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Abstract 

 

Oxysterols are oxygenated derivatives of cholesterol that may be formed by either enzymatic or non-

enzymatic mechanisms. Expression of the genes responsible oxysterol synthesis (GROS) is known to 

be restricted across different tissues and cell types. Regulation of the transcription of GROS and the 

activity of their enzyme transcripts has been the subject of intense activity for many years. Recent 

studies have sought to decipher the mechanism(s) that underpin the restricted expression of the 

GROS. Available data indicates that epigenetic mechanisms have an important role to play in the 

control of the expression of GROS. In the current review we summarize the available evidence for the 

epigenetic regulation of these genes.
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Introduction 

 

Oxysterols are C27 derivatives of cholesterol that contain one or more oxygen function(s) in addition 

to the 3β-hydroxy group present in cholesterol. Oxysterols may be formed by two processes – non-

enzymatic mechanisms mediated by reactive chemical species such as reactive oxygen species (ROS) 

[1] and enzymatic processes [2, 3]. With one exception (24S,25-epoxycholesterol) all oxysterols are 

formed either directly from cholesterol, or from oxysterols derived from cholesterol [4]. The enzymes 

regulating the formation of oxysterols (i.e. GROS) are not universally present in different tissues and 

cells, with the consequence that particular organs are enriched with particular oxysterols, typically in 

relation the relative expression of the appropriate GROS [5]. For example, the brain contains relatively 

high amounts of 24S-hydroxycholesterol (24S-OHC) and its generative enzyme, cholesterol 24-

hydroxylase (CYP46A1), is highly expressed in CNS neurons [6].  

 

Over the last two decades many investigators have explored the mechanisms by which different GROS 

are regulated at the transcriptional level [7]. These studies have highlighted a role for numerous 

different transcription factors, in particular the nuclear hormone receptor (NHR) family of proteins, as 

well as several different intracellular signaling pathways in the transcriptional regulation of GROS. 

While it is beyond the scope of the current review to detail these mechanisms, it should be 

emphasized that studies on the role of epigenetics in the regulation of GROS typically emerges from 

the limitations of classical mechanisms to explain certain regulatory features. For details of these 

studies the reader is directed to [7, 8] for recent reviews. In this paper we review the studies to date 

on the role of epigenetics in regulation of GROS and summarise the evidence for this (Table 1).  

 

Epigenetic Regulation of Gene Expression 

 

The organisation of the genome in eukaryotes is based on nucleosomes, nucleoprotein complexes that 

consist of 147 bp of DNA wound around an octameric complex made up of two copies of the histone 
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proteins H2A, H2B, H3 and H4 [9]. Histone protein H1 binds to a 20 bp linker region that connects 

nucleosomes together. Further organisation of nucleosomes leads to the formation of solenoids, 

chromatin and chromosomes. While packaging the genome in this manner is crucial to permit it to fit 

into the cell nucleus, it also has profound effects on gene expression. Highly packed regions of the 

genome (i.e. heterochromatin) are transcriptionally silent while more open regions of the genome (i.e. 

euchromatin) are accessible to the basal transcriptional machinery and are thus active. Changes in the 

structural organisation of the genome are thus considered important determinants of gene expression 

[10]. 

 

Epigenetics is defined as ‘the study of heritable changes in gene expression that occur independent of 

changes in the primary DNA sequence’ [11]. These changes are mediated by alteration in the 

structural organisation of the genome, typically as a result of developmental, nutritional, microbial, 

toxic or pharmacological challenge, that influence the expression of genes in a cell, tissue and organ 

specific manner [12]. Such structural organisation is driven by post-translational modifications of 

histone proteins, DNA methylation and/or modification of nucleosome position along the genome 

which ultimately leads to a more open genomic organisation [12]. The heritability of these changes 

enables cells to manifest distinct identities even though they contain the same basal genomic 

sequence.  

 

The N-terminal tail region of histone proteins can be modified post-transcriptionally by acetylation, 

methylation, phosphorylation, sumoylation, ubiquitylation and citrullination [13]. These 

modifications either directly alter the genomic structure, or facilitate recruitment (or occlusion) of 

other effector proteins, e.g. Histone Deacetylases (HDAC) [13]. In general, hyperacetylation of histone 

proteins is associated with gene activation and hypo/deacetlytation is associated with gene 

repression. In contrast, the effects of histone tail methylation are strongly linked to the position and 

type of methylation. For example, trimethylation of lysine 4 of histone H3 is a mark of 
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transcriptionally active regions, while trimethylation of lysine 9 of histone H3 is a mark of 

transcriptional repression[12]. 

 

DNA methylation is a result of the addition of a methyl group to cytosine present in a CpG unit by the 

action of either so-called de novo or maintenance DNA methyltransferases (DNMT) which establish 

methylation patterns during early development or cellular division, respectively [14]. As with histone 

post-translational modifications, DNA methylation can influence the recruitment or occlusion of other 

regulatory proteins or methyl-CpG binding proteins. These changes typically result in transcriptional 

repression.  

 

The position of nucleosomes on a gene sequence also influences gene expression and nucleosome-free 

regions are often present at the putative promoter region where they are believed to provide a 

platform for assembly of the basal transcriptional machinery [9]. ATP dependent remodelling of 

nucleosome organisation can also regulate access to regulatory regions which may be wound around 

the histone octamer, thereby permitting (or preventing) regulation of gene expression. See [15] for a 

recent review of nucleosome remodelling). 

