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ABSTRACT 

Obesity results from a net energy influx due to energy intake exceeding expenditure. 

Brown fat thermogenesis, an integral part of overall energy expenditure, represents a promising 

target for the treatment of obesity. Obesity is a risk factor for the development of a panel of 

metabolic diseases including nonalcoholic fatty liver disease (NAFLD). Epigenetic mechanisms 

including DNA methylation have emerged as a key regulator of energy metabolism and metabolic 

pathways. DNA methylation status is maintained through dynamic biochemical pathways 

involving DNA methylation and demethylation. DNA methylation is handled by the enzymes 

DNA methyltransferases (DNMTs) that catalyze the addition of methyl groups to deoxycytidines, 

while DNA demethylation is processed by the enzymes, ten-eleven translocation dioxygenases 

(TETs) that catalyze the hydroxylation of 5-methylcytosine and convert them into unmodified 

cytosines. Here we first aimed to investigate the role of DNMT3b in brown fat thermogenesis and 

energy metabolism. The deletion of DNMT3b in brown fat-skeletal lineage precursor cells protects 

against diet-induced obesity. Interestingly, we found that myocyte enhancer factor 2c (MEF2c) is 

a mediator for the myogenic remodeling in Dnmt3b-deficient brown fat by decreased methylation 

at its promoter, resulting in impaired thermogenic function. Our data demonstrate DNMT3b as a 

key regulator for brown fat thermogenesis and obesity development. We next determined the role 

of DNA methylation in the regulation of hepatic lipid metabolism during the development of 

NAFLD. Inhibiting DNA methylation via specific deletion of DNMT1 or 3a in liver ameliorated 

high fat diet (HFD)-induced hepatic steatosis while increasing DNA methylation by liver-specific 

deletion of TET2 did the opposite. By a modified CRISPR/RNA-guided approach, we found that 

down-regulation of DNMTs by HFD may result in hypermethylation of the beta-klotho (Klb) 

promoter and subsequent down-regulation of Klb expression, thereby impairing the fibroblast 



growth factor 21 (FGF21) pathway; this in turn contributes to the development of fatty liver in 

obesity. Thus, this dissertation demonstrates that epigenetic regulation of brown fat thermogenesis 

and hepatic lipid metabolism by DNA methylation play a key role in the regulation of metabolic 

pathways and that deregulated epigenetic pathways by HFD may contribute to the development of 

obesity and its related metabolic disorders. 
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1 INTRODUCTION  

 1.1 Introduction to obesity  

Obesity is defined as a disease in which excess body fat is accumulated in adipose tissue 

that causes adverse effects on health (Panuganti et al., 2022). Humans with body mass index (BMI) 

over 30 is considered as clinically obese while having BMI over 25 as overweight (Smith & Smith, 

2016). Obesity has become a health concern in both developing countries and developed countries 

since it poses as a severe risk for the development of a number of metabolic disorders such as 

cardiovascular diseases, insulin resistance/type 2 diabetes, hypertension, NAFLD, profoundly 

increasing morbidity and mortality (Engin, 2017a; Haslam & James, 2005; Hruby et al., 2016; 

Maggio & Pi-Sunyer, 2003; Ortega et al., 2016; Polyzos et al., 2019; Vecchie et al., 2018). In 

recent years, the obesity prevalence has reached fast paces and nearly doubled in developing 

countries and tripled in developed countries since 1980 (Collaboration, 2016; Krzysztoszek et al., 

2019; Tzotzas & Krassas, 2004). Based on the epidemiological data from 2016, more than 1.9 -

billion adults are overweight, among which 650 million adults are obese (Francischetti et al., 2020; 

Hill, 2018). Obesity has increasingly become an epidemic disease. 

 

1.2 Energy metabolism and brown adipose tissue thermogenesis 

A chronic energy influx due to energy intake exceeding expenditure leads to obesity (Haslam 

& James, 2005). Energy expenditure consists of three major components: basic metabolic rate, 

physical activity, and adaptive thermogenesis, the last of which includes brown fat thermogenesis 

(Chouchani et al., 2019; Donahoo et al., 2004; Ravussin & Bogardus, 1992; Vinales et al., 2019). 

The ability of brown fat to produce heat relies on the presence of uncoupling protein 1 (UCP1), a 

mitochondrial inner membrane protein that is capable of uncoupling oxidative phosphorylation 



2 
 

from adenosine triphosphate (ATP) synthesis (Argyropoulos & Harper, 2002; Chouchani et al., 

2019). Mammalian adipose tissues can be divided into two kinds, brown adipose tissue (BAT) and 

white adipose tissue (WAT) (Saely et al., 2012). WAT and BAT are functionally different since 

WAT stores energy while BAT dissipates energy (Fenzl & Kiefer, 2014; Saely et al., 2012). They 

are also morphologically different as BAT contains many small lipid droplets while WAT contains 

a single large lipid droplet (Saely et al., 2012). The ability of BAT to dissipate energy relies on 

abundant mitochondria while WAT has few mitochondria (Fenzl & Kiefer, 2014; Ikeda & 

Yamada, 2020; Saely et al., 2012)�����8�Q�O�L�N�H���R�W�K�H�U���F�H�O�O�V�¶���P�L�W�R�F�K�R�Q�G�U�L�D�� BAT mitochondria are unique 

since they harbor UCP1 that is capable of performing thermogenesis (Fenzl & Kiefer, 2014). The 

presence of UCP1 that induces heat production turns BAT as a thermo-organ that can regulate 

body temperature and energy metabolism (Argyropoulos & Harper, 2002; Ikeda & Yamada, 2020; 

Nicholls, 2001; Okamatsu-Ogura et al., 2020). Emerging evidence supports that activation BAT 

thermogenesis is a viable therapeutic strategy for the prevention and treatment of obesity and its 

related disorders.  

Although both brown adipocytes and white adipocytes are derived from mesenchymal stem 

cells (MSC), they originate from distinct populations of the precursor cells and preadipocytes 

(Rosen & MacDougald, 2006). All adipocytes originate from MSCs that undergo various 

developmental stages to become mature adipocytes (Rosen & MacDougald, 2006). There are two 

phases during adipogenesis. The first phase is called determination, which includes the 

commitment of stem cells to preadipocytes (Tang & Lane, 2012). Once becoming preadipocytes, 

these cells lose the potential to be differentiated into other cell types (Tang & Lane, 2012). The 

second phase is called terminal differentiation (Tang & Lane, 2012). During this phase, 

preadipocytes will differentiate to mature adipocytes with some characteristics such as lipid 
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accumulation and glucose uptake, etc. (Rosen & MacDougald, 2006). There are some transcription 

factors, which are crucial for adipogenesis and/or required for maintenance of the differentiated 

status, such as peroxisome proliferator-activated receptor �J (PPAR�J), CCAAT-enhancer-binding 

proteins (C/EBPs), and PR domain containing 16 (PRDM16) (Darlington et al., 1998; Harms et 

al., 2014; Rosen et al., 1999) . For example, both C/EBP �D and PPAR�� are transcriptional factors 

that drive the expression of genes involved in insulin sensitivity and glucose transport during white 

adipocyte differentiation (Rosen et al., 2002; Rosen & MacDougald, 2006; Tamori et al., 2002; 

Wu et al., 1999; Yeh et al., 1995). On the other hand, PRDM16, which is predominantly expressed 

in BAT, is a determinant of BAT development (Ishibashi & Seale, 2015). Lineage tracing studies 

have demonstrated that BAT and skeletal muscle share the developmental origin (Seale et al., 

2008). BAT originates from the mesodermal progenitor cells that can also commit to skeletal 

myocytes (Seale et al., 2008). PRDM16 plays a key role in the development of BAT through a 

coordinated control over activation of brown adipogenic program and inhibition of myogenic 

process (Harms et al., 2014; Ishibashi & Seale, 2015; Seale et al., 2008). Therefore, a better 

understanding of the pathways underlying BAT development would provide insights into the 

discovery of new mechanisms for the regulation of energy metabolism, which may serve as 

therapeutic targets to combat obesity.  

 

1.3. Non-alcoholic Fatty Liver Disease (NFALD)  

NAFLD is a predominant cause of chronic liver disease, which has reached a high prevalence 

inflicting 20-30% of US adults (Sorino et al., 2021). NAFLD is characterized by hepatic lipid 

accumulation (Bessone et al., 2019; Engin, 2017b). It starts with a simple hepatic steatosis and 

may later progress to more severe abnormities such as non-alcoholic steatohepatitis (NASH), 
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cirrhosis or even hepatocellular carcinoma (HCC) (Anstee et al., 2019; Huang et al., 2021). 

NAFLD can increase mortality due to its potential to develop cardiovascular diseases, HCC or 

other liver-related disorders (Engin, 2017b; Huang et al., 2021; Kasper et al., 2021). In the United 

States, NAFLD has become the second most cause of liver transplantation (Wong et al., 2015). 

And yet NAFLD has been a major challenge due to lack of therapies (Friedman et al., 2018; Mundi 

et al., 2020). The first line of its treatment is still lifestyle modifications due to the lack of approved 

pharmacological treatments currently (Friedman et al., 2018). Because of its complex 

pathophysiology, discovery of precise metabolic pathways may provide therapeutic targets for the 

treatment of fatty liver diseases. Therefore, we focus on the study of the molecular mechanisms 

responsible for the regulation of hepatic lipid metabolism, particularly fatty acid oxidation.   

 

1.4 Hepatic Lipid metabolism 

There are multiple factors that can cause NAFLD such as diets and genetics (Meroni et al., 

2020). Hepatic steatosis is caused by excess lipid accumulation due to lipid acquisition exceeding 

lipid disposal (Engin, 2017b). Excess hepatic lipid accumulation results from dysregulation of four 

major pathways: uptake of fatty acids, de novo lipogenesis, fatty acid oxidation and fatty acid 

export (Ipsen et al., 2018; Musso et al., 2009). a) Uptake of circulation lipids is handled by specific 

fatty acid transporters, such as fatty acid transport proteins (FATP) and cluster of differentiation 

36 (CD36) (Ipsen et al., 2018). These transporters are located on hepatocyte plasma membranes 

(Ipsen et al., 2018). The expressions of these transporters are mainly controlled by the transcription 

factor Ppar�� (Ipsen et al., 2018). Among the six FATP isoforms, FATP2 and FATP5 are most 

studied (Ipsen et al., 2018). Knockdown of FATP2 decreases uptake of fatty acids and promotes 

lipid accumulation in HFD-induced hepatic steatosis (Falcon et al., 2010). This is confirmed by 
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the genetic model with FATP2 knockout, which exhibit decreased uptake of lipid and lower 

triglyceride (TG) contents in liver (Doege et al., 2006; Doege et al., 2008). Moreover, increased 

mRNA and protein expression of CD36 are found in HFD-induced fatty liver in mice (Koonen et 

al., 2007; Wilson et al., 2016). Gain of function studies showed that overexpression of CD36 

results in fatty acid uptake and lipid accumulation due to its transport function of long-chain fatty 

acids (Koonen et al., 2007; Wilson et al., 2016). b) de novo lipogenesis, which can convert glucose 

into long-chain fatty acids, is another main source of fatty acids that contribute to lipid 

accumulation in liver (Ipsen et al., 2018). In NAFLD patients, one of the important characteristics 

is elevated de novo lipogenesis (Diraison et al., 2003; Donnelly et al., 2005; Lambert et al., 2014). 

This is consistent with the observation in obese patients with NAFLD, showing that about 26% of 

hepatic TG are derived from de novo lipogenesis (Donnelly et al., 2005). There are two key 

transcription factors involved in de novo lipogenesis: sterol regulatory element-binding protein 1c 

(SREBP1c) and carbohydrate regulatory element-binding protein (ChREBP) (Iizuka et al., 2004; 

Liang et al., 2002). Knockout of either of these two transcription factors leads to a down regulation 

of lipogenic genes expression (Iizuka et al., 2004; Liang et al., 2002). The main downstream targets 

of the transcriptional factors include lipogenic genes stearoyl-Coenzyme A desaturase 1 (SCD1), 

acetyl-CoA carboxylase 1 (ACC1), acetyl-CoA carboxylase 2 (ACC2), and fatty acid synthase 

(FASN) (Iizuka et al., 2004; Kohjima et al., 2007; Liang et al., 2002). c) Fatty acids can be exported 

from liver through water-soluble very low density lipoprotein (VLDL ) particles (Kawano & 

Cohen, 2013). The apolipoprotein ApoB-100 is required for VLDL assembly in liver (Donnelly et 

al., 2005; Kawano & Cohen, 2013; Tanoli et al., 2004). Thus, decreased level of ApoB-100 would 

limit VLDL formation, leading to accumulation of lipids in liver (Donnelly et al., 2005; Kawano 

& Cohen, 2013; Tanoli et al., 2004). d)fatty acid oxidation is another way to reduce hepatic lipid 
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contents (Ipsen et al., 2018). Fatty acids can be oxidized via in mitochondria to provide ATP 

especially when blood glucose levels are low (Nassir & Ibdah, 2014; Reddy & Hashimoto, 2001). 

Fatty acids first translocate to mitochondria, which is mediated by carnitine palmitoltrasnferase 

(CPT1) located in outer mitochondrial membranes (Nassir & Ibdah, 2014). This is also the rate 

limiting step of fatty acid oxidation (Nassir & Ibdah, 2014). Overexpression of CPT1�D promotes 

fatty acid oxidation, reduces liver steatosis, and improves glucose tolerance (Reddy & Hashimoto, 

2001).  PPAR�., a master regulator that regulates transcription of multiple fatty acid oxidative 

genes, such as acyl-CoA oxidase 1 (ACOX1), Cyclooxygenase1 (COX1), etc., can promote fatty 

acid oxidation (Kersten & Stienstra, 2017; Reddy & Hashimoto, 2001). Indeed, increased PPAR�. 

activity protects against hepatic steatosis in HFD-fed mice (Lee et al., 1995; Reddy & Hashimoto, 

2001). Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1�.), a 

coactivator of PPAR�., is also involved in the regulation of fatty acid oxidation (Puigserver et al., 

1998). During fasting, deacetylation of PGC1�. can increases its activity, resulting in the promotion 

of PPAR�. transcriptional activity in liver of mice (Fernandez-Marcos & Auwerx, 2011; Puigserver 

et al., 1998). In sum, increasing fatty acid oxidation may prove to be a promising strategy for the 

development of pharmacological treatment of NAFLD.   

 

1.6 FGF21 and Klb 

FGF21 is a hormone involved in several important metabolic pathways (Lewis et al., 2019). It 

is expressed in many metabolically active organs (Lewis et al., 2019). Due to its important role in 

lipid metabolism, FGF21 is viewed as a therapeutic target for the treatment of metabolic diseases 

(Kharitonenkov et al., 2005). FGF21, as a lipid catabolic factor, regulates energy metabolism in 

many tissues including liver (Fisher et al., 2010; Fisher et al., 2014; Fisher et al., 2012). It is shown 
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that FGF21 knockout mice have significant differences in body weight, body composition and 

glucose levels compared with control mice (Fisher et al., 2010; Ge et al., 2011). Furthermore, in 

obese mice, FGF21 treatment can reduce blood glucose and TG, and overexpression of FGF21 can 

protect mice from body weight gain under HFD feeding (Fisher et al., 2010; Ge et al., 2011; 

Jimenez et al., 2018; Keinicke et al., 2020).  

There are two types of receptors required for FGF21 signaling, fibroblast growth factor 

receptors (FGFR) and its co-receptor, Klb (Keinicke et al., 2020). Most FGFs bind to heparin 

sulfate proteoglycan (HSPGs) to induce the dimerization of FGFR1-4 in signaling (Eswarakumar 

et al., 2005; Ibrahimi et al., 2004; Mohammadi et al., 2005). However, FGF21 shows a low affinity 

for HSPG (Struik et al., 2019). Alternatively, FGF21 binds to its co-receptor Klb to activate 

FGFR1c, FGFR3c, and FGFR4 (Lewis et al., 2019; Struik et al., 2019; Talukdar & Kharitonenkov, 

2021; Xiong et al., 2020). This is confirmed by co-immunoprecipitation assays showing the 

physical interaction between FGF21 and FGFRs (Kilkenny & Rocheleau, 2016).  

Klb is a type I single-pass transmembrane protein (Kurosu et al., 2007). The expression of 

Klb is mainly in liver and pancreases but is also high in brown and white adipose tissues (Kurosu 

et al., 2007). Klb expression is also detectable in hypothalamus and brainstem(Moyers et al., 2007; 

Owen et al., 2014). The study from Klb whole body knockout mice illustrates that the activation 

of FGF21 signaling requires the participation of Klb in vivo (Adams et al., 2012; Ding et al., 2012). 

Similarly, specific knockout Klb in adipose tissue prevents the insulin-sensitizing effects of FGF21 

(Ding et al., 2012; Somm et al., 2017). The expression of Klb can be inhibited by inflammatory 

cytokines, resulting in a FGF21 resistance state (Tillman & Rolph, 2020; Zhao et al., 2016). 

Therefore, Klb is required for the FGF21 signaling, and the inactivation of Klb by inflammatory 

or nutritional cues may lead to metabolic disturbances in the development of metabolic diseases.  
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FGF21 can activate the family members of FGFRs (Lewis et al., 2019). The C terminus of 

FGF21 interacts with Klb, while its N terminus interacts with FGFR1 (Kilkenny & Rocheleau, 

2016). FGF21 signaling activates the downstream pathway of the Ras/Raf mitogen-activated 

protein kinase (MAPK) (Ge et al., 2011; Moyers et al., 2007). FGF21 binding to the FGFR causes 

the dimerization of the receptors, followed by phosphorylation of the tyrosine residues of the 

receptors  

and the activation of docking protein FGFR substrate 2 alpha (FRS2�.) (Kilkenny & Rocheleau, 

2016). FRS2�. transmits FGF signals to MAPK signaling cascades via recruited adaptor proteins, 

leading to the transcriptions of extracellular signal-related kinases (ERK)1 and ERK2 (Ge et al., 

2011; Moyers et al., 2007). The inactivation of ERK signaling negatively influences the ability of 

FGF21 to regulate glucose uptake, which affects the glucose homeostasis (Fisher & Maratos-Flier, 

2016).    

