VPA exposure occurred at CT12.  This finding agrees 

with that of Johansson et al, who demonstrated that the magnitude of VPA-

induced phase-shifts in circadian Per2 promoter activity was dependent on the 

time of VPA exposure (204).  In the case of Bmal1 gene expression, its 

amplitude was increased by about 50% and its phase was delayed by 3 h. Since 
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the phase of Nr1d1 gene expression was similarly delayed, the oscillatory 

expression of these two genes remains opposite. However, due to the large 

phase advance of Cry1 gene expression, VPA exposure at CT12 caused 

expression of the Bmal1 and Cry1 genes to peak at almost the same time rather 

than Bmal1 being antiphase to Cry1 in the presence of Dex alone (Table 4.3).  

The large Cry1 phase shift also puts it out of the normal sync with Per2 gene 

expression, which peaks about 3 h before Cry1 in the presence of Dex alone 

(Table 4.3).  

The differences in response of the circadian TF genes to VPA exposure at 

CT0 and CT12 are likely a reflection of the transcription complexes present at 

their promoters at those times.   For example, at CT0 in the presence of Dex 

alone, Bmal1 expression was trending downward, possibly due to the inhibitory 

action of Rev-erbα proteins at its promoter.  VPA exposure causes a prolonged 

downward trend in Bmal1 gene expression under these circumstances.  

However, at CT12 Bmal1 expression is on an upward cycle, possibly due to ROR 

proteins at its promoter.  VPA exposure at this time causes a large increase in 

Bmal1 expression.  The exact mechanisms behind these differences are unclear 

but deserve further study. 

While VPA has several mechanisms of action (136), its effects on 

transcription may be due, at least in part, to its ability to inhibit KDACs and 

thereby alter the acetylation state of both histones and non-histone 

transcriptional regulatory proteins (232).  Our comparison of VPA and vorinostat 

showed that both induced histone acetylation (Fig 4.1E,F) in unsynchronized 
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Hepa-1c1c7 and NIH/3T3 cells.  In addition, expression of TF genes in both the 

positive and negative limbs of the circadian feedback loop was induced by VPA 

or vorinostat, (Fig 4.1A-D).   We also showed that VPA treatment induces robust 

increases in histone acetylation over the 48 h treatment period in clock-

synchronized NIH/3T3 cells.  The study of Johansson et al. found that VPA and a 

second KDACi, TSA, had very similar effects on rhythmic PER2::LUC gene 

expression in SCN tissue explants and cultured primary fibroblasts (204). The 

hydroxamic acids, vorinostat and TSA, have very different structures compared 

to VPA, a simple aliphatic acid, and are likely to have distinct off-target effects.  

Thus, their similar effects on  circadian TF gene expression in this study and on 

PER2::LUC expression in the Johansson study (204) suggest that they are 

mediated through their shared targets, the zinc-dependent KDACs.  In further 

support of this, Johansson et al. tested the effects of inhibitors of various 

pathways that VPA has been shown to modulate (e.g. MAPK, JNK, GABA 

signaling) (136) and found that they did not block any of the effects of VPA on the 

amplitude and phase of PER2::LUC expression in cultured human fibroblasts 

(204).     

Altered amplitudes and phase shifts of circadian TF expression have been 

documented in various disease states and in aging.  Decreased rhythm 

amplitudes have been found in patients suffering from depression as well as from 

bipolar disorder (233,234). Older rodents have been shown to have reduced 

circadian rhythm amplitudes compared to younger rodents (235). In fact, systems 

with robust circadian amplitudes have been found to be more resistant to phase 
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perturbation than those with lower amplitudes (236). Therefore, the reduction of 

circadian amplitude may cause instability of circadian rhythm and other 

homeostatic processes (237,238). Familial advanced sleep phase syndrome is a 

circadian disruption disorder where patients experience early sleep onset and 

delayed awakening (239).  Phase advances are also implicated in the process of 

aging, as well as decreased tolerance to abrupt phase shift changes (238).  Due 

to modern-day lifestyles, many people experience possible phase shifts on a 

daily basis.  In fact, certain stimuli, including light, cause phase shifts through 

increased Per levels that subsequently reset the phases of other genes in the 

feedback loop (235).  Based on our study and that of Johansson, VPA is a 

phase-setting agent, causing shifts when added at various points of the circadian 

cycle (204).  Our study clearly shows that VPA exposure mid-cycle, at CT12, 

caused major phase shifts for all core clock components.  However, even when 

added at CT0, VPA causes a major phase delay in oscillatory Bmal1 gene 

expression and a significant decline in baseline expression.  Deletion of a single 

clock gene rarely causes complete loss of rhythmicity (231,240) with the 

exception of Bmal1; knockout of Bmal1 in mice severely disrupts circadian 

rhythm with a complete loss of rhythmicity in constant darkness as well as 

locomotor impairment and decreased activity (241). Thus, disruptions in circadian 

Bmal1 expression alone may lead to robust downstream physiological effects.    