 

CYP7A1 

 

CYP7A1 encodes the cholesterol 7α-hydroxylase enzyme which is the initial and rate limiting step in 

the classical pathway for bile acid formation [2]. It is highly expressed in the hepatocytes of the liver 

but virtually absent form all other tissues [5]. The regulation of CYP7A1 expression has been 

extensively studied and sophisticated regulatory pathways have been characterised. In short, 

cholesterol stimulates while bile acids, the terminal products of the bile acid biosynthetic pathway, 

inhibit the expression of CYP7A1. The precise details of these regulatory loops are species-dependent, 

e.g. activation of CYP7A1 by the liver X receptor (LXR) occurs in the mouse but not in man (the reader 

is directed to [7] for a recent review of this area). Many other transcription factors and intracellular 



8 

 

signalling pathways have been implicated in the regulation of CYP7A1, at least in some species [7]. 

The regulatory mechanisms involved in the control of CYP7A1 defined a paradigm for the 

investigation of the transcriptional regulation of other GROS.  

 

Feedback repression of CYP7A1 expression by bile acids occurs in an indirect mechanism, whereby 

the farnesoid X receptor (FXR), a nuclear hormone receptor which is activated by bile acids and which 

forms a heterodimer with the retinoid X receptor (RXR), binds to the promoter of the small 

heterodimer protein (SHP). Binding of the FXR:RXR  heterodimer increases transcription of the SHP 

gene, which then interacts with the liver receptor homologue-1 (LRH1) at the CYP7A1 promoter, 

leading to transcriptional repression of the gene. Studies initiated in 2004 by Kemper et al ([16]and 

elegantly summarised by Smith in [17]) have characterised the mechanisms by which FXR and SHP 

lead to activation and repression, respectively, and have identified a crucial role for post-translational 

modifications of histone proteins and dynamic chromatin remodelling in these processes. In 

particular, SHP has emerged as a central coordinator of chromatin modifying factors and has been 

shown to interact with dozens of different nuclear receptors, transcription factors and co-regulators 

(See [18] for a review of these interactions). 

 

In brief, ligand binding to FXR triggers the recruitment of the histone acetylase p300 (EP300, more 

commonly known as p300) and results an increase in histone acetylation at lysine 9 and 14 of histone 

H3 [19] as well as direct acetylation of FXR.  The modifications promote the recruitment of further 

effector proteins, including ATP dependent chromatin remodelling complex containing the Brahma-

Related Gene 1 (Brg-1) and Brg-1 Associated Factors (BAF) which results in chromatin remodelling of 

the SHP promoter. In addition, the Activating Signal Cointegrator-2 containing coactivator Complex 

(ASCOM) is recruited and catalyses the trimethylation of lysine 4 of histone H3 [20]. The combined 

effect of these factors is to significantly activate the SHP gene. Subsequently the SHP protein interacts 

with LRH-1 at the CYP7A1 promoter where it recruits repressor proteins leading to sequential 

epigenetic changes at the CYP7A1 promoter. Recruitment of the murine homolog of yeast 
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ranscriptional regulator, SIN3A (mSin3a) and histone deacetlyases (HDAC) -1 and -2 led to the 

deacetylation of lysines 9 and 14 of histone H3 while histone-lysine N-methyltransferase (EHMT2, 

more commonly known as G9a protein) trimethylates lysine 9 of histone H3. Subsequently a Brm 

containing complex remodels the chromatin in an ATP-dependent manner. The combined effect of 

these modifications is to suppress the expression of CYP7A1 (See Figure 1).  

 

In addition Knutson et al presented evident that HDAC3 may have a role in the regulation of CYP7A1 - 

liver specific knockout of HDAC3 in mice resulted in an increase in CYP7A1 mRNA with a 

concimmitant increase in histone tail acetlyation at the promoter of CYP7A1 [21]. SHP has been 

reported to interact with HDAC3[22] again underscoring the central role of this small protein in 

orchestrating formation of bile acids. Li et al [23] have also presented evidence that glucose can 

modify the chromatin structre at the CYP7A1 promoter facilitating expression of the mRNA.  

 

Using the low density lipoprotein-receptor (Ldlr) deficient mouse Mitro et al investigated the effects 

of HDAC inhibition under in vivo conditions [24]. They reported that plasma cholesterol (including 

low density lipoprotein cholesterol) was decreased, while at the same time liver cholesterol, bile acids 

and fecal bile-acid excretion were all increased treatment with either of two different HDAC. At the 

transcriptional levels the mRNA level of Cyp7a1 increased by approximately ten-fold. Detailed 

mechanistic studies revealed that HDAC inhibition prevented normal bile acid medicated suppression 

of Cyp7a1 and that Hdac7 is critical for this process, via control of the assembly of a repressive 

complex. A more thorough discussion of CYP7A1 can be found in the review by Dr. de Fabiani in this 

issue.  

 

CYP27A1 

 

CYP27A1 encodes the enzyme sterol 27-hydroxylase which is the initial step in the alternate (or 

acidic) pathway for bile acid formation [2]. It is widely expressed enzyme and is found in many 
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different cells and tissues. However, hepatocytes, endothelial cells and monocyte-macrophage cells 

express particularly high levels of CYP27A1 [5, 25, 26]. CYP27A1 is capable of catalysing multiple 

hydroxylations of its substrates, leading to the production of both 27-hydroxycholesterol and its 

terminal oxidation product 3β-hydroxyl cholestenoic acid [27]. 