The role of FGF21 in NAFLD was initially described in a study demonstrating FGF21 as 

a downstream target of PPAR�. (Badman et al., 2007). The study found that FGF21 expression in 

the liver is markedly increased by high fat, low carbohydrate ketogenic diet (KD) or fasting 

(Badman et al., 2009). Knockdown of FGF21 in liver by adenovirus induces fatty liver phenotype 

and decreases serum ketones in mice fed KD (Badman et al., 2009). The plasma TG levels are 

increased by 5 folds in shFGF21 adenovirus infected mice compared to the control group (Badman 

et al., 2007). Furthermore, although FGF21 knockdown has no effect on the expression of the 

genes involved in fatty acid synthesis including hydrioxmethylglutaryl-CoA reductase (HMGR), 

FASN, and stearoyl-CoA desaturase 1 (SCD1), it increases the expression of genes related to fatty 

acid beta oxidation, such as CPT1�D, and ACOX1 (Badman et al., 2009; Badman et al., 2007). 

Further studies found that PPAR�. null mice are deficient in FGF21 in the liver (Badman et al., 



9 
 

2007). The expression of FGF21 in liver does not increases in response to KD feeding in PPAR�. 

null mice (Badman et al., 2007). Mechanistically PPAR�D binds to the promoter of FGF21 and 

regulates its expression directly(Badman et al., 2007). In summary, FGF21, a downstream target 

of PPAR�. is essential for hepatic lipid oxidation, TG clearance and ketogenesis in mice fed with 

KD (Badman et al., 2009; Badman et al., 2007).  

Besides its role in early stage of hepatic steatosis, FGF21 also serves as a negative regulator 

for the development of NASH (Tanaka et al., 2015). The preventive effect of FGF21 on the 

progression of NASH is well documented in the models established by methionine- and choline-

deficient (MCD) diet feeding, in which the regulation of FGF21 expression is independent of 

PPAR�. and HFD challenge since MCD diet feeding does not cause obesity (Tanaka et al., 2015). 

The mRNA expression of FGF21 in liver increases more than 50 times in response to the MCD 

diet feeding compared to the regular chow diet feeding, so does the serum FGF21 levels. In FGF21 

knockout mice, the hepatic fatty acid activation and beta oxidation both decreases, and the amount 

of free fatty acids increases (Tanaka et al., 2015). As a result, FGF21 knockout mice display a  

severe NASH phenotype featured by hepatic steatosis, inflammation, and fibrosis (Talukdar & 

Kharitonenkov, 2021; Tanaka et al., 2015). Given the ability of FGF21 to promote fatty acid 

oxidation and reduces lipid accumulation in liver, it is very intriguing that fatty liver is 

paradoxically associated with increased FGF21 levels in both obese humans and mice, suggesting 

a FGF21-resistant state where increased FGF21 fails to block the development of fatty liver 

(Badman et al., 2007; Kharitonenkov et al., 2005; Tanaka et al., 2015). However, the molecular 

mechanism underlying FGF21 resistance in fatty liver remains elusive. 
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1.7 Epigenetics, DNA methylation and Obesity 

It is well-established that different types of cells in the body share the identical genomic 

DNA sequences that are fixed and stable while genetic mutations may change the cellular 

phenotypes (Coskun et al., 2016). Epigenetics is defined as the study of inheritable changes in 

gene expression mediated by mechanisms independent of altered DNA sequences (Cavalli & 

Heard, 2019). Unlike the fixed genome, epigenome, falling into several categories including DNA 

and histone modifications, microRNA, and protein posttranslational modifications, is constantly 

shaped by nutritional, physiological and pathological factors (Lopomo et al., 2016; Rohde et al., 

2019). Epigenetic regulations, through DNA methylation and histone modifications, often change 

the chromatin structure and accessibility, leading to gene silencing or activation (Lopomo et al., 

2016; Rohde et al., 2019). While histone modifications that mainly take place on histone tails have 

hundreds of modifications including methylation, acetylation, phosphorylation, ubiquitination, 

sumoylation, ADP-ribosylation etc., the most common DNA modification is the methylation of 

deoxycytidine at the CpG dinucleotides (Gao et al., 2021; Lopomo et al., 2016; Rohde et al., 2019; 

Zhang et al., 2021)�����&�S�*���V�L�W�H�V���W�K�D�W���D�U�H���R�I�W�H�Q���F�O�X�V�W�H�U�H�G���L�Q���W�K�H���J�H�Q�H�V�¶���S�U�R�P�R�W�H�U���D�Q�G���R�U�����¶���U�H�J�L�R�Q�V���D�U�H��

subject to the covalent modification by addition of methyl groups (Angeloni & Bogdanovic, 2019; 

Lopomo et al., 2016). DNA methylation is mainly catalyzed by three enzymes namely DNMT1, 

DNMT3a and DNMT3b, all of which share similar structures in regulatory and catalytic domains 

(Gao et al., 2021; Li & Zhang, 2014). Due to the importance of DNA methylation in gene silencing, 

DNMTs are a key part of the genetic machinery in maintaining genome stability (Gao et al., 2021; 

Li & Zhang, 2014). In general, DNMT3a and DNMT3b are the main enzymes responsible for de 

novo DNA methylation (Gao et al., 2021; Li & Zhang, 2014). They function to establish DNA 

methylation patterns during embryogenesis and germ cell development (Angeloni & Bogdanovic, 
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2019; Lopomo et al., 2016; Lyko, 2018). One the other hand, DNMT1 catalyzes the methylation 

process to ensure the original methylation patterns maintained during the mitosis of cell 

proliferation (Angeloni & Bogdanovic, 2019; Lopomo et al., 2016; Lyko, 2018). DNMT1 is the 

most abundant DNA methyltransferase in mammalian cells (Dhe-Paganon et al., 2011). 

Meanwhile DNA demethylation can be achieved by a group of family proteins called the TETs 

including TET1, TET2 and TET3 (Wu & Zhang, 2017).  TETs catalyzes the hydroxylation of 5-

methylcytosine (5mC) to form 5-hydroxymethylcytosine (5hmC) and subsequently give rise to 5-

formylcytosine and 5-carboxylcytosine, which are then converted into unmodified cysteines (Wu 

& Zhang, 2017). All of three TETs catalyze the conversion of 5mC into 5hmC in an iron and 2-

oxoglutarate-dependent manner (Wu & Zhang, 2017).  Because DNMT1 cannot recognize and 

utilize 5hmC as a substrate, TETs can prevent the maintenance of the existing methylation patterns, 

resulting in a passive demethylation during cell division (Rasmussen & Helin, 2016; Wu & Zhang, 

2017). DNA hypomethylation is often associated with transcriptionally active promoters, while 

hypermethylation correlates with gene silencing (Li & Zhang, 2014; Wu & Zhang, 2017). DNA 

methylation can also work in concert with histone modifications to alter chromatin structures and 

thereby regulate gene expression (Li & Zhang, 2014). 

Obesity and its related disorders are all complex diseases that frequently develop from the 

interaction between environmental factors (e.g., diets, physical activity) and genetics (Lopomo et 

al., 2016). Environmental factors such as diets shapes our body through reprogramming the 

epigenome including DNA methylation (Lopomo et al., 2016). DNA methylation has been shown 

to be an important regulator of metabolic pathways, dysregulation of which often leads to 

metabolic disorders (Li & Zhang, 2014). DNA methylation plays an important role in adipogenesis 

(Bian et al., 2018; Wiehle et al., 2016; Q. Yang et al., 2016; X. Yang et al., 2016; Yoo et al., 2017). 



12 
 

For instance, recent data shows that the inhibition of DNA methylation by DNA methyltransferase 

inhibitor, 5-aza-2'-deoxycytidine (5azadC) regulates adipocyte development (X. Yang et al., 

2016). The promoter of PPAR��, the master regulator of adipogenesis, is enriched with CpG sites 

that are subject to DNA methylation(Bian et al., 2018; Rosen et al., 1999; X. Yang et al., 2016). 

Indeed, TETs increase the expression of PPAR�� via demethylating its promoter, while DNMT1 

suppresses PPAR�� expression by increasing its promoter methylation. Regulation of PPAR�� 

expression by DNA methylation might be physiologically important in the development of obesity 

since HFD appears to increase TET2 expression, which in turn promotes the expression of PPAR��, 

a master regulator of lipid storage (Bian et al., 2018; X. Yang et al., 2016; Yoo et al., 2017). The 

studies on the role of TETs in brown fat thermogenesis are not done without controversy. One 

study report that inhibition of TETs activity by AMP-activated protein kinase (AMPK)�.1 causes 

a promoter hypermethylation of Prdm16, a determinant of brown fat lineage, hereby reducing its 

gene expression and impairing brown fat adipogenesis (Chen et al., 2016; Harms et al., 2014; Q. 

Yang et al., 2016). Another study however shows that deletion of TET1 in adipose improves cold 

tolerance and increases energy expenditure (Damal Villivalam et al., 2020). In addition, TET1 

interacts with histone deacetylase (HDAC1) to suppress thermogenic gene transcription (Damal 

Villivalam et al., 2020). In consistence, knockout of DNMT1 in brown fat impairs brown fat 

thermogenesis and promotes diet-induced obesity (Li, Jing, et al., 2021). The impaired brown fat 

function might be due to the myogenic remodeling featured by myoblast determination protein 1 

(MyoD1)-mediated myogenic gene expression (Li, Jing, et al., 2021). Mechanistically, Dnmt1 

deficiency decreases MyoD1 promoter methylation and increases its gene expression, which could 

turn on myogenic program in brown fat while diminishing the thermogenic potential (Li, Jing, et 

al., 2021). A similar phenotype was observed in adipocyte DNMT3a knockout mice (Li, Cui, et 
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al., 2021). However, the role of DNMT3b in brown fat thermogenesis is still unclear. Therefore, 

the present dissertation focuses on this unsolved question. 

 

1.8 Epigenetics and DNA methylation in the development of NAFLD  

Epigenetic regulations including both histone modifications and DNA methylation have 

emerged as a key player in the development of NAFLD (Sodum et al., 2021). Histone modification 

enzymes appear to stand out as an important regulator of hepatic lipid metabolism (Choi et al., 2017; 

Del Campo et al., 2018; Purushotham et al., 2009). Prior studies reported that inhibition of the histone 

deacetylase, sirtuin1 (SIRT1) �L�P�S�D�L�U�V�� �3�3�$�5�.�� �V�L�J�Q�D�O�L�Q�J�� �D�Q�G�� �S�U�R�P�R�W�H�V�� �I�D�W�W�\�� �O�L�Y�H�U�� �D�Q�G�� �J�O�X�F�R�V�H��

intolerance, while inactivation of the histone demethylase, jumonji domain-containing protein D3 

(JMJD3) in the liver causes hepatic steatosis and insulin resistance (Choi et al., 2017; Del Campo et 

al., 2018; Purushotham et al., 2009; Seok et al., 2018). Another histone deacetylase HDAC1 also 

plays a role in hepatic lipid metabolism (Guo et al., 2020; Wang et al., 2005). Systemic 

overexpression of HDAC1 causes hepatic steatosis in mice (Wang et al., 2005) while knockdown of 

HDAC1 reduces lipid accumulation in HepG2 hepatocytes (Guo et al., 2020). 

Aberrant DNA methylation has been well documented in the study of NAFLD in both 

humans and rodents (Barres et al., 2009; Ke et al., 2016; Murphy et al., 2013; Pirola et al., 2013; 

Sookoian et al., 2010; Zeybel et al., 2015). There are differential CpG methylation rates on the 

genes regulating steatohepatitis, fibrosis, and carcinogenesis between mild and advanced NAFLD 

patients, suggesting a role of DNA methylation in the development of NAFLD (Murphy et al., 

2013). It is also found that the methylation level of some mitochondrial associated genes is much 

higher in NASH patients, compared to the patients with an early-stage steatosis, suggesting that 

DNA methylation might also be involved in the progression of NAFLD toward more advanced 
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stages of the disease (Murphy et al., 2013; Zeybel et al., 2015). Indeed, further studies found that 

CpG methylation rates on fatty acid oxidative genes are increased while methylation rates on 

fibrogenic genes are down-regulated in liver of the patients with a mild NAFLD, suggesting a 

transition from hepatic steatosis caused by decreased FAO to NASH featured by fibrosis (Murphy 

et al., 2013; Zeybel et al., 2015). The dynamic change of DNA methylation might be due to altered 

expression of the DNA methylation enzymes since NASH patients exhibit increased DNMT1 

expression in the liver (Pirola et al., 2013). Experiments using gain or loss of function of DNMTs 

have examined the genes regulated by DNA methylation (Barres et al., 2009; Ke et al., 2016; Kim 

et al., 2020). For example, knocking down DNMTs in Hepa 1-6 cells increases Srebp1c expression, 

leading to enhanced lipogenesis (Ke et al., 2016). In contrast, DNA methylation of the PPAR�J 

promoter can silence its gene expression (Seok et al., 2018). DNMT3b-mediated hypermethylation 

of PGC���.���� �D�� �S�R�V�L�W�L�Y�H�� �U�H�J�X�O�D�W�R�U�� �R�I�� �I�D�W�W�\�� �D�F�L�G�� �R�[�L�G�D�W�L�Y�H���� �O�H�D�G�V�� �W�R�� �D�Q�� �L�Q�D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �L�W�V�� �J�H�Q�H��

expression (Barres et al., 2009). In sum, epigenetic regulation of hepatic lipid metabolism plays a 

significant role in the development of NAFLD and its more advanced forms of diseases. However, 

the mechanisms of hepatic lipid accumulation regulated by DNA methylation remain poorly 

understood. 

 

1.9 Specific Aims of this Dissertation 

The specific aims for this dissertation are to determine the role of DNA methylation in 

brown fat thermogenesis (specific aim 1) and hepatic lipid metabolism (specific aim 2). In specific 

aim 1, we generated mice model with Dnmt3b knockout in brown fat-skeletal lineage precursor 

cells (3bKO) by crossing Dnmt3b-floxed mice (fl/fl) with myogenic factor 5 (Myf5)-Cre mice. 

We then characterized metabolic phenotypes in 3bKO and fl/fl mice under a high fat diet (HFD) 
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�F�K�D�O�O�H�Q�J�H���D�Q�G���D���F�R�O�G���F�K�D�O�O�H�Q�J�H���D�Q�G���H�[�D�P�L�Q�H�G���W�K�H���X�Q�G�H�U�O�\�L�Q�J���P�H�F�K�D�Q�L�V�P�V���P�H�G�L�D�W�L�Q�J���'�1�0�7���E�¶�V��

regulation of brown fat thermogenic program. In specific aim 2, we employed comprehensive 

approaches integrating systemic genome-wide profiling and functional studies to determine the 

role of DNA methylation in regulation of hepatic steatosis. We found dynamic changes of DNA 

methylation in many genes in HFD-fed mice compared to those of chow fed mice, among which 

include Klb, whose expression was down-regulated. We then determined the important roles of 

hepatic DNMT1, DNMT3a and Tet2 in the Klb expression and hepatic lipid metabolism using 

genetic models with liver-specific deletion of DNMT1, DNMT3a or TET2. Finally, using a 

CRISPR/RNA-guided system to specifically induce demethylation at the Klb promoter, we 

determine whether specifically targeted demethylation at the Klb promoter regulates hepatic 

FGF21 signaling and lipid metabolism. 
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2 SPECIFIC AIM 1: DNMT3B DEFICIENCY IN MYF5 +-BROWN FAT PRECURSOR 

CELLS PROMOTES OBESITY IN FEMALE MICE  

 

2.1 Abstract 

Increasing energy expenditure through activation of brown fat thermogenesis is a 

promising therapeutic strategy for the treatment of obesity. Epigenetic regulation has emerged as 

a key player in regulating brown fat development and thermogenic program. Here, we aimed to 

study the role of DNA methyltransferase 3b (DNMT3b), a DNA methyltransferase involved in 

de novo DNA methylation, in the regulation of brown fat function and energy homeostasis. We 

generated a genetic model with Dnmt3b deletion in brown fat-skeletal lineage precursor cells 

(3bKO mice) by crossing Dnmt3b-floxed (fl/fl) mice with Myf5-Cre mice. Female 3bKO mice 

are prone to diet-induced obesity, which is associated with decreased energy expenditure. 

Dnmt3b deficiency also impairs cold-induced thermogenic program in brown fat. Surprisingly, 

further RNA-seq analysis reveals a profound up-regulation of myogenic markers in brown fat of 

3bKO mice, suggesting a myocyte-like remodeling in brown fat. Further motif enrichment and 

pyrosequencing analysis suggests myocyte enhancer factor 2C (Mef2c) as a mediator for the 

myogenic alteration in Dnmt3b-deficient brown fat, as indicated by decreased methylation at its 

promoter. Our data demonstrate that brown fat DNMT3b is a key regulator of brown fat 

development, energy metabolism and obesity in female mice. 

 

2.2 Introduct ion 

Obesity poses a serious health threat to the current society due to its ability to increase 

mortality and morbidities including various metabolic disorders, such as type 2 diabetes, 
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hypertension, dyslipidemia, and cardiovascular diseases (Hill et al., 2012). A net energy influx 

resulting from energy intake over expenditure leads to obesity (Hill et al., 2012). Brown fat is a 

key contributor to whole body energy expenditure due to its ability to generate adaptive 

thermogenesis (Ikeda et al., 2018; Lowell & Spiegelman, 2000). Brown fat is capable of 

producing heat due to its unique expression of UCP1, a mitochondrial inner membrane protein 

that uncouples oxidative phosphorylation from ATP synthesis, thereby profoundly increasing 

energy expenditure (Cannon & Nedergaard, 1985; Donahoo et al., 2004; Hill et al., 2012; 

Nicholls & Locke, 1984). Emerging evidence also supports the existence of UCP1-independent 

thermogenesis mediated by the sarco/endoplasmic reticulum Ca2+-ATPase 2b/ATPase, 

Ca2+ transporting, cardiac muscle, slow twitch 2 (SERCA2b/ATP2a2)-mediated calcium cycling 

or the creatine-driven substrate cycling (Ikeda et al., 2017; Kazak et al., 2015). Rodents possess 

two distinct types of thermogenic adipocytes: the classic brown adipose tissue (BAT) that mainly 

resides in the confined areas such as interscapular region (iBAT) and inducible beige adipocytes 

that are dispersed in white adipose tissue (WAT) and can be �L�Q�G�X�F�H�G���E�\����-adrenergic activation 

�L�Q���U�H�V�S�R�Q�V�H���W�R���F�R�O�G���F�K�D�O�O�H�Q�J�H���R�U�������D�G�U�H�Q�H�U�J�L�F���D�J�R�Q�L�V�W�V (Brito et al., 2007; Brito et al., 2008; Ikeda 

et al., 2018; Ishibashi & Seale, 2010; Petrovic et al., 2010; Wu et al., 2012). Brown and beige 

adipocyte thermogenesis has been shown as a promising therapeutic target for the treatment of 

obesity (Cohen et al., 2014; Feldmann et al., 2009; Seale et al., 2011). The recent discovery of 

thermogenic brown fat in humans implies that induction of brown and beige fat thermogenesis is 

a promising therapeutic strategy to combat obesity (Cypess et al., 2009; van Marken Lichtenbelt 

et al., 2009; Virtanen et al., 2009). 