VPA has been in clinical use for almost 40 years for a number of disease 

states including seizure, mood disorders, and migraines. With a half-life in 

humans of 8-20 hours, patients taking multiple daily doses likely maintain some 
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serum level of VPA throughout a 24 h period (98).  Our study shows that VPA 

exposure has profound effects on negative and positive limbs of the circadian 

transcriptional feedback loop in vitro.  The approval of 4 KDACi for clinical use 

against cancer in the last decade has spurred evaluation of these drugs for use 

in a variety of other diseases (242); thus, human exposure to these drugs is likely 

to increase.  In light of this, the circadian impact of clinically relevant KDAC 

inhibitors, such as VPA, is worthy of further study.  A recent study cataloged 

genes that showed oscillatory expression in a variety of tissues in mice (206). 

Among these genes were those encoding the targets of over 50% of all drugs 

approved for clinical use. To reduce toxicities associated with xenobiotic 

exposure, it is essential to understand how therapeutics such as VPA impact 

circadian rhythm and to determine when, during the 24 h cycle, they could be 

given with minimal negative circadian effects.     
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CHAPTER 5: DISCUSSION AND FUTURE STUDIES 
 

Discussion 
 

The process of transcription is a highly regulated and dynamic process 

involving a variety of protein complexes recruited to the regulatory regions of 

genes. Signaling-regulated gene transcription provides an excellent model for 

understanding dynamic transcriptional regulation.  Glucocorticoids (GCs) activate 

Glucocorticoid Receptor (GR), which then translocates into the nucleus, 

homodimerizes, and binds enhancer regions of the DNA to activate or repress 

gene transcription. Previous work in our lab has identified a unique role of Class I 

KDACs in the regulation of several GR target genes (44,139). Using those 

studies as a foundation, the current study attempted to define the mechanisms of 

how KDAC inhibition disrupts GR-induced gene transcription.  

 

KDACs are coregulators of GR transactivation 
 
 Traditional models of transcription present KDACs as corepressors and 

KATs as coactivators based on their ability to target histones. Choudhary et al 

reported many different proteins that can be acetylated which are involved in a 

large variety of cellular processes, including transcriptional regulation (157). 

Although the functional role of most of these modifications have yet to be 

elucidated, it is clear that many proteins, including those in transcriptional 

regulation, are acetylated. KDACs have been shown to deacetylate a wide array 

of substrates, including nonhistone proteins and inhibition of KDACs causes an 
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increase in acetylation of histones and other chromatin-associated proteins 

(232). Our studies directly establish that KDACs are involved in both gene 

activation and gene repression in the same cellular context, making them both 

coactivators and corepressors depending on the gene context. 

KDACs are active and present with KATs at active enhancers and 

promoters (43,152,243,244). Previously, KDACs have been suggested to keep 

poised promoters and enhancers from being activated without the proper 

stimulus. However, this is not the case at the KDACi-sensitive GR target genes 

we have identified.  Several GR-activated target genes are not efficiently 

transcribed in the absence of KDAC activity, suggesting that KDACs play an 

active role in the transcriptional cycle.  

 Recently, more studies have identified the functional roles of acetylation. 

For example, p300, a KAT involved in GR transactivation, is susceptible to 

autoacetylation at multiple regions, and that acetylation affects the transactivation 

capabilities of the enzyme (245). Furthermore, acetylation of GR, progesterone 

receptor and mineralocorticoid receptor have been shown to inhibit their ability to 

interact with their respective binding sites in a gene-selective manner (182,246). 

Thus, acetylation can be either stimulatory or inhibitory to protein function.  Class 

I KDACs may regulate transcription by removing inhibitory acetylation from 

transcriptional regulatory machinery that prevents association of these proteins 

with DNA or other coregulators. For example, deacetylation of GR by KDAC2 

allows for GR to interact with the p65 subunit of NFB, preventing the 

proinflammory transcription that is driven by NFB (128).  Another possible 
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mechanism by which Class I KDACs regulate transcription is by keeping histone 

acetylation levels low in gene bodies so that transcriptional machinery with 

acetylation-binding bromodomains will be directed to enhancer and promoter 

regions of the genes. A study by Greer et al found that treatment with KDAC 

inhibitors causes a redistribution of elongation factors and subsequent disruption 

of RNA Pol II pause escape (193).   

 These studies all support the theory that KDACs are versatile coregulators 

of transcription and should not only be considered co-repressors. Widening the 

list of possible targets of KDACs will allow us to further understand the potential 

pitfalls of KDAC inhibition on not just hormone signaling, but overall gene 

expression.  

 

Acetylation and methylation are regulated together at several GR target 

genes 

Our studies on the effect of KDAC inhibition on both activation and 

repression of GR target genes showed that KDAC inhibition affects histone 

methylation, suggesting a functional relationship between acetylation and 

methylation. 

In Chapter 2, we found that KDAC inhibition significantly decrease the 

levels of H3K4Me2 methylation at the promoters of several genes repressed by 

GC treatment. The lack of a consequential increase in H3K4Me3 levels led us to 

conclude that LSD1 plays a pivotal role in GC-induced gene repression. In fact, 

KDAC inhibition activates LSD1 activity, which opposes Dex-induced 
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transcriptional repression at certain target genes. Our discovery of a novel 

functional relationship between Class I KDACs and LSD1 further shows that 

these enzymes are not one dimensional; they have dual function. LSD1 was 

initially characterized as a corepressor of neuronal genes (134).  More recently, 

LSD1 was found to be associated with androgen receptor (AR)-activated genes 

and required for AR-activated transcription in a gene-selective fashion (154,155). 