 

As far as I have been able to determine, there are only three publications reporting investigations of 

CYP27A1. In a 2005 study designed to investigate the influence of the DNMT inhibitor 5-azacytidine 

(5-Aza), Escher et al reported that treatment with 5-Aza had not effect on the levels of CYP27A1 in 

RAW macrophages [28]. Subsequently Chittur et al investigated the effects of a HDAC inhibitor on 

cholesterol homeostasis in HepG2 cells and reported that treatment with the inhibitor led to a 

reduction in CYP27A1 mRNA to 10-15% of the control levels [29]. This effect was time dependent – 

mRNA levels were reduced during the first 24 hours of treatment but the suppression was lost by 48 

hours. In contrast, Shafaati et al reported that in SH-SY5Y neuroblastoma cells, the levels of CYP27A1 

mRNA increase by a factor of five following treatment with the same HDAC inhibitor [30]. A possible 

reason for this discrepancy is that HepG2 cells are known to express a relatively large amount of 

CYP27A1 mRNA in comparison to SH-SY5Y cells and the basal chromatin architecture may and 

accessory proteins, including HDACs, are likely to be different and respond differently to the broad 

acting HDAC inhibitor used in these studies. Further studies will be essential to map the specific 

changes in response to HDAC inhibition and explore the potential for other epigenetic mechanism to 

regulate CYP27A1. 

 

CYP46A1 

 

CYP46A1 encodes cholesterol 24-hydroxylase an enzyme which is highly expressed in the neurons of 

the central nervous system but which is virtually absent from other tissues [6]. CYP46A1 does not 

appear to be regulated in a similar manner to the other GROS and initial characterisation of the 
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CYP46A1 promoter revealed insensitivity to pathways known to regulate other GROS such as CYP7A1 

and CYP27A1[31]. 

  

As far as we have been able to determine, the earliest report on the regulation of Cyp46a1 by HDAC 

inhibition is by Ballas et al in a study on the plasticity of neuronal gene chromatin during 

neurogenesis [32]. In this study they reported that HDAC inhibitor treatment led to an increase in the 

expression of Cyp46a1 mRNA by approximately ten-fold in primary cultures of mouse cortical 

neurons. Later contemporaneous studies by Shafaati et al and Nunes et al reported that HDAC 

inhibition led to a profound upregulation of the mRNA expression of CYP46A1 (over 50-fold) in 

several different cell systems [30, 33]. In addition Shafaati et al also reported that treatment of mice 

with HDAC inhibitors modestly increased the expression of Cyp46a1 in murine liver [30].  

 

The group of Rodrigues et al have significantly advanced our understanding of the mechanisms 

underpinning the regulation of CYP46A1 and identified that specificity proteins (SP) are necessary for 

the TSA effect to occur – a decrease in SP3 binding at specific elements favours the loss of HDAC1 and 

HDAC2 from the CYP46A1 promoter and the subsequent recruitment of p300 and CREB-binding 

protein (CBP) [34]. The same group also reported that treatment with DMNT inhibitors led to the 

increase in mRNA expression of CYP46A1 and potentiated the effect of HDAC inhibition [34]. 

However, despite the presence of predicted CpG islands, there were no methylated bases in the 

proximal promoter of CYP46A1 and application of DMNT inhibitors led to effects in cells where no 

promoted methylation was observed. Again the increase was attributed to the alteration in the 

promoter occupancy of Sp1, Sp3 and Sp4, with a loss of Sp3 correlated with a loss of Sin3A and HDAC, 

thus facilitating remodelling of chromatin (Figure 2).  

 

Very recently Nunes et al presented further evidence of a central role for SP proteins in the regulation 

of CYP46A1 [35]. Treatment of SH-SY5Y cells with inhibitors of mitogen activated kinase-kinase 

(MEK) or extracellular signal-regulated kinase-1 (ERK) potentiated the stimulatory effect of the HDAC 
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inhibitor trichostatin A (TSA). This is in line with data on Cyp46a1 mRNA levels presented by Lu et al, 

in a rat astrocyte model, indicating increased mRNA levels following MEK inhibition, although there is 

high variability in these results [36]. In contrast treatment with the protein phosphatase inhibitor 

okadaic acid reduced the potency of the TSA effect. The authors provide evidence that phosphorylated 

ERK (pERK) is present at the promoter of CYP46A1 where it interacts with Sp3, at least during certain 

time points, and suggest that pERK phoshorylates Sp3 and triggers the recruitment of corepressor 

proteins.  

 

It is notable that an oligomeric protein complex containing the oxysterol binding protein (OSBP) has 

been shown to act as a cholesterol sensitive protein phosphatase and is involved in regulating the 

amount of pERK in the cell [37]. This phosphatase activity was inhibited by decreased cholesterol or 

treatment with 25-hydroxycholesterol. This raises the intriguing possibility that increased 24S-

hydroxycholesterol may inhibit the dephosphorylation of pERK, leading to downregulation of 

CYP46A1, while cholesterol facilitates the opposite, effectively promoting CYP46A1 expression and 

oxidative pathway for cholesterol removal.  

 

While the involvement of the MEK-ERK signalling pathway in the regulation of CYP46A1 is intriguing, 

it prompts the question as to the identity of the signal which triggers this pathway. The study cited 

above of the effects of fibroblast growth factor-1 (FGF-1) on cholesterol homeostasis in rat astrocytes 

did not find evidence of any significant effects on Cyp46a1 expression. However, it should be noted 

that astrocytes express at best trace amounts of Cyp46a1 mRNA and it would be highly interesting to 

investigate the analogous situation in neuronal cell systems or the differentiated Ntera2 cell system 

reported by Milagre et al [38]. 

 

Computational analysis of the CYP46A1 gene revealed two candidate response elements for the RE-1 

Silencing Transcription Factor (REST) a protein involved in restricting the expression of neuron 

specific genes to neurons [39] – one in intron 1 which is conserved in different species and a second in 
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intron 12 only present in primates (Figure 3). Two candidate sites for the CCCTC-binding factor 

(CTCF) were also identified, one in the proximal promoter region and the second in intron 1. CTCF can 

act as a boundary marker between active and repressive chromatin domains [40]. The marked 

differences in the expression of the CYP46A1 and neighbouring genes in the context of the location of 

the putative CTCF sites suggests that CTCF may function in this role for CYP46A1. In the context of 

REST, preliminary studies of SHSY5Y cells using a dominant negative REST construct results in a small 

induction in the mRNA levels of CYP46A1 (cf Figure 3; M Shafaati, S Meaney, unpublished). Although 

this effect is consistent with a role for the REST protein in the regulation of CYP46A1, the small size of 

this effect is likely to be aresult of the low level of basal expression of REST in this cell system used 

and warrants further exploration of these effects.  