Obesity is a polygenic disease that results from the interaction between genes and 

environmental factors (e.g., diets). Environmental factors often affect the expression of genes 
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involved in metabolism through reprogramming epigenomes. A growing body of evidence has 

suggested that Epigenetic regulation plays a key role in the regulation of metabolic pathways 

underlying the development of obesity and its associated disorders (Edwards & Myers, 2007; 

Skinner et al., 2010). DNA methylation is a common epigenetic regulation that involves a 

transfer of a methyl group to cytosine typically at CpG sites. DNA methylation is commonly 

�V�H�H�Q���D�W���W�K�H���J�H�Q�H�V�¶���S�U�R�P�R�W�H�U���D�Q�G�����• region, where CpGs are often clustered to form islands 

(Luczak & Jagodzinski, 2006; Suzuki & Bird, 2008). DNA hypermethylation at the gene 

promoter tends to cause gene silencing, whereas DNA hypomethylation is associated with 

activated gene expression (Suzuki & Bird, 2008). Three functional DNA methyltransferases 

(DNMTs), including DNMT1, DNMT3a and DNMT3b, have been identified (Suzuki & Bird, 

2008). DNMT1 preferentially catalyzes the methylation of hemimethylated DNA to maintain the 

methylation pattern during DNA replication, whereas DNMT3a and 3b are often involved in de 

novo methylation using unmethylated DNA as a substrate (Suzuki & Bird, 2008). We recently 

discovered several epigenetic pathways, including DNA methylation, as an important regulator 

of white adipocyte differentiation and brown adipocyte thermogenic program (Chen et al., 2019; 

Li et al., 2016; X. Yang et al., 2016; Zha et al., 2015). For instance, we reported that DNMT1 

and 3a both play a biphasic role in regulating 3T3-L1 adipogenesis (X. Yang et al., 2016). In 

addition, we also discovered that brown fat DNMT1 or 3a is important in cold-induced 

thermogenesis and diet-induced obesity in mice (Li, Jing, et al., 2021). In this study, we aimed to 

study the role of DNMT3b in regulating brown fat thermogenic function and energy metabolism. 

We generated a genetic model with Dnmt3bknockout in brown fat-skeletal lineage precursor 

cells (3bKO) by crossing Dnmt3b-floxed mice (fl/fl) with myogenic factor 5 (Myf5)-Cre mice. 

We then characterized metabolic phenotypes in 3bKO and fl/fl mice under a high fat diet (HFD) 
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challenge and a cold challenge and examined the underlying mechanisms mediating DNMT���E�¶�V��

regulation of brown fat thermogenic program. 

 

2.3 Materials and Methods 

2.3.1 Mice 

Mice with Dnmt3b knockout in brown fat-skeletal muscle lineage cells were generated by 

crossing Dnmt3b-floxed mice (fl/fl) (Mutant Mouse Regional Resource Centers (MMRRC, stock 

#029887, MMRRC at University of North Carolina, Chapel Hill, NC, USA) with Myf5-Cre mice 

(Jackson Laboratory, Bar Harbor, Maine, USA, Stock #007893) (Tallquist et al., 2000) (Myf5-

Cre::Dnmt3b-fl/fl , or 3bKO), where Cre is expressed in brown fat and skeletal lineage precursor 

cells under the control of the Myf5 promoter (Seale et al., 2007). The Dnmt3b allele in the floxed 

mouse was genetically modified by two loxP site insertion that flanks exons 16�±19 encoding the 

catalytic motif (Dodge et al., 2005). The Dnmt3b-floxed mice have been backcrossed to the 

C57/BL6J background for more than five generations in our lab. 

2.3.2 Metabolic Measurement 

All animal procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Georgia State University (GSU). All mice were housed in a temperature (22 °C)- 

and humidity-controlled facility at GSU animal facility with a 12 h/12 h light�±dark cycle and 

free access to water and food. For HFD feeding experiments, both female and male 3bKO mice 

and their fl/fl littermate controls were put on a HFD (Research Diets, New Brunswick, NJ, USA, 

D12492, 60% calorie from fat) for up to 20 weeks. Body weight of mice was measured weekly. 

Food intake was monitored in the TSE metabolic cage system, as described below, or measured 

in the single-housed animals over at least 5 consecutive days. A Minispec NMR body 
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composition analyzer (Bruker BioSpin Corporation; Billerica, MA, USA) was used to determine 

the body composition of fat and lean mass. A PhenoMaster metabolic cage system (TSE 

Systems, Chesterfield, MO, USA) was used to measure oxygen consumption, carbon dioxide 

production, respiratory exchange ratio, locomotor activity and food/drink intake. Blood glucose 

levels were measured by OneTouch Ultra Glucose meter (LifeScan, Milpitas, CA, USA). 

Glucose tolerance and insulin sensitivity were assessed by glucose tolerance and insulin 

tolerance tests (GTTs and ITTs, respectively) as we previously described (Wang et al., 2016) . At 

the end of the experiments, tissues including fat pads, liver and skeletal muscle were dissected 

and collected for analysis of gene expression, protein expression and immunohistochemistry 

(IHC). Blood was collected to analyze plasma lipid and cholesterol profiles as we previously 

described (Cao et al., 2016). Briefly, total cholesterol (TC) (Pointe Scientific, Canton, MI, USA, 

c7510-120), free cholesterol (FC) (Wako, Richmond, VA, USA, 993-02501), and triglyceride 

(TG) (Wako 998-02992 and 992-02892) concentrations were measured using enzymatic assays 

�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�� 

2.3.3 Quantitative RT-PCR Analysis of mRNA 

Quantitative PCR analysis was conducted as we previously described (Li et al., 2016; Wang 

et al., 2016). Briefly, total RNA from adipose tissue or skeletal muscle was isolated using a Tri 

Reagent kit (Molecular Research Center, Cincinnati, OH, USA). The mRNA levels of genes of 

interest were measured using an Applied Biosystems QuantStudio 3 real-time PCR system 

(ThermoFisher Scientific, Waltham, MA, USA) with a TaqMan Universal PCR Master Mix kit 

(ThermoFisher Scientific) as we previously described (Wu et al., 2020). The sequences of the 

primer and probe pairs used in the assays are as follows. UCP1: Forward 5�•-

CACCTTCCCGCTGGACACT-3�•; Reverse 5�•-CCCTAGGACACCTTTATACCTAATGG-3�•; 
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Probe 5�•-AGCCTGGCCTTCACCTTGGATCTGA-3�•. Cyclophilin: Forward 5�•-

GGTGGAGAGCACCAAGACAGA-3�•; Reverse 5�•-GCCGGAGTCGACAATGATG-3�•; Probe 

5�•-ATCCTTCAGTGGCTTGTCCCGGCT-3�•. Other TaqMan primers/probes for all the genes 

measured were purchased from Applied Biosystems (ThermoFisher Scientific) as listed in Table 

1. All gene expression data were normalized to cyclophilin. 

2.3.4 Immunoblotting 

Immunoblotting for protein detection was conducted as we described (Wang et al., 2016; 

Zha et al., 2015). Fat tissues were homogenized in a modified radioimmunoprecipitation assay 

(RIPA) lysis buffer supplemented with 1% protease inhibitor mixture and 1% phosphatase 

inhibitor mixture (Sigma-Aldrich, St. Louis, MO, USA). Tissue lysates were resolved by SDS-

PAGE gels. Proteins on the gels were transferred to nitrocellulose membranes (Bio-Rad, 

Hercules, CA, USA), which were then blocked, washed, and incubated with various primary 

antibodies, followed by Alexa Fluor 680-conjugated secondary antibodies (ThermoFisher 

Scientific). The blots were developed with a Li-COR Imager System (Li-COR Biosciences, 

Lincoln, NE, USA). Primary antibodies used were as follows: Anti-UCP1 antibody (1:500, 

ab23841, Abcam, Cambridge, MA, USA); Anti-�.-Tubulin antibody (1:1000, ABCENT4777, 

Advanced BioChemicals, Lawrenceville, GA, USA); Mitochondrial total OXPHOS protein 

antibody set (Abcam,ab110413); and Anti-pHSL (4126s, Cell Signaling Technology, Danvers, 

MA, USA); DNMT3b (sc-393845, Santa Cruz, Dallas, TX, USA, sc-393845); HSL (Cell 

Signaling, 4107s). 

2.3.5  Immunohistochemistry (IHC) 

IHC staining of UCP1 was conducted as we described (Cao et al., 2019; Wu et al., 2020). 

Briefly, adipose tissues were fixed in 10% neutral formalin, embedded in paraffin and sectioned, 
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followed by processing for hematoxylin and eosin (H&E) staining or immuno-staining with a 

UCP1 antibody (1:150, Abcam, ab10983) as we previously described (Cao et al., 2019; Wu et 

al., 2020). Histology images were captured using a Nikon Eclipse E800 Microscope. 

2.3.6  RNA-Sequencing Analysis 

Total RNA was extracted and was commercially sequenced by Beijing Genomics Institute 

(BGI, Shenzhen, Guangdong, China). According to the report from BGI, after total RNA 

extraction and digestion with DNase I, mRNA was enriched with the oligo(dT) magnetic beads, 

fragmented (about 200 bp), and used for cDNA synthesis with random hexamer-primer. The 

double-stranded cDNA was ligated with sequencing adaptors and PCR amplified. RNA-seq 

libraries were then generated for sequencing with Illumina HiSeqTM 2000 (SE50). For quality 

control, RNA and library preparation integrity were verified using Agilent 2100 BioAnalyzer 

system and ABI StepOnePlus Real-Time PCR System. 

For bioinformatics analysis, raw reads were filtered to remove adaptor sequences and low 

quality data. Filtered clean reads were mapped to reference sequences (University of California 

Santa Cruz Mouse Genome Browser mm9 Assembly) using SOAPaligner/SOAP2 (Li et al., 

2009). Reads Per kilobase per Million reads (RPKM) were calculated to represent the gene 

expression level, and were used for comparing differentially expressed genes (DEGs) among 

groups identified as presenting more than two-fold increase or more than 50% decrease, and 

false discovery rate (FDR) < 0.001. DEGs were further used for Gene Ontology (GO) 

enrichment analysis, pathway enrichment analysis, cluster analysis, protein�±protein interaction 

network analysis and transcription factor analysis. Heatmaps and volcano plots representing the 

differentially expressed genes were generated by using ComplexHeatmap v2.0.0 in R3.6.0 and 

EnhancedVolcano v1.2.0 respectively as previously described (Ding et al., 2020). The RNA-seq 
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data has been deposited into Gene Expression Omnibus (GEO) and assigned a number as 

GSE173765. 

2.3.7 Pyrosequencing Analysis of the Mef2 Promoter 

The pyrosequencing analysis was conducted as we previously described (Jing et al., 2020; 

Wang et al., 2016). Briefly, genomic DNA was isolated from iBAT by phenol-chloroform 

extraction, followed by bisulfite conversion using an EpiTech Bisulfite Kit (Qiagen, Valencia, 

CA, USA, 59104). The DNA fragments covering bisulfite-converted CpG sites at the Mef2 

promoter was PCR-amplified and the PCR products were sent to EpiGenDx (Hopkinton, MA, 

USA) for pyrosequencing. The sequences of PCR and pyrosequencing primers were listed 

in Table 2  

2.3.8  Statistics 

Data were expressed as mean ± SEM. Data collected from different groups in the 

experiments were analyzed by using Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA). 

�8�Q�S�D�L�U�H�G���6�W�X�G�H�Q�W�¶�V t test was used to test statistical significance between two groups while one-

way analysis of variance (ANOVA) was used to compare three or more groups. Statistical 

significance is considered at p < 0.05. Both female and male mice were used in this study. Age-

matched littermate fl/fl mice were used as controls. Statistical significance between the different 

genotypes was tested for each diet, sex and the same age of the animals. Repeated-measures 

ANOVAs were performed on data from the TSE metabolic cage experiments, GTTs and ITTs, 

and weekly body weight. Follow-up specific tests were performed on the GTT and ITT data 

using a Bonferroni correction if the main effect was relevant. 
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2.4 Results 

2.4.1  Dnmt3b Deficiency Promotes Diet-Induced Obesity 

To determine the role of brown fat DNMT3b in the regulation of diet-induced obesity, we 

generated a genetic model with deletion of Dnmt3b in brown fat-skeletal muscle lineage 

precursor cells (3bKO) by crossing Dnmt3b-floxed (fl/fl) mice with Myf5-cre mice. The PCR 

genotyping that indicates the correct genotypes for the 3bKO mice and their fl/fl littermates is 

shown in Figure 1A.  Several lineage tracing studies show that brown fat and skeletal muscle 

share the same developmental origins (Seale et al., 2008; Seale et al., 2007). Since the somitic 

Myf5-expressing multipotent progenitor cells can develop into brown adipocytes (Wang & 

Seale, 2016), Myf5 Cre line has been used to generate models with early deletion of genes of 

interest for the study of brown fat development and function (Harms et al., 2014; Schulz et al., 

2013; Seale et al., 2007). As expected, 3bKO mice had a 53% reduction in Dnmt3b mRNA 

expression in brown fat (Figure 1B). Immunoblotting analysis also showed a significant 

reduction in DNMT3b protein levels in interscapular brown fat (iBAT) and gastrocnemius 

skeletal muscle (Figure 1C,D) but not in inguinal white adipose tissue (iWAT), gonadal white 

adipose tissue (gWAT) (Figure 1E,F) and liver (Figure 1G) of the 3bKO mice. We did not find 

any difference in body weight and body fat composition between 4-month old female 3bKO 

mice and their littermate fl/fl controls fed a regular chow diet (Figure 2). We then put the female 

3bKO mice on HFD and conducted metabolic characterization. The female 3bKO mice on HFD 

still showed reduced DNMT3b protein levels in iBAT (Figure 3A), albeit to a lesser extent 

compared to chow-fed mice, possibly due to cell composition change in iBAT by HFD feeding, 

but not in other fat depots (iWAT and gWAT) and liver (Figure 3B-D). We found that the female 

3bKO mice gained significantly more weight compared to their fl/fl littermates along the course 
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of HFD feeding (Figure 4A). NMR body composition analysis revealed higher fat mass 

composition with a corresponding lower lean mass composition in the 3bKO mice than those of 

the control mice (Figure 4B). In support of increased adiposity, the female 3bKO mice also 

exhibited an increased weight of various fat pads including interscapular WAT (iBAT), inguinal 

WAT (iWAT), gonadal WAT (gWAT) and retroperitoneal WAT (rWAT) (Figure 4C). We used 

a PhenoMaster metabolic cage system to characterize the energy metabolism and found that the 

female 3bKO mice exhibited lower oxygen consumption and energy expenditure (Figure 4D,E), 

which may largely account for increased body weight and adiposity in these female mice, as 

there were no differences in respiratory exchange ratio (RER), locomotor activity and food 

intake between the 3bKO and their fl/fl littermate control mice (Figure 5A-C). With increased 

adiposity, the female 3bKO mice displayed significantly impaired insulin sensitivity as shown by 

mild glucose intolerance in GTT and more severe insulin resistance in ITT tests when compared 

to fl/fl mice (Figure 6A, B). However, we did not observe any changes in triglyceride content, 

total and free cholesterol levels in the liver and blood of the 3bKO mice (Figure 7). These data 

indicate that Dnmt3b deletion in Myf5+ brown fat progenitor cells promote diet-induced obesity 

and insulin resistance. 

2.4.2 Dnmt3b Deficiency Down-Regulates Thermogenic Program in Brown Fat 

We further characterized the thermogenic program in iBAT of the female 3bKO mice. 

Quantitative RT-PCR analysis revealed a decreased expression of thermogenic genes such 

as Ucp1, acyl-CoA oxidase 1 (Acox1), cell death-inducing DNA fragmentation factor alpha 

subunit-like effector A (Cidea), cytochrome C oxidase subunit 1 (Cox1), type 2 diodinase (Dio2), 

peroxisome �S�U�R�O�L�I�H�U�D�W�L�Y�H���D�F�W�L�Y�D�W�H�G���U�H�F�H�S�W�R�U�������F�R�D�F�W�L�Y�D�W�R�U�����.�����3�J�F���.) and PR domain-containing 

16 (Prdm16) in iBAT of 3bKO mice (Figure 8A). This was associated with a down-regulation of 
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UCP1 protein levels as well as phosphor-hormone sensitive lipase (pHSL) levels in iBAT of the 

3bKO mice, as measured by immunoblotting (Figure 8B). In addition, we found a down-regulation 

of proteins in the mitochondrial respiratory chain complexes in the iBAT of the 3bKO mice by 

�L�P�P�X�Q�R�E�O�R�W�W�L�Q�J���� �L�Q�F�O�X�G�L�Q�J�� �1�$�'�+�� �G�H�K�\�G�U�R�J�H�Q�D�V�H�� ������ �V�X�E�F�R�P�S�Oex 8 (NDUFB8) in complex I, 

succinate dehydrogenase complex subunit B (SDHB) in complex II, mitochondrial Cytochrome b-

c1 complex subunit 2 (UQCRC2) in complex III, mitochondrially encoded cytochrome c oxidase 

I (MTCO1) in complex IV, and mitochondrial ATP synthase F1 subunit alpha (ATP5F1A) in 

complex V (Figure 8C). In consistence, immunohistochemical analysis revealed larger brown 

adipocytes (increased cell diameters and areas) with much less UCP1 staining in the iBAT of the 

3bKO mice (Figure 8D). 