Our study shows that LSD1 activity blocks transcriptional repression rather than 

promoting it, further supporting the contention that LSD1 can be a corepressor or 

a coactivator, depending on the gene context.  

However, the relationship between KDAC activity and histone methylation 

is gene context-specific.  We found that KDAC inhibition affects GR-mediated 

activation through LSD1-independent mechanisms. At the enhancers of GR 

activated genes, VPA treatment caused a significant increase in both H3K4Me2 

and H3K4Me3 levels. There are several possible explanations for this increase in 

histone methylation by VPA treatment. First, VPA treatment may cause a 

redistribution of methyltransferases to enhancer regions due to increased 

acetylation. It has been shown that the misguiding of methyltransferases to 

enhancer regions can affect gene transcription (1,247). Another possible 

mechanism is that KDAC inhibition blocks transcriptional elongation of RNA Pol 

II, inhibiting pause escape. H3K4Me3 and RNA Pol II occupancy have been 

reported together at promoter regions (6,172,247). Lastly, KDAC inhibition could 

disrupt a lysine demethylase that targets H3K4Me3 at enhancer regions. While 

we know that LSD1 is not involved at GR activated genes, other enzyme could 
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potentially be involved, including the KDM5 family. Members of the KDM5 family 

can interact with the NuRD KDAC complex (248), which is a target of VPA (149).   

 

Members of the CoREST family are not functionally redundant 
 

During our study, we demonstrated that CoREST KDAC complexes, 

specifically those containing CoREST3 (Rcor3) are necessary for GR-induced 

gene activation. However, because only certain genes responded to CoREST 

depletion, we conclude that multiple KDAC1/2 complexes are likely to be 

involved in facilitating GR transactivation in a gene-dependent fashion. Thus far, 

we have shown that KDACs are not only involved in gene activation, but also in 

gene repression and that inhibition of these enzymes disrupts GR transcriptional 

signaling.  

Not much is known about the functional roles between the three CoREST 

genes. The different family members have been shown in humans and other 

animals, suggesting the importance of conservation of these proteins across 

species (249,250). A study by Barrios et al found that transcriptional complexes 

formed by CoREST proteins have differential protein compositions and 

transcriptional repressor strength in the adult rat brain (50). They also found that 

CoREST2 binds the least amount of KDAC1 and KDAC2, which is barely present 

in the complex. This further supports our finding that complexes formed with 

Rcor2 potentially oppose GR transactivation. KDACs facilitate GR transactivation 

and it is possible that these complexes with little KDAC activity cannot fully 

activate GR target genes.  
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KDAC inhibition disrupts multiple stages of active transcription in a gene-

selective manner  

Chapter 3 focused on the mechanisms by which KDAC inhibition disrupts 

GR-induced gene transcription, specifically if this disruption occurs prior to RNA 

Pol II loading or downstream of transcriptional activation. We showed that KDAC 

inhibition does not impair GR binding to enhancer regions, GR-induced 

chromatin remodeling or p300 recruitment. These findings show that KDACs are 

not required for the initial steps of enhancer activation at GR target genes and 

must work downstream of these events.   

We then looked at the binding of RNA Pol II at both enhancer and 

promoter regions in the presence and absence of KDAC activity. Interestingly, we 

observed gene-specific responses of our target genes, suggesting that KDAC 

inhibition disrupts initial Pol II loading at certain genes, while at other genes, 

KDAC inhibition affects downstream of transcriptional initiation. One factor 

complicating the interpretation of our Pol II binding experiments is that some of 

our most KDACi-sensitive genes have intragenic enhancer regions.  This makes 

it difficult to discern enhancer-specific Pol II binding from that of Pol II that 

initiated at the gene promoter and is elongating through the enhancer region. 

This can be addressed through alternative approaches described in Future 

Studies.   

We also incorporated the dynamic component of transcription in our 

studies. Using smFISH, we established that the Tgm2 gene undergoes 
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transcriptional bursting and that KDAC inhibition decreases the bursting 

frequency, which is associated with a lengthening of the inactive period between 

bursts.  This suggests that, at the Tgm2 gene, Class I KDAC activity increases 

the probability of gene activation.  In this capacity KDACs may be involved in the 

resetting of chromatin to allow a subsequent burst.  There is evidence that 

histone modifications are removed from estrogen-regulated genes between 

waves of transcription (Metivier et al).   Unexpectedly, VPA treatment also 

decreases the median transcription site intensity, indicating that when the Tgm2 

gene does activate in the presence of VPA, less nascent RNA are produced.  

This was not obvious in biochemical assays which measure average 

transcriptional states in a cell population, demonstrating the advantage of 

incorporating single cell analysis into mechanistic studies.  Altogether these 

findings suggest that Class I KDACs regulate Tgm2 gene transcription both 

before and after transcriptional initiation.   