 

CH25H 

 

CH25H encodes cholesterol 25-hydroxyase which is responsible for the formation of 25-

hydroxycholesterol. Data in the literature concerning the regulation of this gene are extremely limited. 

It has been reported that Ch25h expression is induced following treatment of murine bone marrow 

derived macrophages with lipopolysaccharide, in a Toll Like Receptor 4 dependent manner [41]. 

Recently, Park described a role for interferon-γ in the regulation of murine Ch25h expression in 

dendritic cells and macrophages, via the Signal Transducers and Activators of Transcription 1 

(STAT1) pathway [42]. As it has been described that HDAC activity is required for STAT1 dependent 

gene activation [43], it is likely that other epigenetic processes are involved in the regulation of Ch25h. 

Very recently the first clear evidence for such an involvement has been presented by Gold et al [44].  

Deletion of the Activating transcription factor 3 (Atf3) gene resulted in an increase in Ch25h promoter 

histone acetylation in bone marrow derived macrophages, leading to an increase in both the mRNA 

levels of CH25H as well as the enzymatic product, 25-hydroxycholesterol. 

 

CYP3A4 
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CYP3A4 encodes an enzyme responsible for the metabolism of a wide variety of xenobiotics and 

pharmaceuticals. It has been estimated that CYP3A4 can metabolise about half of commonly used 

drugs and it is highly expressed in the liver. With regards to oxysterol formation, CYP3A4 has been 

reported to catalyse the formation of both 25-hydroxycholesterol and 4β-hydroxycholesterol [45, 46].  

While it is well established that the nuclear hormone receptor pregnane X receptor (PXR) is a key 

regulator of CYP3A4 there is a paucity of data on the epigenetic regulation of CYP3A4. Studies by 

Sheen’s group in 2004 revealed that HDAC inhibitors influence CYP3A4 promoter activity in hepatoma 

cells and suggested that HDAC inhibitors facilitated PXR dependent regulation of CYP3A4 expression 

[47, 48]. Recent studies by Xie et al highlighted a role for Protein Arginine Methyltransferase 1 

(PRMT1), which methylates arginine 3 of histone H4, in the regulation of CYP3A4 [49]. Ligand binding 

to PXR resulted in a recruitment of PXR and PRMT1 to the upstream xenobiotic response enhancer 

module of CYP3A4, with concomitant induction of histone acetylation and methylation. Habano et al 

also presented data in support of a role of direct DNA metyylation in cellular models of the intestine – 

treatment with 5-aza-2'-deoxycytidine resulted in induction of CYP3A4 expression in some but not all 

of these cellular models [50]. 

 

CYP7B1 

 

CYP7B1 encodes the oxysterol 7α-hydroxylase enzyme that catalyses the introduction of a 7α-

hydroxyl group into 27-hydroxycholesterol and 25-hydroxycholesterol [14].  In similarity with 

CYP27A1 it is also widely expressed in different cells and tissues. CYP7B1 is also expressed in a 

sexually dimorphic manner with expression greater in males than in females [15]. 

 

In an elegant study, Leuenberger et al explored the mechanistic basis for the sexually dimorphic 

expression and provided evidence that methylation was critical for this to occur [51]. Post 
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translational sumoylation of the peroxisome proliferator-activated receptor-α (Pparα) increases 

interaction with GA-binding protein (Gabp) and leads to recruitment of HDAC and DNMT, ultimately 

leading to methylation of CpG residues within a key SP1 site and the trimethylation of lysine 9 of 

histone H3. These post translational modifications abrogate the binding of SP1 to the Cyp7b1 proximal 

promoter which releases the mechanisms driving Cyp7b1 expression. 

 

Olsson et al showed that the promoter of human CYP7B1 is methylated and that this methylation is of 

critical importance for the down regulation of CYP7B1 in the human prostate [52]. They also showed 

that DNMT inhibitors could influence expression of CYP7B1 in prostate cell lines. Shafaati et al 

reported that in the SH-SY5Y cell system, CYP7B1 expression was suppressed by HDAC treatment 

[13]. Subsequently, the study of Leuenberger et al reported that HDAC inhibitor treatment led to an 

increase in CYP7B1 expression in HepG2 hepatoma cells and that silencing of HDAC1 and HDAC3 

activated CYP7B1 in this cell system [51]. Thus while the available evidence is relatively limited, the 

consistent pattern of results in both the human prostate and mouse liver indicates that both 

methylation of DNA and/or proteins and histone acetylation are likely to be of importance for the 

regulation of the expression of CYP7B1.   

 

CYP39A1 

 

CYP39A1 encodes an oxysterol 7α-hydroxylase enzyme that appears to have a preference for 24S-

hydroxycholesterol as a substrate [53]. It was originally cloned form the liver, although low levels 

have been detected in the eye [54, 55] and brain[56]. A notable feature is the sexually dimorphic, with 

females expressing a higher level of both the mRNA and the protein [53].    