2.4.3  Dnmt3b Deficiency Induces Myogenesis in Brown Fat 

To determine the molecular mechanism whereby Dnmt3b deficiency promotes diet-induced 

obesity, we performed an RNA-seq analysis using brown fat from HFD-fed female 3bKO mice 

and control fl/fl mice to unbiasedly examine the gene expression profiles. We found that 628 

genes were differentially regulated by Dnmt3b deficiency (Log2 �I�R�O�G���F�K�D�Q�J�H���•�����������R�U���”�í������������

Among these genes, 512 genes were up-regulated, whereas 116 genes were down-regulated 

by Dnmt3b deficiency. Surprisingly, a pathway analysis disclosed a significant up-regulation of 

myogenic pathways, including genes involved in muscle development, structure, and contraction, 

in Dnmt3b-deficient brown fat (Figure 9A and Figure 10). Indeed, a volcano plot revealed an up-

regulation of a panel of myogenic genes in Dnmt3b-deficient iBAT (Figure 9B). This was 

consistent with a hierarchical cluster analysis indicating a broad up-regulation of myogenic genes 

(Figure 9C). Quantitative RT PCR analysis further confirmed the induction of myogenic 

markers, such as muscle creatine kinase (Ckm), myosin heavy chain polypeptide 1 (Myh1), 
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myosin heavy chain polypeptide 4 (Myh4), myogenin (Myog), skeletal muscle actin alpha 1 

(Acta1) and Titin (Ttn), in iBAT of 3bKO mice (Figure 9D). Further motif enrichment analysis 

on up-regulated myogenic gene promoters identified myocyte enhancer factor 2 (MEF2) binding 

motif ranked among top candidates (Figure 9E). The transcriptional factor MEF2 family consists 

of four members: MEF2A, 2B, 2C and 2D, which play diverse but redundant roles in the 

development of various cell types including muscles (skeletal, cardiac, and smooth), neurons and 

hematopoietic and immune cells (Pon & Marra, 2016) [43]. We found that three out of four 

MEF2 members including Mef2a, 2c, and 2d exhibited increased expression in Dnmt3b-deficient 

iBAT (Figure 9F). Since Mef2c expression was most up-regulated by Dnmt3b deficiency in 

BAT, we assessed whether Dnmt3b regulates Mef2c expression by modulating Mef2c promoter 

DNA methylation. Indeed, pyrosequencing analysis revealed decreased DNA methylation at 8 

out of 13 CpG sites at Mef2c promoter and 5�• region in iBAT of 3bKO mice (Figure 9G, 

and Figure 11), which may explain the up-regulated Mef2cexpression in Dnmt3b-deficient iBAT. 

Since Myf5+-precursor cells could develop into brown adipocyte and skeletal muscle cells, 

we examined whether Dnmt3b deletion in Myf5+-lineage precursor cells altered skeletal muscle 

development. As expected, there was around 55% reduction in Dnmt3b mRNA level in 

gastrocnemius muscle of the female 3bKO mice compared to fl/fl mice (Figure 12A). A similar 

reduction in DNMT3b protein levels was also observed in the muscle of the 3bKO mice (Figure 

12B). However, further quantitative RT-PCR analysis did not show any differences in myogenic 

marker expression and brown fat thermogenic gene expression in gastrocnemius muscle between 

female 3bKO and fl/fl mice (Figure 12C, D), suggesting that Dnmt3b deletion does not affect 

skeletal muscle development or cause brown fat lineage switch. To further assess the potential 

alteration of energy metabolism in the skeletal muscle of knockout mice, we examined the 

https://www.mdpi.com/2218-273X/11/8/1087/htm#B43-biomolecules-11-01087
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protein levels of mitochondrial respiratory chain complexes, but still found no changes (Figure 

12E). In sum, these data indicate that Dnmt3b deficiency causes brown fat remodeling by 

induction of myocyte-like brown adipocyte formation. 

2.4.4 Dnmt3b Deficiency Does Not Change Body Weight in Male Mice 

We also measured body weight of the male 3bKO mice fed with regular chow or HFD. 

Similar to the female 3bKO mice, 3-month-old male 3bKO mice fed regular chow diet did not 

show any changes in body weight and body fat composition (Figure 13A, B). Unlike the female 

3bKO mice, the male 3bKO mice fed HFD did not show body weight difference compared to 

control fl/fl mice (Figure 13C). In addition, there was no difference in body fat composition and 

individual fat pad mass (albeit a tendency toward higher in the 3bKO mice) between the male 

3bKO mice on HFD and the control fl/fl mice, whereas lean mass was slightly reduced in the 

male 3bKO mice on HFD compared to the fl/fl mice (Figure 13D, E). 

2.4.5  Dnmt3b Deficiency Suppresses Thermogenic Program in Brown Fat of the Female 

3bKO Mice 

Cold and diet are the two primary triggers that induce brown fat thermogenesis. To determine 

the role of DNMT3b in regulating cold-induced thermogenesis, we subjected the female 3bKO 

and their littermate control fl/fl mice to a cold challenge. After a 7-day cold exposure, there were 

no differences in body weight, body fat composition and fat pad weight between the 3bKO and 

their littermate controls (Figure 14A-C). However, the 3bKO mice displayed a decreased 

expression of thermogenic genes such as Ucp1, Prdm16, Dio2 etc in iBAT (Figure 15A). This was 

associated with a down-regulation of UCP1 protein levels as well as proteins in the mitochondrial 

respiratory chain complexes including NDUFB8, SDHB, UQCRC2, MTCO1, ATP5F1A in iBAT 

of the 3bKO mice by immunoblotting (Figure 15B, C). Interestingly, we also discovered a dramatic 



29 
 

induction of myogenic markers, such as Atp2a1, Acta1, Myh1, Myh4, and Ckm in iBAT of the 

3bKO mice (Figure 15D). The reciprocal down-regulation of thermogenic gene expression and 

up-regulation of myogenic gene expression may suggest a brown adipocyte to myocyte 

remodeling, leading to the impaired cold-induced thermogenesis in the female 3bKO mice. 

We also conducted a cold challenge experiment on the male 3bKO mice. Unlike the female 

3bKO mice, the male 3bKO mice did not show any changes in thermogenic gene expression and 

UCP1 protein levels in iBAT, although they did have increased myogenic gene expression in 

iBAT (Figure 16A-C). These data suggest a sexual dimorphism in the effect of DNMT3b in the 

regulation of brown fat thermogenesis. 
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Figure 1 Generation of 3bKO mice 
(A) PCR genotyping of the Myf5 Cre allele and flox allele in the female 3bKO and their 
littermate fl/fl mice respectively. Dnmt3b mRNA levels in interscapular BAT (iBAT) (B), 
DNMT3b protein levels in iBAT (C), gastrocnemius skeletal muscle (D), gonadal white adipose 
tissue (gWAT) (E), inguinal WAT (iWAT) (F) and liver (G) of 8-week-old female 3bKO and fl/fl 
mice. All data are expressed as mean +/- SEM; n=5/group; *p<0.05 vs. fl/fl.  
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Figure 2 Body weight and Body composition 
(A) Body weight (n=12/group) and (B) body fat composition (n=6/group) of 4-month-old female 
3bKO and their littermate fl/fl mice fed chow diet. Body composition measured by a Bruker NMR 
body composition analyzer. All data are expressed as mean +/-SEM. 
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Figure 3 DNMT3b protein expression 
DNMT3b protein levels in iBAT (A), iWAT (B), gWAT (C) and liver (D) of 6-month-old female 
3bKO and fl/fl mice fed HFD for 20 weeks. All data are expressed as mean +/-SEM; n=6/group; 
*p<0.05 vs. fl/fl. 
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Figure 4 Dnmt3b deficiency in brown fat promotes high fat diet-induced in female mice 
Five-week-old female 3bKO and their littermate control fl/fl mice were put on a HFD (Research 
Diets D12492, 60% calorie from fat) for 20 weeks and were maintained at room temperature 
(22 °C) throughout the experiment. (A) Body weight growth curve in female 3bKO and fl/fl mice 
fed HFD. (B) Body composition measured by a Bruker NMR body composition analyzer in the 
female 3bKO and fl/fl mice fed HFD. (C) Fat pad weight of interscapular brown adipose tissue 
(iBAT), inguinal white adipose tissue (iWAT), gonadal WAT (gWAT)) and retroperitoneal WAT 
(rWAT) in the female 3bKO and fl/fl mice fed HFD. (D) Oxygen consumption measured by TSE 
PhenoMaster metabolic cage systems in 16-week-old female 3bKO and fl/fl mice fed HFD. (E) 
Calculated energy expenditure based on the oxygen consumption in (D). All data are expressed 
as mean ± SEM; n = 8/group; * p < 0.05 vs. fl/fl.  
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Figure 5 Metabolic characterization 
Metabolic characterization of 16-week-old female 3bKO and fl/fl control mice on HFD. 5-week-
old female 3bKO and their littermate control fl/fl mice were put on HFD for 20 weeks. 
Respiratory exchange ratio (RER) (A), locomotor activity (B), and food intake (C) measured by 
TSE PhenoMaster metabolic cage systems in the female 3bKO and fl/fl mice fed HFD. All data 
are expressed as mean +/- SEM; n=8/group 
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Figure 6 Dnmt3b deficiency in brown fat exacerbates HFD-induced insulin resistance in female 
mice.  
Five-week-old female 3bKO and their littermate control fl/fl mice were put on HFD for 20 weeks 
and were maintained at room temperature (22 °C) throughout the experiment. (A) Glucose 
tolerance test (GTT) in 18-week-old female 3bKO and fl/fl mice fed HFD. (B) Insulin tolerance 
test (ITT) in 20-week-old female 3bKO and fl/fl mice fed HFD. All data are expressed as mean ± 
SEM; n = 7/group; * p < 0.05 vs. fl/fl. 
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Figure 7 Lipid profile in the liver and blood on HFD.  
5-week-old female 3bKO and their littermate control fl/fl mice were put on HFD for 20 weeks. 
(A-C) Liver total triglyceride (TG) (A), total cholesterol (TC) (B), and free cholesterol (FC) (C). 
(D-F) Serum TG (D), TC (E), and FC (F). All data are expressed as mean +/-SEM; n=6/group. 
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Figure 8 Dnmt3b deficiency impairs brown fat thermogenic program in HFD-fed female mice. 
Five-week-old female 3bKO and their littermate control fl/fl mice were put on HFD for 20 
weeks. (A) Thermogenic gene expression in the iBAT measured by quantitative RT-PCR in the 
female 3bKO and fl/fl mice fed HFD. (B) Immunoblotting of UCP1 and phosphor-HSL. (C) and 
mitochondrial respiratory chain complex proteins in the iBAT of the female 3bKO and fl/fl mice 
fed HFD. (D) H&E staining and Immunohistochemical (IHC) staining of UCP1 (images on left 
panel) and quantitation of brown adipocyte diameter and area (bar graphs on right panel) in the 
iBAT of the female 3bKO and fl/fl mice fed HFD. All data are expressed as mean ± SEM; n = 
6/group; * p < 0.05 vs. fl/fl. 
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Figure 9 Dnmt3b deficiency induces myogenesis in brown fat. 
RNA-seq analysis was conducted using the iBAT of 25-week-old female 3bKO and fl/fl mice fed 
HFD. (A) Bioinformatics pathway analysis. (B) The volcano plot of differentially expressed 
genes in the iBAT of the female 3bKO vs. fl/fl mice. (C) The heatmap of myogenic marker gene 
expression in the iBAT of the female 3bKO vs. fl/fl mice. (D) Quantitative PCR analysis of 
myogenic markers in the iBAT of the female 3bKO and fl/fl mice. (E) Motif enrichment analysis 
of the myogenic gene promoters. (F) Quantitative PCR analysis of Mef2 family members in the 
iBAT of the female 3bKO and fl/fl mice. (G) Pyrosequencing analysis of the Mef2c promoter in 
the iBAT of the female 3bKO and fl/fl mice. All data are expressed as mean ± SEM; * p < 0.05 
vs. fl/fl.  
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Figure 10 Bioinformatic pathway analysis of RNA-seq data 
Bioinformatic pathway analysis of RNA-seq data using iBAT of 25-week-old female 3bKO and 
fl/fl control mice on HFD. 

 
Figure 11 Schematic illustration of CpG sites at the Mef2c promoter. 
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Figure 12 mRNA expression and protein expression in gastrocnemius skeletal muscle 
Quantitative RT-PCR analysis of Dnmt3b mRNA (A), immunoblotting of DNMT3b protein (B), 
quantitative RT-PCR analysis of skeletal muscle markers (C) and thermogenic genes (D), and 
immunoblotting of mitochondrial respiratory chain protein (E) in gastrocnemius skeletal muscle 
of 25-week-old female 3bKO and fl/fl mice on HFD. All data are expressed as mean +/-SEM; 
n=6-8; *p<0.05 vs. fl/fl. 
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Figure 13 Dnmt3b deficiency does not change body weight in male mice fed chow diet. 
(A)Body weight (n=6/group) and (B) body fat composition (n=6/group) of 3-month-old male 
3bKO and their littermate fl/fl mice fed chow diet. Dnmt3b deficiency does not change body 
weight in male mice fed HFD. 5-week-old male 3bKO and their littermate control fl/fl mice were 
put on HFD for 18 weeks. (C) Body weight growth curve in male 3bKO and fl/fl mice fed HFD. 
(D) Body composition measured by a Bruker NMR body composition analyzer in 16-week-old 
male 3bKO and fl/fl mice fed HFD. (E) Fat pad weight of interscapular brown adipose tissue 
(iBAT), inguinal white adipose tissue (iWAT) and epididymal WAT (eWAT)) in 25-week-old male 
3bKO and fl/fl mice fed HFD. All data are expressed as mean +/-SEM; n=8-9/group. 
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Figure 14 4-month-old female 3bKO and their littermate fl/fl mice were challenged with cold at 
5 oC for 7 days 
(A) Body weight, (B) body fat composition, and fat pad weight (C) of the female 3bKO and their 
littermate fl/fl mice after a 7-day cold exposure. iBAT: interscapular brown adipose tissue; 
iWAT: inguinal white adipose tissue; gWAT: gonadal white adipose tissue; rWAT: 
retroperitoneal white adipose tissue. All data are expressed as mean +/-SEM; n=6-8/group 
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Figure 15 Dnmt3b deficiency impairs brown fat thermogenic program in cold-challenged female 
mice. 
Four-month-old female 3bKO and their littermate control fl/fl mice were challenged with cold at 
5 °C for 7 days. (A) Quantitative RT-PCR analysis of thermogenic gene expression in the iBAT. 
(B) Immunoblotting of UCP1 and (C) mitochondrial respiratory chain complex proteins. (D) 
Quantitative RT-PCR analysis of myogenic gene expression in the iBAT. All data are expressed 
as mean ± SEM; n = 6/group; * p < 0.05 vs. fl/fl. 
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Figure 16 4-month-old male 3bKO and their littermate fl/fl mice were challenged with cold at 5 
oC for 7 days. 
Quantitative RT-PCR analysis of thermogenic gene expression (A), immunoblotting of UCP1 
protein (B) and quantitative RT-PCR analysis of myogenic gene expression (C)in the iBAT of the 
male 3bKO and their littermate fl/fl mice. All data are expressed as mean +/-SEM;n=6-8/group. 
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2.5 Discussion 

In this study, we have generated a genetic model with Dnmt3b knockout in Myf5+-brown 

fat-skeletal lineage precursor cells (3bKO mice). Female 3bKO mice display decreased energy 

expenditure and are prone to diet-induced obesity and insulin resistance. Dnmt3b deficiency 

in Myf5+-cells induces myogenic remodeling in brown fat, which may contribute to the 

dysregulation of energy metabolism in the knockout mice. The plausibility of this study was 

derived from prior observations that epigenetic regulation plays a key role in the development of 

obesity and its related diseases. We recently have reported the involvement of DNA methylation 

in the regulation of several metabolic pathways. (Bruggeman et al., 2018; Cao et al., 2014; Chen 

et al., 2016; Wang et al., 2016; Yang et al., 2014; X. Yang et al., 2016). On the other hand, 

several lines of evidence have suggested a role for DNA methylation in the regulation of brown 

fat thermogenesis. For example both Ucp1, the key thermogenic protein in brown fat, and �3�J�F���., 

the master regulator of mitochondrial biogenesis, are subjected to DNA methylation 

modifications (Barres et al., 2009; Barres et al., 2012; Shore et al., 2010). We therefore have 

been interested in understanding the role of DNA methylation in brown fat development and 

thermogenic function (Li, Jing, et al., 2021). In consistence with our prior findings 

on Dnmt1 or 3a, deletion of Dnmt3bat early stage of brown fat development using Myf5-Cre also 

promoted diet-induced obesity and insulin resistance, which was associated with the induction of 

myogenic program in brown fat. Lineage tracing studies have provided strong evidence to 

support that brown fat and skeletal muscle share the same developmental origins (Seale et al., 

2008; Seale et al., 2007). Most brown adipocytes originate from a mesodermal progenitor 

population in the somites that also gives rise to skeletal myocytes (Seale et al., 2008; Seale et al., 

2007). The somitic multipotent progenitor cells featured by expression of transcriptional factors 
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paired box 7 (Pax7), engrailed 1 (En1) and Myf5 can either develop into brown adipocytes 

through activation of Prdm16, early B cell factor 2 (Ebf2), and zinc finger protein 516 

(Zfp516), or commit to the skeletal myogenic pathway via activation of myogenic differentiation 

1 (Myod1), Myog and myogenic regulatory factor 4 (Mrf4)(Kajimura et al., 2015). We found that 

the myogenic remodeling in brown fat due to Dnmt1 deficiency might be due to induction 

of Myod1, a master regulator of myogenesis, by its promoter demethylation (Li, Jing, et al., 

2021). Although the brown fat Dnmt3b knockout model in this study and Dnmt1/3a knockout 

models reported above share striking similarity in myogenic remodeling in brown fat, the 

mechanism underlying the myogenic switch in brown fat might be different. While we did not 

observe a significant change in Myod1 expression from RNA-seq analysis in Dnmt3b-deficient 

brown fat, we, through motif enrichment analysis, identified MEF2 family transcriptional factors 

particularly Mef2a, 2c and 2d, whose expression is up-regulated in Dnmt3b-deficient brown fat. 

While all three MEF2s including 2A, 2C and 2D are involved in the development, 

morphogenesis and maintenance of various types of muscles including skeletal, cardiac and 

smooth muscle, each transcriptional factor has its own specialty in doing so (Pon & Marra, 

2016). Although MEF2A and 2C regulate skeletal muscle development and smooth muscle cell 

differentiation, respectively, the two transcriptional factors share most similarity in sequences 

and have overlapping and yet diverse functions in shaping skeletal muscle identity (Pon & 

Marra, 2016; Wang et al., 2001). Since Mef2cexpression is most up-regulated in Dnmt3b-

deficient brown fat and has been shown to be regulated by DNA methylation (Davegardh et al., 

2017), we assessed DNA methylation status at the Mef2c promoter and found Dnmt3b deficiency 

down-regulated DNA methylation levels at the Mef2c promoter, which may be responsible for 

the increased Mef2cexpression in iBAT of 3bKO mice. Indeed, a prior report demonstrated that 
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the Mef2c promoter activity is regulated by DNA methylation status (Alvarado et al., 2015). The 

authors examined fully methylated vs. unmethylated Mef2c promoter activity and showed that 

luciferase activity of unmethylated Mef2c promoter was significantly higher than that of fully 

methylated Mef2c promoter (Alvarado et al., 2015). However, we cannot rule out 

that Dnmt3b deficiency may also cause alterations of DNA methylation on the promoters 

of Mef2a and/or Mef2d. 