 

Valproic acid disrupts the oscillatory expression of several core circadian 

rhythm transcription factors  

Our work has demonstrated that KDACi disrupt GC-regulated gene 

expression.  Given the fact that glucocorticoids regulate many physiological 

processes, human exposure to KDACi may have profound effects.  Although the 

exact mechanism has yet to be fully elucidated, cortisol, the main GC in humans, 

plays a vital role in circadian rhythm physiology. Circadian rhythm in peripheral 

tissues is controlled by a tightly regulated transcription translation feedback loop. 
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Due to the effects of KDAC inhibition on GR-induced gene transcription, we 

examined the effect of VPA, a therapeutic approved for clinical use, on the 

transcription of several core circadian rhythm transcription factors. We found that 

VPA treatment significantly altered the oscillatory expression of these 

transcription factors. This observation may be linked to the negative side effects 

of VPA usage and suggests potential chronopharmacology implications of VPA 

and other KDAC inhibitor usage.  

Overall, this study illustrates the effects of KDAC inhibition of GR-

mediated transcription. KDAC inhibitors are being evaluated for treatment of an 

increasing number of diseases (87,97,251). In order to avoid side effects of 

KDAC inhibitors in disease treatment, we must understand the implications 

KDAC inhibition has on different signaling pathways. While our study focused on 

GR, steroid receptors have been shown to function through similar mechanisms; 

therefore, this study provides novel mechanistic information that has implications 

on other steroid hormone receptors, including estrogen receptor and androgen 

receptor.  

 

Future Directions 
 
 The studies previously discussed lay the groundwork for more studies that 

will identify how KDACs make positive contributions to GR-mediated gene 

transcription, and thus how KDAC inhibition can disrupt transcription. Continuing 

the efforts of this study will generate novel mechanistic knowledge of the role 

KDACs play in signaling-activated transcription. 
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NuRD KDAC complex siRNA studies 
 
 Our studies show that KDAC1 plays a major role in facilitating GR 

transactivation. In chapter 3, we showed that KDAC inhibition alone results in 

increased levels of H3K27Ac at GR target enhancers in the absence of active 

GR indicating that KDACs are present and active in these gene contexts.  In 

Chapter 2, we attempted to identify KDAC1-containing complexes that facilitate 

GR transactivation using siRNA-depletion of the CoREST KDAC complex. 

Interestingly, we only observed a significant effect on GR transactivation at some 

genes when Rcor3 (CoREST3)-containing complexes were depleted. Therefore, 

it is likely that multiple KDAC complexes are present at genes. Because we have 

ruled out the Sin3 complex, the next study will focus on the potential role of the 

NURD KDAC complex. Using the same strategy as the Rcor studies, we will use 

siRNA to delete the expression of complex subunits that are essential for 

complex integrity. For the NURD complex, the scaffold proteins are controversial 

but KDAC1 and 2 make extensive contact with MTA subunits (MTA1-3)(Figure 

5.1) (252,253). Depletion of MTA1-3 individually or in various combinations 

should destabilize the association of KDACs with the complex, similar to KDAC1 

siRNA depletion. If Dex-induced transcriptional activation is significantly blunted 

by various MTA siRNA treatment, then we can identify additional KDAC1 

complexes involved in GR transactivation, and a new target of KDAC inhibition.  
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Figure 5.1: Schematic description of the NURD KDAC complex. Image adapted 

from Torchy, 2015 (53).   

 

 

 

 

 

 

 

 

 

 

 

 



 180 

ChIP assays with phospho-specific RNA Polymerase II antibodies  
 
 In Chapter 3, we discussed the effect of KDAC inhibition on RNA Pol II 

binding at both the enhancer and the promoter regions of several GR target 

genes. Unfortunately, we found it difficult to discern between elongating and 

initiating polymerases at intragenic enhancer regions, as our antibody could not 

distinguish between the two. However, as discussed previously, as RNA Pol II 

transcribes a gene, its CTD becomes phosphorylated at very specific and 

regulated residues. During initial promoter binding, the CTD is largely 

unphosphorylated which favors interactions between CTD and activators (14). As 

the nascent RNA is extended, TFIIH phosphorylates Serine-5 (S5) residues of 

the CTD. After elongating 20-50 nucleotides into the gene, RNA Pol II stalls, 

referred to as promoter-proximal pausing. Once Pol II escapes pausing and 

converts to elongating Pol II, S5 residues are removed and Serine-2 (S2) 

residues are phosphorylated until transcription is terminated. The next study will 

address the effect of KDAC inhibition on the different phosphorylated forms of 

Pol II.  

 We are currently carrying out ChIP studies with an antibody to 

unphoshphorylated Pol II (8WG16) to examine initiating Pol II and phosphor-Ser5 

Pol II to detect paused polymerase. Unfortunately, a study declared that 

commercial antibodies to phospho-Ser2 Pol II are unspecific and can bind 

phospho-Ser5 (254) therefore this study will not examine elongating 

polymerases. We hypothesize that if KDAC inhibition blocks RNA Pol II from 

loading properly, we expect to see a decrease in 8WG16 levels in the presence 
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of VPA. If KDAC inhibition affects Pol II’s ability to escape pausing, we 

hypothesize that phospho-Ser5 levels significantly increase with VPA treatment. 

As shown in Figure 5.2, we have successfully carried out and optimized ChIPs 

with both antibodies. More replicates will be completed and statistically analyzed 

to see the effects, if any, of VPA treatment.  