 

To date there have been very few direct studies of this gene and the data on transcriptional regulation 

is very limited. Carbamazepine appears to induce Cyp39a1 and it is likely that a PXR dependent 
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mechanism is involved [57]. Evidence has also been presented that Hnf-1α and Runt-related 

transcription factor 2 (Runx2) (which is known to be involved in maintenance of epigenetic 

bookmarking in the context of bone cell development) may have a role in the expression of this gene 

[58]. Shafaati et al have described that HDACi treatment led to an increase of Cyp39a1 in the brain 

with a decrease in hepatic expression [30]. In addition, preliminary data suggests that epigenetic 

mechanisms may have a role in the observed sexual dimorphism of Cyp39a1 (unpublished 

observations). 

 

Applications of epigenetic regulation of GROS for sterol biology   

 

Epigenetics has been widely applied in both cell biology and cancer, and there have been many 

advances in this area. In the case of cholesterol and lipid biochemistry there is much less known. 

However, the available evidence indicates that epigenetic mechanisms may have the potential to drive 

significant advances in our understanding of sterol related or dependent biological processes. For 

example, it has been reported that mutant huntingtin is able to modify the sterol content in the brains 

of patients with Huntington’s Disease (HD) as well as HD model systems, both in vivo and in vitro. 

Epigentic mechanisms can contribute to the explanation for these phenomenon –the huntingtin 

protein is known to sequester the REST protein in the cytoplasm, preventing it from entering the 

nucleus where it normally plays a role in suppressing many genes [59]. Preliminary evidence 

indicates that CYP46A1 is one such gene as transfection with dnREST increases the expression and 

there are candidate REST binding sites in CYP46A1. In the case of mutant HD, it has been described 

that it is increased in the cytoplasm, thus leading to a decreased capacity to sequester REST in the 

cytoplasm, allowing REST to enter the nucleus at higher than normal levels, enhancing its repressive 

effect and thus reducing the expression of CYP46A1 and its oxysterol product. This is consistent with 

the cell models that have been described [60]. 
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Formation of oxysterols from cholesterol represents an accepted mechanism for the removal of 

cholesterol from peripheral tissues which is active throughout the body but particularly so in 

macrophages and endothelial cells [25, 26]. Critically, while cholesterol can be exchanged between 

different lipoproteins, effectively ‘short circuiting’ lipoprotein dependent reverse cholesterol 

transport, the products of the oxidative pathway are on a short ‘one-way-trip’ out of the body. This 

pathway thus functions as a one-way reverse cholesterol transport pathway [25]. Epigenetic 

regulators of GROS may have potential as anti-atherosclerotic agents whereby these pathways are 

enhanced following transcriptional therapy with epigenetic regulators. Theoretically, reduction in 

CYP7B1 and induction of CYP27A1 would optimize this pathway, and evidence has been presented 

that HDACi may shift the expression of these genes in this manner, at least under in vitro conditions 

[30]. Epigenetic regulation of the oxidative pathway for cholesterol removal may thus represent a 

novel anti-atherosclerotic therapy. 

 

Concluding Remarks 

 

The exploration of the ways in which the cell, tissue and organ specific patterns of GROS are 

established and maintained is of profound interest to the oxysterol research community. The recent 

reports of the involvement in oxysterols in a myriad of biological processes, from neurodegeneration 

to the immune response, is likely to increase interest in this area. Studies on the epigenetic regulation 

of GROS is an emerging area which is ripe for exploration and the discovery of novel biology and it has 

the potential to answer questions about sterol biology which have remain. The next few years promise 

to be an exciting time in this emerging field.
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Table 

 

Table 1: Summary of literature on epigenetic regulation of GROS. 

Gene Evidence for epigenetic regulation CTCF RE-1 

CYP7A1 Li 2012; Li 2010; Kim 2009; Knutson 2008; Fang 2008; Gilardi 2007; Mitro 2007; Gobinet 2005; Kemper 2004; ����    X 

CYP7B1 Shafaati 2009; Leuenberger 2007; Olsson 2007; ���� ���� 

CYP27A1 Shafaati 2009; Chittur 2008; Escher 2005; ����    X 

CYP46A1 Milagre 2012; Milagre 2010; Nunes 2010; Shafaati 2009;Ballas 2005 ����    ���� 

CYP39A1 Shafaati 2009; Tepyluk 2008; ����    X 

CYP3A4 Kim 2004; Ahn 2004; Xie 2009; ����    X 

CH25H Gold 2012; Park 2012; ����    X 

Note that the columns for CTCF and RE-1 sites are based on bioinformatics analysis and data mining and have not been experimentally verified for 

these genes. 
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Figure Legends: 

 

Figure 1. Mechanism of epigenetic regulation of cholesterol 7α-hydroxylase (CYP7A1). Binding of bile 

acids to FXR at the SHP promoter results in activation recruitment of histone acetylases and 

acetylation of histone proteins and FXR. Subsequent recruitment of Brg-1 containing chromatin 

remodelling factors and ASCOM lead to significant activation of the SHP gene. SHP then interacts with 

the LH1 protein at the CYP7A1 promoter and triggers the recruitment of co-repressors that lead to a 

series of post-translational modifications and chromatin remodelling which ultimately suppress the 

expression of CYP7A1. For full details see text. 

 

Figure 2. Mechanism of epigenetic regulation of cholesterol 24-hydroxylase. CYP46A1 transcription is 

very responsive to treatment with the HDACi TSA. Decreased SP3 presence at the promoter favours 

the loss of HDAC1 and HDAC2 (presumably in a complex with mSin3a) from the CYP46A1 promoter 

and the subsequent recruitment of p300 and CBP). DAC treatment also leads to the loss of SP3, despite 

no observable effects on DNA methylation, in contrast to the situation with CYP7B1. pERK has also 

been shown to interact with SP3 at the promoter, leading to suppression of CYP46A1 expression and 

interfering with the stimulatory effect of TSA. For full details see text. 