Since Myf5+-precursor cells could develop into both brown adipocytes and skeletal muscle 

cells, employing Myf5+Cre line inevitably inhibits DNMT3b expression in skeletal muscle, as 

we showed in Figure 1D and Figure 12A, B. Skeletal muscle, which accounts for 40% of total 

body mass and 30% of resting metabolic rate in non-obese humans, plays a key role in the 

regulation energy metabolism and insulin stimulated glucose disposal (Ceddia, 2005). Given the 

importance of skeletal muscle in overall energy metabolism and glucose homeostasis, we 

examined the expression of myogenic markers that represent skeletal muscle development and 

function. The myogenic gene expression does not show any difference between 3bKO mice and 

their littermate controls, nor does thermogenic gene expression in the muscle. We further 

assessed the protein levels of mitochondrial respiratory chain complexes in the gastrocnemius of 

the 3bKO mice but found no changes. Although these data suggest that Dnmt3b deficiency does 

not alter myogenic gene expression and the mitochondrial machinery, we cannot rule out 

functional changes in the skeletal muscle in the energy metabolism and glucose uptake. A more 

thorough assessment on skeletal muscle energy and nutrient metabolism would be required to 

determine its exact contribution. For instance, we have observed insulin resistance and glucose 

intolerance in ITTs and GTTs in the 3bKO mice. However, it is not clear whether the insulin 

resistance that occurs in the 3bKO mice is derived from the direct effect of muscle insulin 
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resistance or secondary effect from the obese phenotype of the knockout mice. A 

hyperinsulinemic-euglycemic clamp experiment on the knockout mice before their body weight 

changes become evident would help distinguish the direct contribution of the skeletal muscle to 

the systemic insulin resistance. 

Prior lineage chasing studies revealed the contribution of the Myf5 positive progenitor cells 

to the development of subcutaneous WAT (Sanchez-Gurmaches & Guertin, 2014), suggesting 

that Myf5 Cre may also knock down Dnmt3b in a portion of adipocytes residing within 

subcutaneous WAT. Although we did not find a significant reduction in Dnmt3b mRNA 

expression in subcutaneous WAT of 3bKO mice, we cannot rule out that some Myf5 originated 

adipocytes, albeit at a lower number, may have Dnmt3b deletion. How the Dnmt3b deletion in 

iWAT may contribute to the energy metabolism and obese phenotype of 3bKO mice is not clear. 

Recent studies discovered a subset of glycolytic beige adipocytes featured by a myogenic state 

(Chen et al., 2019). It is not clear, however, whether Dnmt3b deletion in Myf5 lineage 

adipocytes would affect the formation of glycolytic beige adipocytes, contributing to the 

decreased energy expenditure and increased obesity observed in 3bKO mice. 

Unlike the female 3bKO mice, HFD-fed male 3bKO mice do not show any differences in 

body weight or fat mass when compared to that of fl/fl mice. Sexual dimorphism frequently 

occurs in metabolic phenotypes of both humans and rodents. For one, males and females have 

different fat composition and distribution in humans (Gallagher et al., 2000; Palmer & Clegg, 

2015). This might be due to differential lipid metabolism between the two genders (Schmidt et 

al., 2014). Another potential mechanism may be attributed to the sex hormone estrogen and its 

receptors that have been shown to play a pivotal role in various metabolic pathways (Monteiro et 
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al., 2014). Future experiments involving ovariectomy may disclose the role of estrogen in the 

development of obesity in female 3bKO mice.  



50 
 

Table 1 TaqMan primer/probe pairs purchased from Applied Biosystems 
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Table 2 Amplification and Sequencing primers for Mef2c pyrosequencing 
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3 SPECIFIC AIM 2: GENOME-WIDE ANALYSIS OF DNA METHYLATION IN 

LIVER REVEALS A ROLE OF EPIGENETIC REGULATION OF BETA -KLOTHO 

IN HEPATIC LIPID METABOLISM  

3.1 Abstract 

Epigenetic regulation, including DNA methylation, is a molecular link between 

environmental factors (e.g. diets) and complex diseases (e.g. Non-alcoholic fatty liver disease 

(NAFLD)). Here we characterized the DNA methylome in liver of mice fed high fat diet (HFD) 

using reduced representation bisulfite sequencing (RRBS) analysis, which reveals a dynamic 

change of DNA methylome in liver of diet-induced obese (DIO) mice. Among the most significant 

�F�K�D�Q�J�H�V���R�I���W�K�H���5�5�%�6���D�Q�D�O�\�V�L�V���L�Q�F�O�X�G�H���D���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���'�1�$���P�H�W�K�\�O�D�W�L�R�Q���D�W���W�K�H�����N�O�R�W�K�R��

(Klb) promoter, which is associated with down-regulation of Klb expression in RNA-seq analysis. 

Notably, Pyrosequencing analysis confirms the enhanced promoter methylation of Klb, a gene that 

encodes a co-receptor necessary for biological functions of FGF21. In vitro methylation of the Klb 

promoter suppresses the promoter activity, which is associated with a down-regulation of Klb 

mRNA expression. Both DNA methyltransferases 1 and 3a (DNMT1 and DNMT3a) mediate 

HFD-induced methylation at the Klb promoter. Liver-specific deletion of DNMT1 or 3a increases 

Klb and fatty acid oxidation gene expression and ameliorates HFD-induced hepatic steatosis. 

Targeted demethylation at the Klb promoter by a modified CRISPR/RNA-guided approach 

increases Klb expression, FGF21 signaling, and fatty acid oxidation, resulting in decreased hepatic 

lipid accumulation. Deregulated epigenetic regulation by HFD may result in hypermethylation of 

the Klb promoter and subsequent down-regulation of Klb expression, thereby impairing the FGF21 

pathway; this in turn contributes to the development of fatty liver in obesity. 
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3.2 Introduction  

Non-alcoholic fatty liver disease (NAFLD) is a group of liver disorders characterized by 

excessive hepatic triglyceride (TG) accumulation and cellular degeneration (Cohen et al., 2011). 

NAFLD has reached a high prevalence in US, with estimate of 10-25% adults being diagnosed in 

general population, which further increases up to 75% in obese patients (Cohen et al., 2011; Zeng 

et al., 2014). NAFLD begins with mild pathological changes such as hepatic steatosis at the early 

stage and later may progress to severe abnormalities such as nonalcoholic steatohepatitis (NASH), 

fibrosis and cirrhosis (Cohen et al., 2011)�����$���³�W�Z�R���K�L�W�¶���K�\�S�R�W�K�H�V�L�V���K�D�V���E�H�H�Q���S�U�R�S�R�V�H�G���D�Q�G���Z�L�G�H�O�\��

accepted to explain the pathogenesis of NASH (Day & James, 1998). Hepatic steatosis can be 

initiated by a number of factors such as insulin resistance and excess nutrients, leading to hepatic 

TG accumulation as a first hit (Day & James, 1998). The second hit through activation of several 

pathways including oxidative stress, inflammatory response and mitochondrial dysfunction may 

eventually result in cellular damage, inflammation, fibrosis and cirrhosis (Day & James, 1998).  

�7�K�H�� ���.�O�R�W�K�R�� ��Klb) gene, initially identified as a longevity gene (Kuro-o et al., 1997), 

encodes a co-receptor necessary for normal physiological functions of FGF21, which has been 

discovered as an important peptide hormone in the regulation of key metabolic pathways (Fisher 

& Maratos-Flier, 2016). FGF21 promotes fatty acid oxidation and reduces lipid accumulation in 

liver, thereby ameliorating hepatic steatosis (Fisher & Maratos-Flier, 2016). However, fatty liver 

is paradoxically associated with increased FGF21 levels in both obese humans and mice, 

suggesting a FGF21-resistant state where increased FGF21 fails to block the development of fatty 

liver (Fisher & Maratos-Flier, 2016). The molecular mechanism underlying FGF21 resistance in 

fatty liver remains elusive. 
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While numerous studies have been devoted to the evaluation of genetic pathways related to 

liver diseases such as hepatic steatosis, NAFLD and NASH, much is unknown about epigenetic 

regulation in the pathways underlying these disorders. Epigenetic regulation, including DNA 

methylation, links common environmental factors (e.g. diets) to complex diseases (Edwards & 

Myers, 2007; Skinner et al., 2010), including obesity and its associated complications. DNA 

methylation of cytosines that occurs primarily at the CpG dinucleotides is one of the most common 

�H�S�L�J�H�Q�H�W�L�F���P�R�G�L�I�L�F�D�W�L�R�Q�V�������&�S�*���P�H�W�K�\�O�D�W�L�R�Q���I�U�H�T�X�H�Q�W�O�\���R�F�F�X�U�V���L�Q���W�K�H���S�U�R�P�R�W�H�U�V���D�Q�G�����¶-untranslated 

regions of genes and thereby regulates gene transcription (Luczak & Jagodzinski, 2006).  De novo 

methylation of DNA is mainly generated by DNA methyltransferase (DNMT) 3a and 3b. Once 

established, DNA methylation mainly relies on another enzyme DNMT1 to maintain the methylation 

pattern during mitosis (Luczak & Jagodzinski, 2006). Meanwhile DNA demethylation can be 

achieved by the ten-eleven translocation 1 (TET1) dioxygenase that catalyzes the hydroxylation of 

5-methylcytosine to 5-hydroxymethylcytosine and subsequent generation of 5-formylcytosine and 

5-carboxylcytosine, which are then converted into unmodified cysteines by replication-related 

dilution or glycosylation-mediated base-excision repair (He et al., 2011; Ito et al., 2011; Wu & 

Zhang, 2014). DNA hypo-methylation on the promoters typically represents a transcriptionally 

active state of the gene, whereas DNA hyper-methylation tends to result in gene silencing (Suzuki 

& Bi rd, 2008).  

Metabolic disorders including obesity and NAFLD are complex diseases that often result 

from the interplay between genes and environmental factors, in which epigenetic mechanism 

serves as a link between the two (Edwards & Myers, 2007; Skinner et al., 2010).  Increasing 

evidence indicates that epigenetic regulation plays a key role in the development of obesity and its 

associated disorders (Campion et al., 2009; Holness & Sugden, 2006; Ling & Groop, 2009; Maier 
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& Olek, 2002; Szarc vel Szic et al., 2010). This is an emerging research area; however, much 

remains to be discovered on how epigenetic mechanisms regulate hepatic lipid metabolism and 

whether epigenetic regulations are involved in the development of liver diseases such as hepatic 

steatosis and NAFLD.    

In the present study, we employed comprehensive approaches integrating systemic genome-

wide profiling and functional studies to determine the role of DNA methylation in regulation of 

hepatic steatosis. Specifically, we systemically analyzed genome-wide profile of DNA methylation 

and gene expression in livers of HFD versus chow diet (CD) fed mice using a comprehensive 

approach, reduced representation bisulfite sequencing (RRBS) and RNA-seq respectively. We found 

dynamic changes of DNA methylation in many genes in HFD-fed mice compared to those of LFD 

fed mice, among which include Klb, whose expression was down-regulated in RNA-seq analysis. 

Using pyrosequencing, �Z�H���I�X�U�W�K�H�U���F�R�Q�I�L�U�P�H�G���W�K�H�����¶-end promoter methylation rates of Klb gene in 

liver of HFD-fed mice and determined its mRNA expression. We also determined the functional 

outcome of the methylation change at the Klb promoter using promoter activity assays. We then 

investigated whether inhibiting DNA methylation regulation Klb expression and determined the 

important roles of hepatic DNMT1 and DNMT3a in the Klb expression and hepatic lipid 

metabolism using genetic models with liver-specific deletion of DNMT1 and 3a. Finally, using a 

CRISPR/RNA-guided system to specifically induce demethylation at the Klb promoter, we 

determined whether specifically targeted demethylation at the Klb promoter regulates hepatic 

FGF21 signaling and lipid metabolism. 
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3.3 Materials and Methods 

3.3.1 Mice 

All animal procedures were approved by the Institutional Animal Care and Use Committee 

at Georgia State University. For diet-induced obesity studies, 6-week-old male C57BL/6J mice 

were purchased from the Jackson Laboratory (Bar Harbor, ME) and were fed either CD (LabDiet 

5001, LabDiet, St. Louis, MO, 13.5% calories from fat) or HFD (Research Diets D12492, 60% 

calorie from fat, Research Diets Inc.) for 12 weeks. At the end of study, liver was dissected and 

used for RRBS analysis. 

We have generated mice with liver-specific deletion of Dnmt1 or 3a (LD1KO or LD3aKO) 

or Tet2 (LT2KO) by retro-orbitally injecting AAV8-human thyroid hormone binding globulin 

(TBG)-Cre virus (produced by UPenn Viral Vector Core) (Ballantyne et al., 2016; Zhang et al., 

2016) into Dnmt1 and 3a floxed mice (from the NIH-supported Mutant Mouse Regional Resource 

Centers (MMRRC); Dnmt1 floxed line: MMRRC No. 014114; Dnmt3a floxed line: MMRRC No. 

029885). The Dnmt1-floxed mouse was created by inserting two loxP sites flanking exons 4 and 5, 

which causes frame shift and lacks the motifs for the catalytic domain (Jackson-Grusby et al., 2001). 

The Dnmt3a-floxed mouse was created by inserting two loxP sites flanking exon 19, which encodes 

the catalytic motif (Kaneda et al., 2004). The Tet2-floxed mouse with the third exon flanked by two 

loxP sites (Moran-Crusio et al., 2011) was purchased from the Jackson laboratory (Strain No. 

#017573; Bar Harbor, ME). All of the mouse models have been backcrossed to B6 background for 

multiple generations in our lab. 

For the models with liver Tet1, Tet2, or Tet3 knockdown, 8-week-old male C57BL/6J mice 

were intravenously injected with AAV8 Tet1 or Tet2 or Tet3 shRNA purchased from Addgene 
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(Addgene No. Tet1 shRNA 85742, Tet2 shRNA 86743, Tet3 shRNA 85740, Control 85741). after 

1 week of recovery, mice were fed HFD for 4 weeks. 

For 5-aza-dC treatment study, 6-week-old male C57BL/6J mice were fed either CD or HFD 

for 16 weeks to establish diet-induced obesity and were then randomly assigned to receive either 

saline (n=8) or 5-aza-dC (n=8) injection intraperitoneally (i.p) (0.25mg/kg BW, three times per 

week) for up to 6 weeks. We chose the low dose as oppose to the much higher doses of 5-aza-dC 

���X�S���W�R�����P�J���N�J�����I�U�H�T�X�H�Q�W�O�\���X�V�H�G���L�Q���W�K�H���O�L�W�H�U�D�W�X�U�H���U�H�S�R�U�W�V���V�K�R�Z�L�Q�J���W�K�D�W���W�K�H���O�R�Z���³�F�K�H�P�R�S�U�H�Y�H�Q�W�L�Y�H�´��

dose of 5-aza-dC (0.25mg/kg) had enhanced therapeutic potency of human papillomavirus DNA 

vaccine (Lu et al., 2009) and effectively reduced tumor genesis without any visible adverse effects 

when treated for up to 18 weeks (McCabe et al., 2006). Body weight was monitored weekly. At 

the end of study, liver was dissected and saved for further analysis. Blood was collected for TG 

analysis, which was �P�H�D�V�X�U�H�G���X�V�L�Q�J���D�Q���H�Q�]�\�P�D�W�L�F���D�V�V�D�\���D�F�F�R�U�G�L�Q�J���W�R���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V��

(Wako, Richmond, VA). 

 

3.3.2 Specific demethylation of the Klb promoter 

The lentiviral vector expressing dCas9-TET1 was purchased from Addgene (Addgene No. 

84475). The guide RNA sequences targeting DNA methylation at the Klb promoter was designed 

with GT-Scan website (http://gt-scan.braembl.org.au/gt-scan). The targeting or non-targeting 

oligos were subcloned into the AarI sites of the pgRNA lentiviral vector (Addgene No. 44248). 

The targeting guide RNA sequences for the Klb promoter are: forward, 5�•-ttgg 

CCGTGCACTTCTGGACTCGCTGG -3�•���� �U�H�Y�H�U�V�H���� ���¶��-

aaacCCAGCGAGTCCAGAAGTGCACGG -3�•. The sequence for non-targeting gRNA was: 

forward, 5�•-ttggCCCCCGGGGGAAAAATTTTT; reverse, 5�•- 

http://gt-scan.braembl.org.au/gt-scan
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aaacAAAAATTTTTCCCCCGGGGG-3. Lentiviruses expressing dCas9-TET1CD or gRNA-

mCherry (1�××�×109�×IFU/ml) was produced by Vigene Biosciences, Inc., and was retro-orbitally 

injected into 8-week-old male C57BL/6J mice. Mice were allowed to be recovered for one week 

and were then put on HFD for 8 weeks. 

 

3.3.3 Antibodies and reagents 

Antibodies used in immunoblotting and chromatin immunoprecipitation (ChIP) assays are 

as follows: Klb (AF2619, R&D Systems), DNMT1 (IMG-261A, IMGENEX), DNMT3a (IMG-

268A, IMGENEX), DNMT3b (NB100-56514, NOVUS), GAPDH (6C5) (sc-32233, Santa Cruz). 

5-aza-dC an�G�� �L�Q�V�X�O�L�Q�� �Z�H�U�H�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P�� �6�L�J�P�D�� �$�O�G�U�L�F�K�� ���6�W���� �/�R�X�L�V���� �0�2������ �'�X�O�E�H�F�F�R�¶�V��

�0�R�G�L�I�L�F�D�W�L�R�Q���R�I�� �(�D�J�O�H�¶�V���0�H�G�L�X�P�����'�0�(�0������ �2�S�W�L-MEM Medium, fetal bovine serum (FBS) and 

Penicillin/Streptomycin were purchased from Life Technologies (Grand Island, NY). 