If VPA treatment affects RNA Pol II pause escape, we expect an increase 

in phospho-Ser5 levels with VPA treatment as paused Pol II accumulates at the 

TSS. It is difficult to understand the enhancer related effects as we have not fully 

elucidated whether Pol II produces enhancer RNAs (eRNAs) at these GREs. 

Future studies using PRO-seq, described below, will address this. If VPA 

treatment affects initial Pol II binding, we expect to see a decrease in 

hypophosphorylated Pol II (8WG16) binding in the presence of VPA. This 

antibody will also give us information as to if Pol II binds enhancer regions 

because by the time elongating Pol II reaches the GRE, it will be extensively 

phosphorylated. However, to definitely conclude that Pol II binds these selected 

GREs, we will use PRO-seq. 

 Our preliminary studies show that at the Glul promoter, VPA treatment 

causes an accumulation of phospho-Ser5 RNA Pol II. This could be caused by 

an increase in paused polymerase due to KDAC inhibition. The same effect is 

observed at the GRE which could be due to similar mechanisms. Conversely, at 

the Tsc22d3 promoter and enhancer regions, there is a decrease in the amount 

of hypophosphorylated RNA Pol II in the presence of VPA, suggesting that RNA 

Pol II cannot bind the promoter region in the absence of KDAC activity, similar to  



 182 

 

Figure 5.2: Recruitment of different phosphorylated forms of RNA Pol II at the 

GRE and TSS of selected GR target genes. Hepa-1c1c7 cells were treated with 

Dex (100nM) for 1h, VPA (5mM) for 2h, or a combination of VPA (5mM) plus 

Dex. In the latter cells were exposed to VPA for  1 h prior to the addition of Dex 

for 1 h. Chromatin immunoprecipitation was performed with either no antibody or 

an antibody against phosphor-Ser5 RNA Pol II or hypophosphorylated (8WG16) 

RNA Pol II. Primer sets specific for the enhancer (GRE) and promoter regions 

(TSS) of Glul and Tsc22d3 were used in qPCR. The results are expressed 

graphically as binding relative to input for each treatment condition. The graphs 

are a summary of 2-3 independent experiments. 
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the results of the total RNA Pol II antibody. However, these preliminary results 

must be replicated and statistically analyze before any conclusion can be drawn. 

 

smFISH for other GR target genes 
 
 In Chapter 2, we introduced the technique smFISH as a way to determine 

the impact of KDAC inhibition on transcriptional bursting parameters. We found 

that at the GR target gene, Tgm2, KDAC inhibition decreases the inactive state 

of transcriptional bursting, indicating that KDAC inhibition affects transcription 

upstream of RNA Pol II loading, in agreement with the RNA Pol II ChIP studies. 

We now want to focus on other GR-target genes, including Tsc22d3 and Glul. 

Based on the Pol II data, Tsc22d3 is most likely affected by KDAC inhibition prior 

to transcription initiation. We hypothesize that the smFISH data will show that 

KDAC inhibition affects the off period, similar to Tgm2. We have successfully 

confirmed sites of active transcription marked by co-localization of our 

oligonucleotide probes for Tsc22d3 mRNA (Cy5) and nascent RNA (Cy3) (Fig 

5.3). Similar to Tgm2, we will detect and analyze spots of nascent transcription to 

determine whether KDAC inhibition affects the inactive or active state of this 

gene. For Glul, the Pol II data suggest that KDAC inhibition affects downstream 

of initial Pol II loading so we will also carry out smFISH studies for this gene. 

Based on this prediction, we hypothesize that KDAC inhibition will have no effect 

on burst frequency but will decrease the overall intensity of the transcription sites, 

which is a measurement of the active period (burst size). While we have  
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Figure 5.3: Dex-induced sites of transcription of Tsc22d3. Hepa-1c1c7 cells 

were treated with Dex (100nM) for 90 min and hybridized with fluorescently-

labeled Tsc22d3 probes. smFISH shows Cy5 (exonic) and Cy3 (intronic) labeled 

RNA in Hepa-1c1c7 cells stained with DAPI (blue). White dotted box illustrated 

co-localization of intronic (green) and exonic (red) probes in the nucleus (blue) 

representing sites of active transcription. Solid white box shows Cy3 (green) and 

Cy5 (red) separated. 
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housekeeping gene smFISH data, we are interested in genes that are unaffected 

by KDAC inhibition: Zfp36, H6pd or Pfkb3.  

 

Live cell transcriptional dynamic studies  
 
 The advantage of smFISH is that we can test multiple endogenous genes 

without genetic manipulation. However, it is limited because it only provides 

snapshots of transcriptional events and utilizes heavy mathematical modeling to 

derive the bursting parameters. Thus, as a second approach, we will build a 

system in which transcription dynamics of KDAC inhibitor-sensitive GR target 

genes can be assayed in single cells through live-cell imaging. Using this system, 

transcription can be followed continuously and the bursting parameters can be 

measured directly instead of mathematical modeling.  

 This system involves generating cells that are genetically-engineered to 1) 

express the bacteriophage MS2 coat protein fused to green fluorescent proteins 

(MS2-GFP), and 2) contain 1-2 copies of an endogenous gene into which 24 

stem-loop forming sequences from the MS2 bacteriophage have been inserted. 