 

Figure 3. Potential mechanisms for restricted expression of CYP46A1. A) Location of the potential 

CTCF and RE-1 sites flanking exon 1 of CYP46A1. In this genomic region, expression of CYP46A1 is 

approximately 50-fold greater than its neighbouring genes, which is consistent with the presence of 

insulator elements. B) Multi-species alignment of the putative intron-1 RE-1 site. Note the binding site 

is in the reverse orientation and capital letters indicate complete identity across all species and the 

black box indicates the core region of the RE-1 element. C) Transfection of SH-SY5Y cells with a 

dominant negative REST construct (p73-REST) results in an increase in the mRNA levels of CYP46A1 

(normalized to HPRT). Although this effect is consistent with a role for the REST protein in the 
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regulation of CYP46A1, the small size of this effect may be a result of the low level of expression of 

REST in this cell system. 



22 

 

References 

 

[1] L. Iuliano, Pathways of cholesterol oxidation via non-enzymatic mechanisms, Chem Phys Lipids 164 

(2011) 457-468. 

[2] M. Norlin, K. Wikvall, Enzymes in the conversion of cholesterol into bile acids, Curr Mol Med 7 

(2007) 199-218. 

[3] D.W. Russell, Oxysterol biosynthetic enzymes, Biochim Biophys Acta 1529 (2000) 126-135. 

[4] W.J. Griffiths, Y. Wang, Analysis of oxysterol metabolomes, Biochim Biophys Acta 1811 (2011) 

784-799. 

[5] C. Xie, E.G. Lund, S.D. Turley, D.W. Russell, J.M. Dietschy, Quantitation of two pathways for 

cholesterol excretion from the brain in normal mice and mice with neurodegeneration, J Lipid Res 44 (2003) 

1780-1789. 

[6] D.W. Russell, R.W. Halford, D.M. Ramirez, R. Shah, T. Kotti, Cholesterol 24-hydroxylase: an 

enzyme of cholesterol turnover in the brain, Annu Rev Biochem 78 (2009) 1017-1040. 

[7] J.Y. Chiang, Bile acids: regulation of synthesis, J Lipid Res 50 (2009) 1955-1966. 

[8] A.C. Calkin, P. Tontonoz, Transcriptional integration of metabolism by the nuclear sterol-activated 

receptors LXR and FXR, Nat Rev Mol Cell Biol 13 (2012) 213-224. 

[9] B.M. Turner, The adjustable nucleosome: an epigenetic signaling module, Trends Genet (2012). 

[10] I. Tirosh, N. Barkai, Two strategies for gene regulation by promoter nucleosomes, Genome Res 18 

(2008) 1084-1091. 

[11] S.L. Berger, T. Kouzarides, R. Shiekhattar, A. Shilatifard, An operational definition of epigenetics, 

Genes Dev 23 (2009) 781-783. 

[12] S. Sharma, T.K. Kelly, P.A. Jones, Epigenetics in cancer, Carcinogenesis 31 (2010) 27-36. 

[13] T. Kouzarides, Chromatin modifications and their function, Cell 128 (2007) 693-705. 

[14] P.A. Jones, Functions of DNA methylation: islands, start sites, gene bodies and beyond, Nat Rev 

Genet 13 (2012) 484-492. 



23 

 

[15] A. Flaus, T. Owen-Hughes, Mechanisms for ATP-dependent chromatin remodelling: the means to 

the end, FEBS J 278 (2012) 3579-3595. 

[16] J.K. Kemper, H. Kim, J. Miao, S. Bhalla, Y. Bae, Role of an mSin3A-Swi/Snf chromatin remodeling 

complex in the feedback repression of bile acid biosynthesis by SHP, Mol Cell Biol 24 (2004) 7707-7719. 

[17] Z. Smith, D. Ryerson, J.K. Kemper, Epigenomic regulation of bile acid metabolism: Emerging role 

of transcriptional cofactors, Mol Cell Endocrinol (2012). 

[18] Y. Zhang, C.H. Hagedorn, L. Wang, Role of nuclear receptor SHP in metabolism and cancer, 

Biochim Biophys Acta 1812 (2012) 893-908. 

[19] S. Fang, S. Tsang, R. Jones, B. Ponugoti, H. Yoon, S.Y. Wu, C.M. Chiang, T.M. Willson, J.K. 

Kemper, The p300 acetylase is critical for ligand-activated farnesoid X receptor (FXR) induction of SHP, J 

Biol Chem 283 (2008) 35086-35095. 

[20] D.H. Kim, J. Lee, B. Lee, J.W. Lee, ASCOM controls farnesoid X receptor transactivation through 

its associated histone H3 lysine 4 methyltransferase activity, Mol Endocrinol 23 (2009) 1556-1562. 

[21] S.K. Knutson, B.J. Chyla, J.M. Amann, S. Bhaskara, S.S. Huppert, S.W. Hiebert, Liver-specific 

deletion of histone deacetylase 3 disrupts metabolic transcriptional networks, EMBO J 27 (2008) 1017-

1028. 

[22] J. Gobinet, S. Carascossa, V. Cavailles, F. Vignon, J.C. Nicolas, S. Jalaguier, SHP represses 

transcriptional activity via recruitment of histone deacetylases, Biochemistry 44 (2005) 6312-6320. 

[23] T. Li, J.M. Francl, S. Boehme, A. Ochoa, Y. Zhang, C.D. Klaassen, S.K. Erickson, J.Y. Chiang, 

Glucose and insulin induction of bile acid synthesis: mechanisms and implication in diabetes and obesity, J 

Biol Chem 287 (2012) 1861-1873. 

[24] N. Mitro, C. Godio, E. De Fabiani, E. Scotti, A. Galmozzi, F. Gilardi, D. Caruso, A.B. Vigil Chacon, 

M. Crestani, Insights in the regulation of cholesterol 7α-hydroxylase gene reveal a target for modulating bile 

acid synthesis, Hepatology 46 (2007) 885-897. 