 

3.3.4 Cell culture, E6AP shRNA knockdown or overexpression 

All cells were maintained at 37�•  with 5% CO2. The Hepa1-6 cells (CRL-1830TM) and 

HEK293 cells were obtained from American Type Culture Collection (ATCC; Manassas, VA) and 

�F�X�O�W�X�U�H�G���L�Q���'�X�O�E�H�F�F�R�¶�V���0�R�G�L�I�L�F�D�W�L�R�Q���R�I�� �(�D�J�O�H�¶�V���0�H�G�L�X�P�����'�0�(�0���� �F�R�Q�W�D�L�Q�L�Q�J���������� �I�H�W�D�O���E�R�Y�L�Q�H��

serum (FBS) and 1% Penicillin/Streptomycin. E6AP knockdown and E6AP overexpression stable 

cell lines were established as previously described (Wang et al., 2017), Briefly, for E6AP 

overexpression, HEK293 cells were transfected with pLenti6-Myc-EA6P lentivirus and selected 

with 1�Pg mL-1 puromycin. For E6AP knockdown, HEK293 cells were transfected by lentiviral 

GPIZ plasmids encoding shRNA against E6AP (#1) from GE Dharmacon (Lafayette, CO). 
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3.3.5 DNA methylation analysis using RRBS 

Genomic DNA from liver of CD or HFD-fed mice was isolated by phenol chloroform 

extraction and a commercial service for DNA methylation sequencing was provided by Beijing 

Genomics Institute (BGI) (Shenzhen, China). According to the brochure provided by the company, 

the genomic DNA was digested with the methylation-insensitive restriction enzyme MspI and 

ligated to methylated sequencing adaptors. The ligated MspI fragments were size-selected, treated 

with sodium bisulfite, amplified by PCR and constructed for library, which was sequenced. For 

data analysis, the RRBS data analysis including Differentially Methylated Regions (DMRs), 

methylation rate and pathway analysis were conducted by BGI Bioinformatics Center or using the 

bioinformatics analysis pipeline as our co-author Dr. Huidong Shi described in (Pei et al., 2012). 

The methylation level at each CpG site was determined based on the number of sequences 

containing methylated CpGs versus the total number of sequences analyzed. For the comparison 

of DNA methylation rate differences between the HF and LF mice, data were summarized based 

on genomic features to generate tag density plots around transcription start and termination sites, 

exon-intron boundaries, CpG islands, and repeat elements and the data were uploaded to 

University of California Santa Cruz (UCSC) Genome Browser on Mouse (NCBI37/mm9) 

Assembly for methylated gene mapping as reported previously (Jin et al., 2012; Pei et al., 2012).  

 

3.3.6 RNA-sequencing analysis.  

Total RNA was isolated from WAT and was sent to Beijing Genomics Institute (BGI, 

Shenzhen, China) for sequencing commercially. Clean reads were aligned to the reference genome 

(UCSC mm9) using TopHat and transcriptome using SOAP2. Peak reads were mapped to 

annotated 
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Genes and were counted using featureCounts at the Galaxy server (version 1.6.3.). Gene 

sets were considered to have a difference in expression with a fold change of 1.5 or greater, and 

FDR<0.001.  

 

3.3.7 Single-nucleus RNA sequencing (snRNA-seq) 

Liver nuclei were isolated as described above and were sent to Georgia Tech genomic core 

facility for snRNA-seq using a protocol as described (Ding et al., 2020). Briefly, purified nuclei 

were processed for the construction of snRNAseq libraries using the Chromium Controller from 

10X genomics (10X Genomics, Inc, Pleasanton, CA, 94588), which were sequenced using 

Iiilumina NextSeq500 sequencer with each nucleus being tagged with a 16bp barcode and yielding 

80k reads. The raw data reads in the fastq format were analyzed by 10Xgenomic cellranger analysis 

package (https://www.10xgenomics.com/products/cloud-analysis). The cell specific populations 

of the LD1KO and the control fl/fl samples were defined by the cellranger aggr pipeline, whose 

outputs were further analyzed by R package Seurat 3.1.4.  

 

3.3.8 Assay for transposase-accessible chromatin using sequencing (ATAC-seq).  

ATAC-seq analysis was conducted according to the instruction of the Omni-ATAC-seq 

protocol as described (Ding et al., 2020; Li, Jing, et al., 2021). Briefly, 30 mg of liver samples 

were dounce-homogenized, filtered through 100µM nylon mesh and centrifuged in iodixanol 

solution to obtain nuclei. The isolated nuclei were then incubated with Nextera Tn5 transposase 

(Illumina) for the transposition reaction, followed by DNA purification and PCR amplification 

with NEBNext 2X MasterMix and Nextera Index primers to generate the ATAC libraries, which 
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were further size-purified and sent to Novogene (Durham, NC) for sequencing. The ATAC-seq 

analysis was performed on the Galaxy server as described (Ding et al., 2020).  

 

3.3.9 Primary hepatocyte isolation and oxygen consumption rate (OCR) 

Primary hepatocytes were isolated from 6- to 8-week-old male mice. After the mice were 

anesthetized, they were perfused through the portal vein with perfusion medium (GIOCO #17701-

038) at 4.5 ml/min for 5 mins and followed by liver digest medium (FIBCO #17703-034) for another 

6-7 mins. Then, the liver was extracted and placed in a 100mm plates with cold washing medium 

(WEM, GIBCO #A1217601). The liver was minced and filtered through 100�Pm filter. The 

hepatocytes were centrifuged at 50Xg for 3 mins. The obtained hepatocytes were purified by 40% 

cold percoll and centrifuged at 200Xg for 10 mins. The supernatant was discarded. The hepatocytes 

were washed twice with wash medium. The obtained hepatocytes were cultured in growth medium 

(WEM with 10% serum) in a 5% CO2 / water-saturated incubator at 37 0C for 15 hours. 

OCR in primary hepatocytes was measured using a XF 96 Extracellular Flux Analyzer 

(Agilent, Santa Clara, CA) as we described (Li, Jing, et al., 2021). Briefly, the assays began with a 

basal respiration measurement and then a series of reagents including oligomycin and FCCP were 

added to measure various respiration rates. 

 

3.3.10 Total RNA extraction and quantitative RT-PCR 

Total RNA was extracted from liver or cells using Tri-Reagent kit (Molecular Research 

�&�H�Q�W�H�U�����&�L�Q�F�L�Q�Q�D�W�L�����2�+�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�����7�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���J�H�Q�H�V���R�I��

interests was assessed by quantitative RT-PCR (ABI Universal PCR Master Mix, Applied 

Biosystems, Foster City, CA) using an Applied Biosystems QuantStudio 3 real-time PCR system 
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(ThermoFisher Scientific) as we described as we previously described (Zha et al., 2015). The 

primer and probe pairs used in the assays were purchased from Applied Biosystems. 

 

3.3.11 Immunoblotting (IB) 

IB was performed as we previously described (Shi et al., 2006). Briefly, liver tissues were 

homogenized in a modified radioimmunoprecipitation assay (RIPA) lysis buffer containing 50 

mM Tris-HCl, 1 mM EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 

mM phenylmethylsulfonyl fluoride, 200 mM Na3VO3, 1% protease inhibitor mixture (Sigma), and 

1% phosphatase inhibitor mixture (Sigma). The whole tissue lysates were separated by SDS-

PAGE. Proteins on the gels were transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA). 

The transferred membranes were blocked, washed, and incubated with various primary antibodies, 

followed by Alexa Fluor 680-conjugated secondary antibodies (Life Science Techenologies). The 

blots were developed with a Li-COR Imager System (Li-COR Biosciences, Lincoln, NE).  

 

3.3.12 Co-immunoprecipitation and to confirm E6ap substrates 

For all group cells (HEK293 cells expressing shE6AP, shE6AP + E6AP cDNA, and E6AP 

cDNA), �F�H�O�O�V���Z�H�U�H���W�U�H�D�W�H�G���Z�L�W�K�����������0 MG132 (American Peptide, Sunnyvale, CA) for 90 min at 

72-h post-transfection. The cells were washed twice with PBS, and lysated by RIPA. Then the 

cells were incubated at 4 °C for 10 min. The cell lysate was transferred to 1.5ml tube and 

centrifuged at 13,000 r.p.m. for 20 min at 4 °C. Then the supernatant was transferred to a new tube 

and precleared by 1.0 �Pg of control IgG. 20 �PL of Protein A/G PLUS-agarose was added to each 

supernatant and was incubated for 30 min at 4 °C. The agarose beads were pelleted by 

centrifugation at 350 × g for 5 min at 4 °C. From the cleared cell lysate, volume containing 2 mg 
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total protein was transferred to a new tube. 30 �PL primary antibody was added to new tube and 

�Z�D�V���L�Q�F�X�E�D�W�H�G���I�R�U�������K���D�W�������ƒ�&�����7�K�H�Q�����������/���R�I���U�H-suspended volume of Protein A/G PLUS-Agarose 

was added to tube. The tube was incubated at 4 °C for overnight. After incubation, the beads were 

washed 4 times with PBS. After the final wash, the samples were boiled for 10 mins at 100 °C and 

analyzed by SDS-PAGE and immunoblotting.  

 

3.3.13 Cloning of the mouse Klb promoter and luciferase reporter assay 

A mouse 700 bp Klb promoter was amplified from bacterial artificial chromosome clones 

using the following primers: Klb �I�R�U�Z�D�U�G�������¶-AAAGTTTAAAATATTTAGAAAGGTTT -���¶����Klb 

�U�H�Y�H�U�V�H���� ���¶-AAAACCTATAATTATAAAACCCTATCAA -���¶���� �7�K�H���3�&�5���S�U�R�G�X�F�W�V���Z�H�U�H���F�X�W���Z�L�W�K��

XhoI/HindIII and then inserted into pGL3.1-Basic at XhoI/HindIII sites to generate pGL3.1-Klb. 

The constructs were confirmed by sequencing. 

To obtain unmethylated promoter, the reporter constructs were transformed into the dam-

/dcm- E. coli strain (New England Biolabs, Ipswich, MA). To obtain fully methylated promoter, 

�F�R�Q�V�W�U�X�F�W�V�� �Z�H�U�H�� �L�Q�F�X�E�D�W�H�G�� �Z�L�W�K�� ���8�����J�� �6�V�V�,�� �P�H�W�K�\�O�D�V�H�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� ���������0�� �R�I�� �6-

adenosylmethionine (New England Biolabs) at 37°C for 3 hours. Methylation of the pGL3-Klb 

promoter was confirmed by checking the resistance of reporter constructs to HpaII and HpyCH4IV 

digestion, respectively. The unmethylated or fully methylated reporter constructs were transfected 

into Hepa 1-6 cells and luciferase activity was measured using Dual Luciferase Reporter Assay 

System (Promega, Madison, WI). 
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3.3.14 Bisulfite conversion and pyrosequencing of the Klb promoter 

The genomic DNA of liver samples was isolated by phenol/chloroform extraction. 1µg of 

DNA was converted and purified using EpiTect Bisulfite kit (Qiagen, Valencia, CA). The 

converted DNA was used as template to amplify DNA sequence covering putative CpG sites at 

the Klb promoter. Pyrosequencing primers for the Klb promoter were designed using PyroMark 

Assay Design 2.0 software (Qiagen) (Table 1). Pyrosequencing was carried out by EpiGenDx. 

Results were analyzed using Pyro-Q-CpG software (version 1.0.9) (Qiagen). 

 

3.3.15 Chromatin immunoprecipitation (ChIP) assay 

ChIP assays were performed using a ChIP assay kit (Upstate, Lake Placid, NY) as we 

previously described (Shi et al., 2006; Zha et al., 2015). For animal experiments, tissue samples 

were cut into small pieces and fixed with 1% of formaldehyde. The samples were then 

homogenized in cell lysis buffer (5 mM PIPES, 85 mM KCl, and 0.5% NP-40, supplemented with 

protease inhibitors, pH 8.0) using a dounce homogenizer to isolate nuclei. The nuclei were 

resuspended in nuclei lysis buffer (50 mM Tris-HCl, 10 mM EDTA, and 1% SDS, supplemented 

with protease inhibitors, pH 8.1) and sonicated to shear genomic DNA to an average fragment 

length of 200�±1,000 bp with a Diagenode Bioruptor (Diagenode, Denville, NJ). Lysates were 

centrifuged, and the supernatants were collected. Fifty microliters of each sample was removed as 

the input control. The supernatants underwent overnight immunoprecipitation, elution, reverse 

cross-�O�L�Q�N�L�Q�J���� �D�Q�G�� �S�U�R�W�H�D�V�H�� �.�� �G�L�J�H�V�W�L�R�Q���� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �P�D�Q�X�D�O���� �$�� �P�R�F�N��

immunoprecipitation without antibody was also included for each sample. The DNAs recovered 

from phenol/chloroform extraction were used for SYBR Green quantitative PCR (Applied 

Biosystems), and the DNA quantitation value of each sample was further normalized with the 
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DNA quantitation of individual input control. The sequences of primers were: Klb �I�R�U�Z�D�U�G���� ���¶-

ATGAAATTACCCGTCAAACTC-���¶����Klb �U�H�Y�H�U�V�H�������¶-CAATGATTAGCCTGGATCGG-���¶������ 

 

3.3.16 Statistics 

One-way analysis of variance (ANOVA) and least-significant-difference test were 

performed to evaluate statistical significance using GraphPad Prism version 5.0. Statistical 

significance was considered at p < 0.05. All data are shown as mean ± standard error (SEM). 

 

3.4 Results 

3.4.1 Dynamic changes of the DNA methylome in liver of HFD mice 

To study whether alteration of DNA methylome occurs in hepatic steatosis, we performed a 

DNA methylation profiling experiment in liver of mice fed with either CD or HFD using RRBS 

approach as detailed in Experimental Procedure. We found that there are up to 686 Differentially 

Methylated Regions (DMRs) in HFD vs CD fed mice (Fig. 17A). These DMRs cover 380 genes, 

including 298 genes whose methylation rates are up-regulated by HFD (Fig. 17B) and 82 genes 

whose methylation rates are down-regulated by HFD (Fig. 17B).  The data suggest that HFD feeding 

mainly increases DNA methylation on genes, which accounts for 78% of all genes with altered 

�P�H�W�K�\�O�D�W�L�R�Q���U�D�W�H�V�������������������������7�K�H���P�H�W�K�\�O�D�W�L�R�Q���F�K�D�Q�J�H�V���R�F�F�X�U���L�Q���W�K�H���J�H�Q�H���E�R�G�\���V�S�D�Q�Q�L�Q�J���I�U�R�P�����¶-end, 

coding sequence (CDS), i�Q�W�U�R�Q�����W�R�����¶-end (Fig. 17B). It is noteworthy that there are total 119 genes 

�Z�L�W�K���P�H�W�K�\�O�D�W�L�R�Q���F�K�D�Q�J�H�V���R�Q���W�K�H�����¶-end (Fig. 17B), a known gene region, methylation of which may 

affect gene transcription. Genes with methylation changes are involved in various pathways 

including biological process, cellular component and molecular function (Fig. 17C).  
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To determine which DNA methylation modifying enzymes mediate HFD-induced alterations 

of DNA methylation in the liver, we performed a comprehensive analysis of ATAC-seq and RNA-

seq, which surveys genome-wide chromatin accessibility and gene expression respectively, in the 

hopes that a gene with concerted changes of chromatin accessibility and increased expression can be 

converged. Using the liver samples from HFD-fed and regular chow-fed mice, we compared the 

genome-wide alterations in chromatin accessibility landscape assessed by ATAC-seq with the 

corresponding gene expression assessed by RNA-seq and discovered a strong correlation between 

the chromatin accessibility status and the gene expression in Dnmt1 and Dnmt3a. As shown in Fig. 

17D, ATAC-seq analysis revealed an enhanced peak at the Dnmt1 promoter (shown in green-

highlighted box) in the liver of HFD-fed mice relative to chow-fed mice, indicative of increased 

chromatin accessibility at the Dnmt1 promoter. This was associated with an up-regulation of Dnmt1 

mRNA abundance in the liver of HFD-fed mice revealed by RNA-seq data (Fig 17D, left panel). A 

similar trend of an open chromatin structure at the Dnmt3a promoter with increased gene expression 

was observed in HFD-fed animals (Fig. 17D, right panel). In support of this observation, we 

confirmed enhanced the expression of DNMT1 and DNMT3a at both mRNA (Fig. 17E) and protein 

(Fig. 17F) levels in HFD-fed mice by quantitative RT PCR and immunoblotting respectively while 

we did not observe any change of DNMT3b expression (data not shown). These data suggest that 

DNA methylation may be involved in the development of hepatic steatosis, and that DNMT1 and 3a 

may be the key enzymes in this process. 

 

3.4.2 DNMT1 or 3a promotes hepatic steatosis 

To further determine the role of DNA methylation in the regulation of hepatic lipid 

metabolism in animal models, we first employed a pharmacological approach by treating the mice 
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with the DNA methylation inhibitor 5-aza-dC. We fed 6-week-old male C57BL/6J mice with either 

CD or HFD for 16 weeks to establish a model of diet-induced obesity and then treated the mice with 

either saline or low dose 5-aza-dC (i.p) (0.25mg/kg BW, three times per week) for 6 weeks. This 

low dose of 5-aza-dC has been shown to effectively reduce tumor genesis without any visible adverse 

effects when treated for up to 18 weeks (McCabe et al., 2006). We found that 5-aza-dC treatment 

significantly reduced hepatic steatosis caused by HFD feeding (Fig. 18A). Moreover, HFD feeding 

dramatically increased TG content in serum, which was substantially prevented by 5-aza-dC 

treatment (Fig.18B). A similar reduction was observed in the liver TG content in 5-aza-dC-treated 

mice (Fig. 18C). 