MS2-GFP binds the stem-loops in the RNA transcript and can thereby mark sites 

of active transcription (Figure 5.4). Once insertion of the stem loop has been 

confirmed, the cells will be exposed to the different treatment conditions and 

bursting parameters will be measured, including burst length, off time between 

bursts and the amount of transcript produced during a single burst.  

 Upon completion of the live cell studies, we will have established how 

KDAC inhibition impacts the bursting kinetics of GR target genes. We will confirm  
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Figure 5.4: Schematic method for detecting transcription in live cells. A 

sequence that can form 24 stem-loops is inserted by gene editing into the 5’UTR 

(shown here), 3’UTR or an intron of a cellular gene. Once transcription starts, 

stem-loops form in the single-stranded transcript and are recognized by MS2-

GFP to mark sites of transcription. Image courtesy of Dan Larson, PhD, NIH.  
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that Dex treatment increases burst frequency at GR target genes and has no 

effect on housekeeping genes, similar to what we observed with the smFISH 

studies in Chapter 3. We will also confirm the results that KDAC inhibition causes 

an increase in the off period (decreases burst frequency) for Tgm2.  As for the 

yet to be tested genes, we predict that KDAC inhibition will decrease burst size or 

reduce burst frequency, or both, based on the results of the smFISH data. 

 

RNA-seq 
 
 Most of our current approaches only measure a snapshot of transcription 

for specific regions of the body, such as enhancer or promoter regions. Our 

ChIP-seq studies have only identified the GREs of a handful of GR target genes; 

there are more target genes that respond to KDAC inhibition. In order for us to 

truly examine the complete picture of KDAC inhibition, we must obtain a 

comprehensive view of transcription over the entire gene body. This will allow us 

to see if initiation and/or elongation are affected by VPA treatment across the 

genome. To address this objective, we will employ two precision run-on (PRO) 

sequencing applications. PRO-seq will identify genomic positions of elongating 

RNA polymerases and PRO-cap will identify transcription start sites.  

 First, we will identify all Dex-activated sites of transcription. PRO-cap will 

allow us to identify Dex-induced active enhancers through the presence of TSSs 

at regions of the gene body where we have observed GR binding in previous 

studies (ChIP-seq, ChIP). We will then examine the effect of KDAC inhibition. If 

transcriptional initiation is impacted, we hypothesize that PRO-cap readings will 
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decrease across the genome, as it marks transcription start sites. With these 

results, we can identify whether KDAC inhibition affects transcriptional initiation 

of GR target genes at both TSSs and active enhancers. PRO-cap will also allow 

us to identify genes that cannot escape pausing in the presence of KDAC 

inhibition.  In that case, we expect most TSS reads to be unaffected, however we 

hypothesize that there will be an increase in the peak of transcripts 3’ to the TSS. 

Our studies have shown that KDAC inhibition disrupts the transcriptional 

cycle through multiple mechanisms. We hypothesize that PRO-cap will identify 

certain GR target genes where transcriptional initiation is unaffected by KDAC 

inhibition. This could suggest that KDAC inhibition affects downstream of initial 

Pol II loading. PRO-seq will allow us to map the locations of active, elongating 

RNA polymerases across the genome and the effect of KDAC inhibition on 

elongating polymerases.  

Recently, more studies are reporting functional roles of eRNA in active 

transcription. One role of eRNAs could be regulation of chromatin accessibility of 

target promoters and the subsequent RNA Pol II binding through a functional 

relationship between eRNAs and chromatin remodeling complexes at promoters 

(255). In fact, several studies support this mechanism through the discovery that 

specific eRNAs interact with the Mediator complex to facilitate the formation of 

enhancer-promoter loops (256-258). KDAC inhibition affects the binding of Pol II 

at the enhancer regions of Glul and Tgm2. Due to the distal Tgm2 GRE, it is 

possible that KDAC inhibition disrupts the communication between the enhancer 

and the promoter due to decreased eRNA production.  
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Additionally, eRNAs have been implicated in regulation of RNA Pol II 

transition from paused to productive elongation. A study by Schaukowitch et al 

found that eRNA interacts with a subunit of the negative elongation factor (NELF) 

complex. Acting as a decoy, eRNAs lure the NELF complex away from target 

promoters to allow productive elongation and gene activation (259). The study 

also found that eRNAs were synthesized prior to target gene transcription. This 

could be a possible mechanism behind KDAC inhibition. If VPA prevents 

transcription of eRNAs through decreased binding of RNA Pol II at enhancer 

region, then elongation could be affected leading to decreased GR target gene 

expression. Altogether, it is clear that eRNAs are important for the transcriptional 

cycle and the effect of KDAC inhibition on their production must be considered.  

Lastly, KDAC inhibition also repressed the production of eRNAs. 

Interestingly, many of the genes downregulated by KDAC inhibition are those 

located near downregulated eRNA sites. This suggests that enhancer activity is 

related to KDAC activity (193). 