[25] A. Babiker, O. Andersson, E. Lund, R.J. Xiu, S. Deeb, A. Reshef, E. Leitersdorf, U. Diczfalusy, I. 

Bjorkhem, Elimination of cholesterol in macrophages and endothelial cells by the sterol 27-hydroxylase 



24 

 

mechanism. Comparison with high density lipoprotein-mediated reverse cholesterol transport, J Biol Chem 

272 (1997) 26253-26261. 

[26] A.B. Reiss, K.O. Martin, N.B. Javitt, D.W. Martin, E.A. Grossi, A.C. Galloway, Sterol 27-

hydroxylase: high levels of activity in vascular endothelium, J Lipid Res 35 (1994) 1026-1030. 

[27] I.A. Pikuleva, A. Babiker, M.R. Waterman, I. Bjorkhem, Activities of recombinant human 

cytochrome P450c27 (CYP27) which produce intermediates of alternative bile acid biosynthetic pathways, J 

Biol Chem 273 (1998) 18153-18160. 

[28] G. Escher, A. Hoang, S. Georges, U. Tchoua, A. El-Osta, Z. Krozowski, D. Sviridov, Demethylation 

using the epigenetic modifier, 5-azacytidine, increases the efficiency of transient transfection of 

macrophages, J Lipid Res 46 (2005) 356-365. 

[29] S.V. Chittur, N. Sangster-Guity, P.J. McCormick, Histone deacetylase inhibitors: a new mode for 

inhibition of cholesterol metabolism, BMC Genomics 9 (2008) 507. 

[30] M. Shafaati, R. O'Driscoll, I. Bjorkhem, S. Meaney, Transcriptional regulation of cholesterol 24-

hydroxylase by histone deacetylase inhibitors, Biochem Biophys Res Commun 378 (2009) 689-694. 

[31] Y. Ohyama, S. Meaney, M. Heverin, L. Ekstrom, A. Brafman, M. Shafir, U. Andersson, M. Olin, G. 

Eggertsen, U. Diczfalusy, E. Feinstein, I. Bjorkhem, Studies on the transcriptional regulation of cholesterol 

24-hydroxylase (CYP46A1): marked insensitivity toward different regulatory axes, J Biol Chem 281 (2006) 

3810-3820. 

[32] N. Ballas, C. Grunseich, D.D. Lu, J.C. Speh, G. Mandel, REST and its corepressors mediate 

plasticity of neuronal gene chromatin throughout neurogenesis, Cell 121 (2005) 645-657. 

[33] I. Milagre, M.J. Nunes, M. Moutinho, I. Rivera, A. Fuso, S. Scarpa, M.J. Gama, E. Rodrigues, 

Chromatin-modifying agents increase transcription of CYP46A1, a key player in brain cholesterol 

elimination, J Alzheimers Dis 22 (2010) 1209-1221. 

[34] M.J. Nunes, I. Milagre, M. Schnekenburger, M.J. Gama, M. Diederich, E. Rodrigues, Sp proteins 

play a critical role in histone deacetylase inhibitor-mediated derepression of CYP46A1 gene transcription, J 

Neurochem 113 (2010) 418-431. 



25 

 

[35] M.J. Nunes, M. Moutinho, I. Milagre, M.J. Gama, E. Rodrigues, Okadaic acid inhibits the 

trichostatin A-mediated increase of human CYP46A1 neuronal expression in a ERK1/2-Sp3-dependent 

pathway, J Lipid Res in press (2010). 

[36] R. Lu, J. Ito, N. Iwamoto, T. Nishimaki-Mogami, S. Yokoyama, FGF-1 induces expression of 

LXRalpha and production of 25-hydroxycholesterol to upregulate the apoE gene in rat astrocytes, J Lipid 

Res 50 (2009) 1156-1164. 

[37] P.Y. Wang, J. Weng, R.G. Anderson, OSBP is a cholesterol-regulated scaffolding protein in control 

of ERK 1/2 activation, Science 307 (2005) 1472-1476. 

[38] I. Milagre, M. Olin, M.J. Nunes, M. Moutinho, A. Lovgren-Sandblom, M.J. Gama, I. Bjorkhem, E. 

Rodrigues, Marked change in the balance between CYP27A1 and CYP46A1 mediated elimination of 

cholesterol during differentiation of human neuronal cells, Neurochem Int 60 (2012) 192-198. 

[39] N. Ballas, G. Mandel, The many faces of REST oversee epigenetic programming of neuronal genes, 

Curr Opin Neurobiol 15 (2005) 500-506. 

[40] J.E. Phillips, V.G. Corces, CTCF: master weaver of the genome, Cell 137 (2009) 1194-1211. 

[41] U. Diczfalusy, K.E. Olofsson, A.M. Carlsson, M. Gong, D.T. Golenbock, O. Rooyackers, U. Flaring, 

H. Bjorkbacka, Marked upregulation of cholesterol 25-hydroxylase expression by lipopolysaccharide, J 

Lipid Res 50 (2009) 2258-2264. 

[42] K. Park, A.L. Scott, Cholesterol 25-hydroxylase production by dendritic cells and macrophages is 

regulated by type I interferons, J Leukoc Biol 88 (2010) 1081-1087. 

[43] L. Klampfer, J. Huang, L.A. Swaby, L. Augenlicht, Requirement of histone deacetylase activity for 

signaling by STAT1, J Biol Chem 279 (2004) 30358-30368. 

[44] E.S. Gold, S.A. Ramsey, M.J. Sartain, J. Selinummi, I. Podolsky, D.J. Rodriguez, R.L. Moritz, A. 