We then employed genetic approach to interrogate the role of DNA methylation in the 

regulation of hepatic lipid metabolism by generating the mice with liver-specific deletion of Dnmt1 

or 3a (LD1KO or LD3aKO) by intravenously injection of AAV8-TBG-Cre virus, which has been 

successfully used in hepatocyte-specific deletion of genes of interest (Ballantyne et al., 2016; Zhang 

et al., 2016). We found that DNMT1 and 3a mRNA was decreased by 60% in the liver of LD1KO 

mice and LD3aKO mice respectively (Fig. 19A and 19B). We then put these mice on HFD for 8 

weeks and conducted metabolic characterization on the liver. LD1KO mice had a slightly decreased 

body weight (Fig. 20A) without changes in fat pad mass (Fig. 20B). Interestingly, LD1KO mice 

displayed significantly lower liver weight compared to the flox/flox (fl/fl) mice receiving the control 

AAV8-TBG-GFP virus (Fig 21A), which was consistent with less hepatic lipid accumulation as 

assessed by TG content measurement (Fig 21B) and histological examination (Fig 21C). No change 

was observed in circulating lipid profile including TG, free fatty acids (FFAs), total cholesterol (TC) 

and free cholesterol (FC) (Fig. 20C-F). Moreover, quantitative PCR analysis showed that inhibiting 

DNMT1 in liver significantly promoted the expression of genes involved in fatty acid oxidation such 
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as Cpt1�D�����$�F�R�[�������3�J�F���. and �3�S�D�U�. (Fig 21D), without change of lipogenic gene expression (Fig. 

20G). In support of increased fatty acid oxidation, seahorse analysis revealed an upregulation of 

oxygen consumption rate (OCR) in Dnmt1-deficient hepatocytes isolated from LD1KO mice (Fig. 

21E).  Similarly, there was a slight decrease in body weight (Fig. 22A) of LD3aKO mice without 

change in fat pad mass (Fig. 22B). Moreover, DNMT3a deficiency in the liver reduced liver weight 

(Fig. 21F) and TG content (Fig. 21G) in LD3aKO mice fed HFD. Histological examination revealed 

a lesser steatosis in LD3aKO mice (Fig. 21H). Although there was no change in circulating TG and 

FFA levels (Fig. 22C), LD3aKO mice exhibited reduced TC and FC contents in circulation (Fig. 

22D-F). Quantitative PCR analysis revealed a similar result that LD3aKO mice exhibited increased 

expression of fatty acid oxidative genes (Fig. 21I ) without change of most lipogenic gene expression 

except a decreased expression of Acc1 and Fasn (Fig. 22G). In sum, these data indicate that enhanced 

fatty acid oxidation may be responsible for the reduced hepatic steatosis in LD1KO or LD3aKO 

mice fed HFD. 

 

DNA demethylation can be made by a family of enzymes called the ten-eleven translocation 

dioxygenases (TETs) including members TET1, TET2 and TET3 that catalyzes the hydroxylation 

of 5-methylcytosine to 5-hydroxymethylcytosine and subsequent generation of 5-formylcytosine 

and 5-carboxylcytosine, which are then converted into unmodified cysteines by replication-related 

dilution or glycosylation-mediated base-excision repair (He et al., 2011; Ito et al., 2011; Wu & 

Zhang, 2014). To study the physiological significance of TETs in the development of HFD-induced 

hepatic steatosis, we first determined whether HFD alters the expression Tets mRNA expression in 

liver in a time course of HFD feeding experiment ranging from 1 week to 12 months. Interestingly, 

4-week HFD feeding consistently inhibited the expression of Tet1, Tet2 and Tet3 (Fig. 23A). To 
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further study the role of TETs in the regulation of hepatic steatosis, we knocked down all three TETs 

in the liver of mice. Intravenous injection of AAV Tet1-3 shRNA achieved a reduction of Tet1 

mRNA by 75%, Tet2 mRNA by 50% and Tet3 mRNA by 50% respectively without interfering non-

targeted Tet expression (Fig. 23B). The animals were the challenged with HFD for 8 weeks. Among 

the three Tets, knocking down Tet2 exhibited the most significant effect on the liver phenotype 

evident by the most increased liver weight (Fig. 23C). This was consistent with a dramatic increase 

in hepatic TG contents (Fig. 23D) and steatosis (Fig. 23E) in the Tet2 knockdown liver.  To confirm 

the importance of TET2 in hepatic lipid metabolism, we further generated mice with liver-specific 

deletion of Tet2 by intravenously injecting AAV8-TBG-Cre virus into Tet2 fl/fl mice (LT2KO). 

Challenged with HFD for 8 weeks, LT2KO mice showed a lightly increased in body weight (Fig. 

24A) and no difference on fat pad mass (Fig. 24B). Further characterization further discovered 

reduced liver weight (Fig. 25A) and TG content (Fig. 25B) in LT2KO mice. Histological 

examination revealed more lipid accumulation in LT2KO mice (Fig. 25C). The hepatic steatosis 

observed in LT2KO mice was associated with increased circulating FFAs and TC (Fig. 24C and 

24D) and a trend of increase in TG and FC (Fig. 24E and 24F). Quantitative PCR analysis revealed 

a down-regulation of fatty acid oxidative gene expression (Fig. 25D) with a reciprocal up-regulation 

of lipogenic gene expression such as Acc1 and Scd1 and fatty acid transporter gene Cd36 (Fig. 24G). 

In consistence with the decreased fatty acid oxidation, seahorse analysis revealed a down-regulation 

of oxygen consumption rate (OCR) in Tet2-deficient hepatocytes isolated from LT2KO mice (Fig. 

25E). In sum, these data indicate that LT2KO mice largely exhibit an opposite phenotype to LD1KO 

or LD3aKO mice, further underscoring the importance of DNA methylation in hepatic lipid 

metabolism. 
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3.4.3 Methylation at the Klb promoter is enhanced by HFD feeding 

To narrow down the molecules whose down-regulations are direct targets of promoter 

hypermethylation due to HFD feeding, we also performed a gene expression profiling experiment 

using RNA-seq analysis in hopes that the genes with the reciprocal changes in their up-regulation of 

DNA methylation and down-regulation of expression would be converged. Notably, our RRBS 

�S�U�R�I�L�O�L�Q�J���L�Q�G�L�F�D�W�H�G���W�K�D�W���W�K�H�����¶-end methylation rate of the Klb promoter was significantly increased 

in the liver of HFD-fed mice as indicated in the UCSC Genome Browser (Fig. 26A). Klb has been 

identified as a co-receptor necessary for the physiological functions of FGF21, an important peptide 

hormone involved in various metabolic pathways including the development of hepatic steatosis 

(Fisher & Maratos-Flier, 2015)�������7�K�H���S�U�R�[�L�P�D�O���S�U�R�P�R�W�H�U���D�Q�G�����¶���U�H�J�L�R�Q���R�I��Klb is enriched with CpG 

islands (Fig. 27), raising a possibility that the Klb promoter is subject to epigenetic regulation of 

DNA methylation. We therefore further conducted pyrosequencing to determine the methylation 

status of the CpG sites, which are located within the downstream proximity of the TATA box at the 

Klb promoter and at the beginning of the first exon. Indeed, our pyrosequencing analysis revealed 

that HFD feeding significantly increased DNA methylation at the CpG sites at the Klb promoter 

(Fig. 26B). This was associated with down-regulation of Klb mRNA expression in the liver of HFD-

fed mice analyzed by quantitative PCR (Fig. 26C), suggesting that enhanced DNA methylation at 

the Klb promoter may inhibit its gene transcription. Changes in DNA methylation have been shown 

to modulate histone modifications, which may act cooperatively to influence chromatin structure and 

thereby regulate gene expression (Cedar & Bergman, 2009; Stancheva, 2005). Indeed, ATAC-seq 

analysis revealed a reduced chromatin accessibility at the Klb promoter, which was associated with 

a down-regulation of Dnmt1 mRNA abundance in the liver of HFD-fed mice revealed by RNA-seq 

data (Fig 26D). To determine whether the Klb promoter is indeed regulated by methylation, we 
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cloned a 700 bp Klb proximal promoter including the CpG-enriched region into pGL3-luciferase 

expression vector. We then examined the fully methylated vs unmethylated Klb promoter activity. 

Our luciferase assays showed that the luciferase activity of the unmethylated promoter was more 

than 3-fold higher than that of the fully methylated promoter (Fig. 26E). We next determined 

whether the Klb promoter may serve as a target for DNMT1 and 3a to regulate its expression. We 

conducted ChIP assays followed by SYBR green quantitative �3�&�5���W�R���H�[�D�P�L�Q�H���'�1�0�7�V�¶���E�L�Q�G�L�Q�J��

to the Klb promoter. We found that HFD feeding significantly increased DNMT1 (Fig. 26F) and 

DNMT3a (Fig. 26G) binding to the Klb promoter in liver of mice. Indeed, Klb mRNA was up-

regulated in Dnmt1- or Dnmt3a-deficient liver while down-regulated in Tet2 knockout liver (Fig. 

26H and 26I ).  Deletion of Dnmt1 reduced the average DNA methylation in almost all CpG sites 

at the Klb promoter (Fig. 26J), whereas deletion of Tet2 increased the average DNA methylation 

in most CpG sites at the Klb promoter (Fig. 26K) . These data suggest that DNMT1 and DNMT3a 

may act on the Klb promoter to promote DNA methylation in response to HFD. 

 

3.4.4 Targeted demethylation at the Klb promoter ameliorates hepatic steatosis induced by 

HFD feeding  

Although we have determined the roles of DNMT1 and DNMT3a in the regulation of Klb 

promoter methylation and lipid metabolism as described above, it is not clear whether specific 

methylation at the Klb promoter mediates these metabolic changes in the liver of LD1KO and 

LD3aKO mice. Besides, DNMT1 and 3a supposedly catalyzes DNA methylation on a large group 

of genes other than Klb and deletion of these Dnmts inevitably affect DNA methylation status on 

those genes, which may potentially confound the phenotype. We therefore adopted a modified 

CRISPR/RNA-guided system to induce gene-specific demethylation at the Klb promoter, guided 
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by sequence-specific single guide RNAs (sgRNAs) (Amabile et al., 2016; Liu et al., 2016; Morita 

et al., 2016; Vojta et al., 2016; Xu et al., 2016).  

Male C57BL/6J mice were injected with lentiviral mixture expressing dCas9-Tet1 and 

sgRNA or scramble non-targeting sgRNA as a control intravenously, and mice were put on HFD 

one week after lentiviral injection. Mice infected with dCas9-Tet1 did not show any difference in 

body weight and fat pad mass compared to the controls (Fig. 28A and 28B). Lentiviral dCas9-Tet1 

effectively reduced the average DNA methylation in almost all CpG sites at the Klb promoter (Fig. 

29A), which was associated with an up-regulation of Klb mRNA expression (Fig 29B). Moreover, 

injection of dCas9-Tet1 lentivirus significantly reduced liver weight and TG content in mice fed 

with HFD (Fig. 29C and 29D). As a result, circulating TG levels were also decreased in mice 

infected with dCas9-Tet1 lentivirus albeit no change observed in TC and FC (Fig. 29E). Further 

histological examination revealed reduced hepatic steatosis in the mice injected with dCas9-Tet1 

lentivirus compared to those infected with the control virus (Fig. 29F). Since Klb is a co-receptor 

required for a proper FGF21 signaling, mice infected with dCas9-Tet1 or control lentivirus were 

injected with FGF21 to examine its signaling. dCase9-Tet1 infected mice displayed an enhanced 

phosphorylation of ERK1 and early growth response 1 (EGR1) induced by FGF21 compared to 

control mice (Fig. 29G). This was consistent with up-regulation of fatty acid oxidative gene 

expression including �&�S�W���.���� �$�F�R�[������and Cox1 (Fig. 29H), although there was no difference in 

lipogenic gene expression (Fig. 28C). Taken together, our data indicate that inhibiting methylation 

directly at the Klb promoter promote hepatic FGF21 signaling and subsequent fatty acid oxidation, 

ameliorating hepatic steatosis in mice. 
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3.4.5 Regulation of hepatic DNMT1 protein stability by HFD 

Since HFD appeared to exert more significant effect on DNMT1 protein levels than its 

mRNA levels, we reasoned that DNMT1 protein might be regulated by protein stability. The E3 

ligase E6-associated protein (E6AP, also called UBE3A) has been shown to be involved in HFD-

induced hepatic steatosis (Kim et al., 2019). Interestingly, ATAC-seq analysis revealed a reduced 

peak reads at the E6ap promoter, which was associated with a decreased E6ap mRNA reads in the 

liver of HFD-fed mice revealed by RNA-seq data (Fig. 30A). This was consistent with a down-

regukation of E6AP protein levels in liver of HFD fed mice (Fig. 30B). We then assessed the role 

of E6AP in the regulation of DNMT1 protein stability. We found that overexpressing E6AP in 

liver of mice infected with AAV8 virus carrying E6ap expression constructs significantly reduced 

DNMT1 protein levels while without effect on DNMT3a protein levels (Fig. 30C). We next 

examined DNMT1 ubiquitination with gain- or loss- of E6AP in HEK293 cells. Knocking down 

E6AP in HEK293 cells abolished ubiquitination of DNMT1 protein, which was largely restored 

by re-introducing the DNMT1 expression vector into the knockdown cells (Fig. 30D). In contrast, 

overexpressing E6AP significantly increased DNMT1 ubiquitination (Fig. 30D). We further 

confirmed E6AP regulation of DNMT1 protein stability by a time course of cycloheximide (CHX) 

chase assay ranging from 0 to 16 hours. Cells were pretreated with CHX to suppress DNMT1 

protein synthesis. Inactivating E6AP by shRNA knockdown maintained high levels of DNMT 

protein at late time point of 16 hours while overexpression E6AP markedly reduced DNMT1 

protein at early time point of 6 hours (Fig. 30E). These data suggest that DNMT1 protein stability 

was regulated by E6AP-mediated ubiquitination and that HFD feeding may enhance DNMT1 

protein levels in the liver via inhibiting E6AP content. 

 



74 
 

 



75 
 

Figure 17 Dynamic changes of the DNA methylome in liver of HFD-fed mice.  
(A) Differentially methylated regions in HFD- and regular chow-fed mice. (B) Methylation 
changes with either upregulation (left panel) or downregulation (right panel) occurs in the gene 
�E�R�G�\���V�S�D�Q�Q�L�Q�J���I�U�R�P�����¶-�H�Q�G�����F�R�G�L�Q�J���V�H�T�X�H�Q�F�H�����&�'�6�������L�Q�W�U�R�Q�����W�R�����¶-end. (C) Genes with changes of 
DNA methylation are involved in various pathways. (D) The association of the peaks of the 
chromatin accessibility at the Dnmt1 promoter analyzed by ATAC-seq and the reads of the Dnmt1 
mRNA expression analyzed by RNA-seq (left panel); the association of the peaks of the chromatin 
accessibility at the Dnmt3a promoter analyzed by ATAC-seq and the reads of the Dnmt3a mRNA 
expression analyzed by RNA-seq (right panel). (E) Quantitative RT-PCR analysis of Dnmt1 and 
Dnmt3a mRNA (n=6). (F) Immunoblotting analysis of DNMT1 and DNMT3a protein (n=8). 6-
week-old male C57BL/6J mice were fed either regular chow or HFD for 12 weeks. All data are 
expressed as mean±SEM. *p<0.05 vs. chow. 
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Figure 18 5-aza-dC ameliorates hepatic steatosis induced by HFD. 
 (A) 5-aza-dC decreases hepatic steatosis in diet-induced obese (DIO) mice. (A) Representative 
histology of liver of mice treated with 5-aza-dC or saline.  (B) Serum TG contents. (C) Liver TG 
contents. 6-week-old male C57BL/6J mice were fed HFD for 16 weeks to establish diet-induced 
obesity and were then randomly assigned to receive either saline or 5-aza-dC injection 
intraperitoneally (i.p) (0.25mg/kg BW, three times per week) for up to 6 weeks. All data are 
expressed as mean±SEM; n=8; *p<0.05 vs. saline. 
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Figure 19 Generation of LD1KO and LD3KO mice.  
(A) Quantitative RT-PCR analysis of Dnmt1 mRNA and immunoblots of DNMT1 protein in 
LD1KO mice and control fl/fl mice respectively. (B) Quantitative RT-PCR analysis of Dnmt3a 
mRNA and immunoblots of DNMT3a protein in LD3aKO mice and control fl/fl mice respectively. 
All data are expressed as mean±SEM. n=6-8; *p<0.05 vs. fl/fl. 
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Figure 20 Metabolic characterization of LD1KO mice.  
(A) Body weight. (B) Fat pad weight. Circulating lipid profile including (C) triglyceride (TG), 
(D) total cholesterol (TC), (E) free cholesterol (FC) and (F) free fatty acids (FFAs). (G) 
Quantitative RT-PCR analysis of lipogenic gene expression. All data are expressed as 
mean±SEM. n=6-8; *p<0.05 vs. fl/fl. 
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Figure 21 Suppression of DNA methylation by Dnmt1 or Dnmt3a deletion ameliorates hepatic 
steatosis caused by HFD.  
(A) Liver weight of LD1KO and fl/fl mice. (B) Liver TG contents of LD1KO and fl/fl mice. (C) 
Representative histology of liver of LD1KO and fl/fl mice. (D) Quantitative analysis of fatty acid 
oxidative gene expression in the liver of LD1KO and fl/fl mice. (E) Oxygen consumption rate 
(OCR) of primary hepatocytes isolated from LD1KO and fl/fl mice. (F) Liver weight of LD3aKO 
and fl/fl mice. (G) Liver TG contents of LD3aKO and fl/fl mice. (H) Representative histology of 
liver of LD3aKO and fl/fl mice. (I) Quantitative RT-PCR analysis of fatty acid oxidative gene 
expression in liver of LD1KO and fl/fl mice. Dnmt1 or Dnmt3a fl/fl mice were intravenously 
injected with AAV-TBG-Cre virus to generate LD1KO or LD3aKO mice, which were then fed 
with HFD for 8 weeks. All data are expressed as mean±SEM. n=6-8; *p<0.05 vs. fl/fl. 
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Figure 22 Metabolic characterization of LD3aKO mice.  
(A) Body weight. (B) Fat pad weight. Circulating lipid profile including (C)TG, (D)TC, (E) FC 
and (F) FFAs. (G) Quantitative RT-PCR analysis of lipogenic gene expression. All data are 
expressed as mean±SEM. n=6-8; *p<0.05 vs. fl/fl. 
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Figure 23 Knocking down Tets with AAV ShRNA in liver.  
(A) Quantitative RT-PCR analysis of Tet expression in liver of mice fed HFD and regular chow 
diet. (B) Quantitative RT-PCR analysis of Tets expression in liver of mice infected with AAV Tet 
shRNAs or control virus. (C) Body weight and liver weight of mice infected with AAV Tet 
shRNAs or control virus. (D) Liver TG contents. (E) Representative histology of liver of mice 
infected with AAV Tet shRNAs. All data are expressed as mean±SEM; n=4; *p<0.05 vs. control. 
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Figure 24 Metabolic characterization of LT2KO mice. 
 (A) Body weight. (B) Fat pad weight. (C) Circulating FFAs, (D) TC, (E) TG and (F) FC. (G) 
Quantitative RT-PCR analysis of lipogenic gene expression. All data are expressed as 
mean±SEM. n=5; *p<0.05 vs. fl/fl. 
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Figure 25 Tet2 deficiency promotes hepatic steatosis.  
(A) Liver weight of LT2KO and fl/fl mice. (B) Liver TG contents of LT2KO and fl/fl mice. (C) 
Representative histology of liver of LT2KO and fl/fl mice. (D) Quantitative analysis of fatty acid 
oxidative gene expression in the liver of LT2KO and fl/fl mice. (E) Oxygen consumption rate 
(OCR) of primary hepatocytes isolated from LT2KO and fl/fl mice. Tet2 fl/fl mice were 
intravenously injected with AAV-TBG-Cre virus to generate LT2KO mice, which were then fed 
with HFD for 8 weeks. All data are expressed as mean±SEM. n=5; *p<0.05 vs. fl/fl.  