Completion of this study, in addition to the transcriptional bursting and Pol 

II ChIPs, will give us a comprehensive view of how KDAC inhibition affects active 

transcription on a genome-wide scale. We will also determine if our intragenic 

GREs produce eRNAs that has been undetectable by standard RT-qPCR 

methods. Altogether, we will build models of how KDAC inhibition disrupts 

transcription, aiding in identifying the key KDAC targets of these drugs.  
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Concluding Remarks 
 
 The results of our study implicate VPA, and other inhibitors of KDAC 

activity, as possible endocrine disruptors. In the absence of KDAC activity, GR 

cannot efficiently induce transcription at more than half of its target genes and it 

cannot cause repression at other genes. As we continue to learn more about the 

role of acetylation and deacetylation in gene regulation, we must pay special 

attention to how the chromatin environment affects gene expression and 

downstream signaling. KDAC inhibitors are becoming increasingly helpful in the 

treatment of a variety of disease states, including cancer, HIV, sickle cell 

disease, and cystic fibrosis, among others (86). Therefore, human exposure to 

these drugs is likely to increase in the future. As human exposure to these drugs 

continues to increase, it is imperative that we understand the effects of KDAC 

inhibition on gene regulation.  

 Our study focused on the effects of KDAC inhibition on GR-mediated 

transcription. However, our results suggests that other nuclear receptors may be 

affected in similar manners by KDAC inhibition. For example, KDAC inhibition 

has been shown to have negative effects on androgen receptor signaling (260). 

Our study found that KDAC inhibition affects proper RNA Pol II loading to 

promoter and enhancer regions of select target genes. Recruitment of RNA Pol II 

to the DNA is universal for transcription of protein-coding genes for all nuclear 

receptors. Therefore, any drug that disrupts RNA Pol II activity should be 

carefully investigated for potential adverse effects.  
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 Altogether, our study illustrates the disruption of the transcriptional cycle 

by VPA and other KDAC inhibitors. This disruption is an unfortunate 

consequence of KDAC inhibition and the mechanism(s) behind must be fully 

elucidated before better drugs can become available.  
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APPENDIX A: Supplemental Information 
 