Aderem, ATF3 protects against atherosclerosis by suppressing 25-hydroxycholesterol-induced lipid body 

formation, J Exp Med 209 (2012) 807-817. 

[45] K. Bodin, L. Bretillon, Y. Aden, L. Bertilsson, U. Broome, C. Einarsson, U. Diczfalusy, 

Antiepileptic drugs increase plasma levels of 4β-hydroxycholesterol in humans: evidence for involvement of 

cytochrome p450 3A4, J Biol Chem 276 (2001) 38685-38689. 



26 

 

[46] A. Honda, T. Miyazaki, T. Ikegami, J. Iwamoto, T. Maeda, T. Hirayama, Y. Saito, T. Teramoto, Y. 

Matsuzaki, Cholesterol 25-hydroxylation activity of CYP3A, J Lipid Res 52 (2011) 1509-1516. 

[47] M.R. Ahn, D.K. Kim, Y.Y. Sheen, Trichostatin A, a histone deacetylase inhibitor stimulate CYP3A4 

proximal promoter activity in Hepa-I cells, Arch Pharm Res 27 (2004) 415-421. 

[48] J.Y. Kim, M.R. Ahn, D.K. Kim, Y.Y. Sheen, Histone deacetylase inhibitor stimulate CYP3A4 

proximal promoter activity in HepG2 cells, Arch Pharm Res 27 (2004) 407-414. 

[49] Y. Xie, S. Ke, N. Ouyang, J. He, W. Xie, M.T. Bedford, Y. Tian, Epigenetic regulation of 

transcriptional activity of pregnane X receptor by protein arginine methyltransferase 1, J Biol Chem 284 

(2009) 9199-9205. 

[50] W. Habano, T. Gamo, J. Terashima, T. Sugai, K. Otsuka, G. Wakabayashi, S. Ozawa, Involvement 

of promoter methylation in the regulation of Pregnane X receptor in colon cancer cells, BMC Cancer 11 

(2011) 81. 

[51] N. Leuenberger, S. Pradervand, W. Wahli, Sumoylated PPARα mediates sex-specific gene 

repression and protects the liver from estrogen-induced toxicity in mice, J Clin Invest 119 (2009) 3138-

3148. 

[52] M. Olsson, O. Gustafsson, C. Skogastierna, A. Tolf, B.D. Rietz, R. Morfin, A. Rane, L. Ekstrom, 

Regulation and expression of human CYP7B1 in prostate: overexpression of CYP7B1 during progression of 

prostatic adenocarcinoma, Prostate 67 (2007) 1439-1446. 

[53] J. Li-Hawkins, E.G. Lund, A.D. Bronson, D.W. Russell, Expression cloning of an oxysterol 7α-

hydroxylase selective for 24-hydroxycholesterol, J Biol Chem 275 (2000) 16543-16549. 

[54] H. Ikeda, M. Ueda, M. Ikeda, H. Kobayashi, Y. Honda, Oxysterol 7α-hydroxylase (CYP39A1) in the 

ciliary nonpigmented epithelium of bovine eye, Lab Invest 83 (2003) 349-355. 

[55] W. Zheng, R.E. Reem, S. Omarova, S. Huang, P.L. DiPatre, C.D. Charvet, C.A. Curcio, I.A. 

Pikuleva, Spatial distribution of the pathways of cholesterol homeostasis in human retina, PLoS One 7 

(2010) e37926. 

[56] S. Steckelbroeck, M. Watzka, D. Lutjohann, P. Makiola, A. Nassen, V.H. Hans, H. Clusmann, A. 

Reissinger, M. Ludwig, L. Siekmann, D. Klingmuller, Characterization of the dehydroepiandrosterone 



27 

 

(DHEA) metabolism via oxysterol 7α-hydroxylase and 17-ketosteroid reductase activity in the human brain, 

J Neurochem 83 (2002) 713-726. 

[57] M. Oscarson, U.M. Zanger, O.F. Rifki, K. Klein, M. Eichelbaum, U.A. Meyer, Transcriptional 

profiling of genes induced in the livers of patients treated with carbamazepine, Clin Pharmacol Ther 80 

(2006) 440-456. 

[58] N.M. Teplyuk, Y. Zhang, Y. Lou, J.R. Hawse, M.Q. Hassan, V.I. Teplyuk, J. Pratap, M. Galindo, 

J.L. Stein, G.S. Stein, J.B. Lian, A.J. van Wijnen, The osteogenic transcription factor runx2 controls genes 

involved in sterol/steroid metabolism, including CYP11A1 in osteoblasts, Mol Endocrinol 23 (2009) 849-

861. 

[59] C. Zuccato, M. Tartari, A. Crotti, D. Goffredo, M. Valenza, L. Conti, T. Cataudella, B.R. Leavitt, 

M.R. Hayden, T. Timmusk, D. Rigamonti, E. Cattaneo, Huntingtin interacts with REST/NRSF to modulate 

the transcription of NRSE-controlled neuronal genes, Nat Genet 35 (2003) 76-83. 

[60] M. Valenza, V. Leoni, J.M. Karasinska, L. Petricca, J. Fan, J. Carroll, M.A. Pouladi, E. Fossale, H.P. 

Nguyen, O. Riess, M. MacDonald, C. Wellington, S. DiDonato, M. Hayden, E. Cattaneo, Cholesterol defect 

is marked across multiple rodent models of Huntington's disease and is manifest in astrocytes, J Neurosci 30 

(2010) 10844-10850. 

 

  



 

 

 

 

28 

 

 



29 

 

 


	Epigenetic Regulation of Oxysterol Formation
	Recommended Citation

	Microsoft Word - 344814-text.native.1370438596.docx