85 
 

 
  



86 
 

Figure 26 Methylation of the Klb promoter is enhanced by HFD. 
(A) DNA methylation rate at the Klb promoter is enhanced by HFD as shown in UCSC Genome 
Browser on Mouse (NCBI37/mm9) Assembly. (B) Pyrosequencing analysis of the DNA methylation 
at the CpG sites at the Klb promoter in liver of HFD- and chow-fed mice (n=4). (C) Quantitative 
RT-PCR analysis of Klb mRNA expression in liver of HFD- and chow-fed mice (n=4). (D) The 
association of the peaks of the chromatin accessibility at the Klb promoter analyzed by ATAC-seq 
and the reads of the Klb mRNA expression analyzed by RNA-seq in liver of HFD- and chow-fed 
mice. (E) Luciferase activity of the Klb promoter regulated by DNA methylation (n=4). (F) 
DNMT1 binding to the Klb promoter measured by ChIP assays (n=4). (G) DNMT3a binding to the 
Klb promoter measured by ChIP assays (n=4). 6-week-old male C57BL/6J mice were fed either 
regular chow or HFD for 12 weeks. All data are expressed as mean±SEM. *p<0.05 vs. chow. 
Quantitative RT-PCR analysis of Klb mRNA expression in (H) Dnmt1-deficient liver and Dnmt3a-
deficient liver (n=4), or (I) Tet2-deficient liver (n=4). Pyrosequencing analysis of the DNA 
methylation at the CpG sites at the Klb promoter in (J) LD1KO mice and (K) LT2KO mice with 
HFD feeding. All data are expressed as mean±SEM. *p<0.05 vs. fl/fl. 
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Figure 27 �$���V�F�K�H�P�D�W�L�F���L�O�O�X�V�W�U�D�W�L�R�Q���R�I���W�K�H���.�O�E���S�U�R�P�R�W�H�U���D�Q�G�����¶���U�H�J�L�R�Q���� 
TATA box and exon 1 are indicated. The CpG sites measured by pyrosequencing analysis are 
indicated as upward vertical lines with solid circles. Position 1-10 are located downstream of 
the TATA box at the promoter region, while position 13-24 are located at the beginning of the 
first exon. 
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Figure 28 Metabolic characterization of mice infected with dCas9-Tet1 or control lentivirus.  
(A) Body weight. (B) Fat pad weight. (C) Quantitative RT-PCR analysis of lipogenic gene 
expression. All data are expressed as mean±SEM. n=8; *p<0.05 vs. control 
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Figure 29 Decreasing DNA methylation at the Klb promoter in liver ameliorates hepatic 
steatosis caused by HFD.  
(A) Pyrosequencing analysis of DNA methylation rate in the CpG sites of the Klb promoter in 
liver of the mice with dCas9-Tet1 lentivirus or control lentivirus (n=4). (B) Quantitative RT-PCR 
analysis of Klb mRNA expression in liver of the mice with dCas9-Tet1 lentivirus or control 
lentivirus (n=7). (C) Liver weight of the mice infected with dCas9-Tet1 lentivirus or control 
lentivirus (n=7). (D) Liver TG contents of LD1KO and fl/fl mice infected with dCas9-Tet1 
lentivirus or control lentivirus (n=7). (E) Circulating TG, TC and FC levels of the mice infected 
with dCas9-Tet1 lentivirus (n=7). (F) Representative histology of liver of the mice infected with 
dCas9-Tet1 lentivirus or control lentivirus. (G) Immunoblotting analysis of phosphorylation of 
ERK1 and EGR1 activated by FGF21. (H) Quantitative RT-PCR analysis of fatty acid oxidative 
gene expression in liver of the mice infected with dCas9-Tet1 lentivirus or control lentivirus 
(n=6). 10-week-old C57BL/6J male mice were intravenously injected with dCas9-Tet1 lentivirus 
or control lentivirus (mutant Tet1) and mice were then fed with HFD for 8 weeks. All data are 
expressed as mean±SEM. *p<0.05 vs. Control virus 
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Figure 30 Regulation of DNMT1 protein stability by E6AP.  
(A) The association of the peaks of the chromatin accessibility at the E6ap promoter analyzed by 
ATAC-Seq and the reads of the E6ap mRNA expression analyzed by RNA-seq. (B) 
Immunoblotting analysis of E6AP in liver of mice fed regular CD or HFD. All data are 
expressed as mean±SEM. n=5; *p<0.05 vs. chow (C) Immunoblotting analysis of DNMT1 and 
DNMT3a protein in liver of mice infected with AAV8 virus carrying E6ap expression constructs. 
All data are expressed as mean±SEM. n=5; *p<0.05 vs. control. (D) E6AP regulation of 
DNMT1 ubiquitination. E6AP was knocked down by shRNA or re-expressed into the knockdown 
cells with E6AP expression vectors or overexpressed with E6AP expression vectors in HEK293 
cells. DNMT1 protein was immunoprecipitated with an anti-DNMT1 antibody and followed by 
immunoblotting with an anti-ubiquitin antibody. (E) E6AP promotes DNMT1 protein 
degradation in a cycloheximide (CHX) chase assay. The CHX chase assay was conducted in the 
HEK293 cells with E6AP knockdown or overexpression. The cells were pre-treated with CHX 
and then harvested in a time course ranging from 0 to 16 hours.  
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3.5 Discussion 

Non-alcoholic fatty liver disease (NAFLD) is a serious metabolic disorder that has reached 

a high prevalence in US (Cohen et al., 2011; Festi et al., 2004). While numerous studies have been 

devoted to the investigation of genetic pathways related to this liver disease, much is unknown about 

epigenetic regulation in the development of this disease. It is believed that obesity and its associated 

disorders such as NAFLD results from the interaction between environmental factors and the 

genome. It is conceivable that the abilities of the environmental factors (e.g. diets) to reprogram 

the epigenome figure prominently into the key mechanisms whereby the environmental factors 

(e.g. diets) regulate gene expression patterns, leading to the development of various metabolic 

disorders such as NAFLD (Edwards & Myers, 2007; Skinner et al., 2010).  Therefore, we 

employed comprehensive approaches integrating systemic genome-wide profiling and functional 

studies 1) to examine whether HFD, which has been commonly believed to cause obesity and its 

associated disorder, modulates DNA methylation in the development of hepatic steatosis and 2) to 

identify key gene(s) whose DNA methylation status is epigenetically altered by HFD, thereby 

contributing to the development of hepatic steatosis. Using a systemic genome-wide RRBS 

analysis, we demonstrated that DNA methylome in liver was dynamically altered by HFD feeding, 

which presents a shape contrast to the notion that DNA methylation is a relatively stable epigenetic 

mark compared to other epigenetic regulations such as histone methylation and acetylation. 

Notably, we discovered that the DNA methylation rate at the Klb promoter was enhanced by HFD 

feeding through RRBS analysis�����*�L�Y�H�Q���W�K�H���I�D�F�W���W�K�D�W���W�K�H���S�U�R�[�L�P�D�O���S�U�R�P�R�W�H�U���D�Q�G�����¶���U�H�J�L�R�Q���R�I��Klb are 

enriched with CpG sites, we predicted that Klb is subject to DNA methylation by HFD. Indeed, this 

was further confirmed by pyrosequencing analysis. The enhanced DNA methylation at the Klb 

promoter may bear biological consequence, evident by the observation that Klb mRNA expression 
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was down-regulated by HFD feeding. Further luciferase assays underscored the importance of DNA 

methylation on the regulation of the Klb promoter activity. Despite the evidence pointing to Klb 

�P�H�W�K�\�O�D�W�L�R�Q���D�V���D���S�R�W�H�Q�W�L�D�O���W�D�U�J�H�W�����R�W�K�H�U���J�H�Q�H�V���Z�L�W�K���F�K�D�Q�J�H�V���R�I���'�1�$���P�H�W�K�\�O�D�W�L�R�Q���D�W�����¶-end promoters 

�L�Q���R�X�U���5�5�%�6���G�D�W�D���P�D�\���D�O�V�R���S�O�D�\���U�R�O�H�V���L�Q���P�H�G�L�D�W�L�Q�J���W�K�H���H�I�I�H�F�W���R�I���'�1�0�7�����R�U�����D���G�H�I�L�F�L�H�Q�F�\�¶�V���S�U�R�W�H�F�W�L�Y�H��

effect against hepatic steatosis.  

Several lines of evidence support the importance of epigenetic events including both histone 

modifications and DNA methylation in the development of NAFLD. Prior studies reported that 

inhibition of the histone deacetylase SIRT1 impairs PPAR�D signaling and promotes fatty liver and 

glucose intolerance (Choi et al., 2017; Purushotham et al., 2009), while inactivation of the histone 

demethylase JMJD3 in the liver causes hepatic steatosis and insulin resistance (Seok et al., 2018). 

Aberrant DNA methylation patterns have also been associated with the development of NAFLD 

(Hyun & Jung, 2020). A body of evidence from clinical studies also revealed altered CpG 

methylation on genes involved in the development of steatohepatitis, fibrosis, and carcinogenesis 

in advanced NAFLD patients (Murphy et al., 2013). The global change of DNA methylation might 

be partially explained by the observation on the increased expression of the DNA methylation 

enzyme DNMT1 in NAFLD (Pirola et al., 2013). Altered DNA methylation has also been 

identified in genes responsible for hepatic lipid metabolism. Compared with healthy human, 

patients with NAFLD exhibited increased CpG methylation in fatty acid oxidative genes and 

decreased methylation in fibrogenic genes, which may contribute to the initiation and progression 

of NAFLD(Zeybel et al., 2015). Moreover, analysis of liver biopsy samples from a cohort of 

NAFLD patients showed that methylation levels at the promoter of the fatty acid oxidative gene 

�3�*�&���.���Z�D�V���Q�H�J�D�W�L�Y�H�O�\���D�V�V�R�F�L�D�W�H�G���Z�Lth its gene expression and positively associated with insulin 

resistance (Sookoian et al., 2010). �,�Q�F�U�H�D�V�H�G���'�1�$���P�H�W�K�\�O�D�W�L�R�Q���D�W���W�K�H���S�U�R�P�R�W�H�U���R�I���3�3�$�5�������D���P�D�V�W�H�U��
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regulator of lipogenesis, results in its gene silencing and increased lipid accumulation in the liver 

(Sookoian et al., 2010), while DNMT3b-�P�H�G�L�D�W�H�G���K�\�S�H�U�P�H�W�K�\�O�D�W�L�R�Q���R�I���3�J�F���.�����D���S�R�V�L�W�L�Y�H���U�H�J�X�O�D�W�R�U��

of fatty acid oxidation, leads to an inactivation of its gene expression (Barres et al., 2009). Previous 

studies also reported that HFD enhanced DNA methylation at the glucokinase and pyruvate kinase 

promoters, resulting in down-regulation of expression of both genes (Jiang et al., 2011) (Jiang et 

al., 2008). 

We also determined the physiological impact of the altered methylome on hepatic steatosis. 

Since our RRBS data show that HFD tends to enhance DNA methylation in the genome, we 

reasoned that inhibiting DNA methylation through genetic approaches may correct the phenotype 

of hepatic steatosis. Indeed, we found that inhibiting DNA methylation by genetic deletion of 

DNMT1 or 3a dramatically ameliorated hepatic steatosis of diet-induced obese (DIO) mice. To 

�H�[�D�P�L�Q�H���W�K�H���S�D�W�K�Z�D�\�V���P�H�G�L�D�W�L�Q�J���O�L�S�L�G���P�H�W�D�E�R�O�L�V�P�����Z�H���I�R�X�Q�G���W�K�D�W���'�1�0�7�V�¶���G�H�I�L�F�L�H�Q�F�\���V�X�S�S�U�H�V�V�H�G��

the expression of genes involved in fatty acid oxidation but had no effect on the expression of 

genes involved in lipogenesis. This was associated with demethylation of the Klb promoter and 

up-regulation of its mRNA expression, suggesting that Klb may serve as an epigenetic target that 

mediates the beneficially effect of DNMT deficiency on hepatic steatosis. Klb serves as a co-

receptor required for normal physiological functions of FGF21, which plays an integral role in 

regulation of key metabolic pathways (Fisher & Maratos-Flier, 2016). FGF21 promotes fatty acid 

oxidation and reduces lipid accumulation in liver, thereby ameliorating hepatic steatosis (Fisher & 

Maratos-Flier, 2016). For instance, suppression of FGF21 in liver promotes hepatic steatosis via 

downregulation of hepatic fatty acid oxidation (Badman et al., 2007), whereas over-expression of 

FGF21 in hepatocytes inhibits de novo lipogenesis via suppression of key lipogenic gene 

expression (Zhang et al., 2011). Despite all these beneficial effects of FGF21 in ameliorating 
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metabolic disorders (Fisher & Maratos-Flier, 2015), fatty liver is paradoxically associated with 

increased FGF21 levels in both obese humans and mice, suggesting a FGF21-resistant state where 

increased FGF21 fails to block the development of fatty liver (Fisher et al., 2010; Fisher & 

Maratos-Flier, 2016). Although the molecular mechanism underlying FGF21 resistance in fatty 

liver is still under investigation, it is conceivable that a reduced expression of Klb may limit FGF21 

signaling, resulting in its resistance. Our data demonstrate that epigenetic programming of the Klb 

promoter by HFD down-regulates Klb expression and subsequent FGF21 signaling, leading to 

hepatic lipid accumulation in obesity. 

Along the course of our study, Kim et al showed that FGF19 ameliorates hepatic steatosis 

via DNMT3a-mediated repression of lipogenesis (Kim et al., 2020). The role of DNMT3a in this 

study appears to be contradictory to the inhibitory effect of DNMT3a on Klb and fatty oxidation 

we observed in our study. The exact reason is not clear, but the two studies employed two different 

approaches to inhibit hepatic DNMT3a. While their study utilized AAV-mediated shRNA to knock 

down DNMT3a in the liver where other cells other than hepatocytes presumably underwent the 

knockdown regimen, we used a more hepatocyte-specific Cre-lox model where DNMT3a-floxed 

mice were injected with AAV virus carrying hepatocyte specific TBG Cre (Ballantyne et al., 2016; 

Zhang et al., 2016). Further studies are required to explore this discrepancy. 

In summary, our RRBS analysis indicates that the genome-wide profile of DNA 

methylation exhibits significant changes during the development of fatty liver in DIO mice. We 

also find that DNA methylation at the Klb promoter is significantly enhanced by HF diet feeding, 

leading to down-regulation of Klb gene expression. We further demonstrate that inhibiting DNA 

methylation by genetic deletion of DNMT1 or 3a ameliorates hepatic steatosis though upregulating 

fatty acid oxidative gene expression. Targeted demethylation at the Klb promoter by a modified 
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CRISPR/RNA-guided approach increases Klb expression, FGF21 signaling, and fatty acid 

oxidation, resulting in decreased hepatic lipid accumulation. We conclude that DNA methylomes 

are under dynamic regulations during the development of hepatic steatosis in obesity and that 

inhibiting DNA methylation might be beneficial for the treatment of fatty liver.  In addition, Klb 

may be an epigenetically regulated target of DNA methylation by HFD, which may contribute to 

the development of hepatic steatosis in obesity. 
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4 CONCLUSION 

This dissertation aims to address the role of DNA methylation in brown fat thermogenesis 

(Fig. 31) and hepatic lipid metabolism (Fig 32). First, we found that Dnmt3b deficiency in brown 

fat-skeletal lineage precursor cells impairs thermogenic program in brown fat and decreases energy 

expenditure, leading to diet-induced obesity in female mice. The suppression of thermogenic 

function in brown fat might be caused by a myogenic switch, which likely results from the 

increased MEF2c expression due to a decreased promoter methylation by Dnmt3b deficiency. We 

conclude that DNMT3b plays an important role in the regulation of brown fat function, energy 

metabolism and obesity in female mice. Second, we discovered a dynamic change of DNA 

methylome in liver of HFD-fed mice, among which increased Klb promoter methylation stands 

out. Loss of function studies using genetic models with liver-specific deletion of DNA methylation 

enzymes demonstrated an important role of DNA methylation in the regulation of hepatic lipid 

metabolism, particularly the fatty acid oxidative pathways. Targeted demethylation at the Klb 

promoter by a modified CRISPR/RNA-guided approach increases Klb expression, FGF21 

signaling, and fatty acid oxidation, resulting in decreased hepatic lipid accumulation. We conclude 

that DNA methylomes are under dynamic regulations during the development of hepatic steatosis 

in obesity and that inhibiting DNA methylation might be beneficial for the treatment of fatty liver.  

In addition, Klb may be an epigenetically regulated target of DNA methylation by HFD, which 

may contribute to the development of hepatic steatosis in obesity. In sum, our studies demonstrate 

that deregulated epigenetic regulation by environmental factor such as diets may alter DNA 

�P�H�W�K�\�O�D�W�L�R�Q�� �R�Q�� �J�H�Q�H�V�¶�� �S�U�R�P�R�W�H�U�V�� �D�Q�G�� �V�X�E�V�H�T�X�H�Q�Wly change of their expression, thereby cause 

dysregulation of metabolic pathways underlying nutrient and energy metabolism; this in turn 

contributes to the development of obesity and its related disorders such as NAFLD. The findings 
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could also help guide the development of epigenetic regulation as new therapeutic targets in the 

prevention and treatment of obesity and its related metabolic diseases. 

 

Figure 31 Diagram of DNA methylation regulation on brown fat thermogenesis 
 

 

Figure 32 Diagram of DNA methylation regulation on hepatic lipid metabolism 
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