Table A.1: Primer sets used for RT-qPCR throughout the study 

Gene Forward primer Reverse primer  
Housekeeping Genes 

Gapdh (exon) CATGTTCCAGTATGACTCCACTC GGCCTCACCCCATTTGATGT 

Hprt1 (exon) TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 

Chapter 2 

Hes1 (exon) ATAGCTCCCGGCATTCCAAG GCGCGGTATTTCCCCAACA 

Mex3a (exon) CAAGGCTGCAAGATTAAGGCT GCGTGAGGCTCTTATCATGGAG 

Igsf9 (exon) TGACCGTCCTCAGCCTGAT GGACTCGTCCCACGTAATCG 

Fam20c (exon) GATGTGACGCGGGATAAGAAG GCTCGGTGGAACAGTAGTAGG 

Hbegf (exon) ATGCCTCCCTGGTTACCAC AGTCAGCCCATGACACCTGT 

Cdon (exon) CAAAGCTGAGGTGCGCTATAA CCATTCGAGGAAGGACGACTC 

Rgs16 (exon) CGAGTGGGCCAGTAAGCATAA CGAAAGACTCTCTCCATCCCAG 

Ikbke (exon) GCGGAGGCTGAATCACCAG GAAAGCCCGAACGTGTTCTCA 

Mllt11 (exon) CCTACCTACGAGAGCAAGGAT AAGGTGCTGTACTCAAGGAGG 

Mex3a (exon-intron) TCTCCTCTTCTCCCTTCCACCACC CCCCCGAAACATCCTAGTTCTCCA 

Cdon (exon-intron) CAAACATGGCAGCACACAGTCAGA ATGCCCCCCAAACACAGTCC 

Rgs16 (exon-intron) TCTTGGGACTGAACTCTGGGTGG AAAGATTCCCAGCCGCGT 

Igsf9 (exon-intron) CAGAGCCCCTTCCTTCATTCAACA GGCACTCGTACCAACCCTGGTCTT 

Hes1 (exon-intron) TGCTACCCCAGCCAGTGTCAAC CCACGGGATCTGCCATTTCAC 

Hbegf (exon-intron) CAGATGCTGGGGTGGGTGAAAT CATTCCTTTCTTTGCTTGGGGTG 

St5 (exon-intron) AGAGCTGAGGATGCACAGATAGCA TATGCCTCTTGGGTAATCGTGGCA 

Tgm2 (exon-intron) TGTCACCAGGGATGAGAGACGG TCCAAATCACACCTCTCCAGGAG 

Ampd3 (exon-intron) AAGGAGCTTGCAGAGCAGAAGTC CAGCTCCCTCAGGTCTCACAACTAT 

Glul (exon-intron) GAGCAGAGTGTCTGAACAGCACG ACCCTCCGTGCGCTTACCAG 

Tns1 (exon-intron) TTCTCTCACACGCTTCCGGACTTT TACAGCACACACAGGCAAGGAACT 

Rcor1 (exon) GTGCCCGACTTCGATCCTG GATGTACTCGTCCAGTTTTGCT 

Rcor2 (exon) TGCTTCTGTGGCATAAACACG GGCTGGGAATCACCTTGTCAG 

Rcor3 (exon) ATGAGAGTCGGAGCTGAATACC TGGGATACTGTGATAAGGAGACC 

Tsc22d3 (intron) GCGGTGTAGCATCCTGGGAA TTGCCCCAGCCTTGCCTA 

  Chapter 4 

Tgm2 (exon) GACAATGTGGAGGAGGGATCT CTCTAGGCTGAGACGGTACAG 

Sgk1 (exon) AGGAGCCGGAGCTTATGAAC AGTGAAAGTCGGAGGGTTTGG 

Ampd3 (exon) AAGATGATCCGGTCGCAGTC CCAGGCTTAGAAGTAGCTCCG 

Per 1 (exon) CTGGGGACCAGGTCATTAAGT CACACACGCCATCACATCAA 

Per1 (exon-intron) CCAGCCTGGCTGATGACACTGA CACTCGTACACACCTCTTGCTGCTC 

Per2 (exon) CAACATCCCATCCCGGAAGG GGTGAGCACTGACCTCTGTG 

Reverbα (exon) GCTCAGCGTCATAATGAAGCG GGGCCGAATATACGTGGGT 

Cry1 (exon) CAGACTCTCGTCAGCAAGATG CAAACGTGTAAGTGCCTCAGT 

Cry2 (exon) TGGGCATCAACCGATGGAG CCCATTCCTTGAACAGCCTTG 

Bmal1 (exon) GGCTGTTCAGCACATGAAAAC GCTGCCCTGAGAATTAGGTGTT 

Bmal1 (exon-intron) CCTGCACTCGCACATGGTTCCA CCCCACAGGTTGAGAATCGCTACAT 
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Table A.2: Primer sets used for ChIP assays throughout the study  

Gene Forward primer Reverse primer  
Chapter 2 

Hes1 PPR AGACCTTGTGCCTAGCGGCCAAT CGAACGGCTCGTGTGAAACTTC 

Igsf9 TSS CCCCTATTGTGTGGCTGCGA CCCGCTGGCACCCCATTT 

Hbegf TSS GGCGGGGCTCCCACTCCTT CAGCCGCGTGCAGCTCCC 

  Chapter 3 

Tgm2 GRE CTGGGAGTGGAAGCACGGACAGTA GGGGGTCAGCATCAGTCAGTGA 

Tsc22d3 GRE CCTCGGGTCAACAAGCACTTTCT TTGTCTCTGTTTAGGCGGGGTTG 

Glul GRE GTACTTCAGAAAGTTGCCCAAGTCA CCGGATAGCTGGAGAGGGAACAT 

Tns1 GRE CATGAGAAAGTGCAGCTGTTGGC GCTCACTCCTTGCTTTCCCTGT 

Glul TSS CTGCAGAGCGGAGAATGGGAGT AGCGAGGCGGAGAGGAGA 

Tgm2 TSS CGCTGGTGATCCTCGCTTGA CAGCCTGCTCCCGACTCTACCTC 

Tsc22d3 TSS TCTCTGAGTCTGGGTTGGACTGGCT GCCAGGCAGGCACTTCTAAGC 

PPR – proximal promoter regions 
TSS – transcription start site 
GRE – glucocorticoid response element 
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Table A.3: Location of GREs for select GR target genes 

Gene Location of GRE 

Tgm2  Intron 10 

Tsc22d3 1.6 kbp downstream of gene 

Tns1 Intronic; 2 kbp upstream of Exon 18 

Glul Intronic; ~1.7 kbp downstream of TSS 

kbp – kilo base pairs 
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Table A.4: Gene names and descriptions. From NCBI Gene database. 

Gene Description 

Housekeeping genes 

Gapdh glyceraldehyde-3-phosphate dehydrogenase 

Hprt hypoxanthine guanine phosphoribosyl transferase 

Repressed 

Cdon cell adhesion molecule-related/down-regulated by oncogenes 

Fam20c family with sequence similarity 20, member C 

Hbegf Heparin-binding EGF-like growth factor 

Hes1 Hes family bHLH transcription factor 1 

Igsf9 immunoglobulin superfamily, member 9 

Ikbke inhibitor of kappaB kinase epsilon 

Mex3a mex3 RNA binding family member A 

Mllt11 myeloid/lymphoid or mixed-lineage leukemia; translocated to, 
11 

Rgs16 regulator of G-protein signaling 16 

Activated 

Ampd3 adenosine monophosphate deaminase 3 

Bmal1/Arntl aryl hydrocarbon receptor nuclear translocator-like 

Cry1 cryptochrome 1 

Cry2 cryptochrome 2 

Glul glutamate-ammonia ligase 

Per1 period circadian clock 1 

Per2 period circadian clock 2 

Rcor1 REST corepressor 1 

Rcor2 REST corepressor 2 

Rcor3 REST corepressor 3 

Reverbα/Nr1d1 nuclear receptor subfamily 1, group D, member 1 

Sgk1 serum/glucocorticoid regulated kinase 1 

St5 suppression of tumorigenicity 5 

Tgm2  transglutaminase 2 

Tns1 tensin 1 

Tsc22d3 tsc22 domain family member 3 
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A  

 

B 

 

Figure A.1: Oligonucleotide probe design for murine Tgm2 for smFISH studies. 

(A) Exonic-specific probeset labeled with Cy3 (570 nm). (B) Intronic-specific 

probeset labeled with Cy5 (670 nm). Both probes purchased from BioSearch 

Technologies  
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