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Abstract	   	  

	  

Obesity is a metabolic disorder characterized by abnormally increased fat accumulation within 

adipose tissue. Increased prevalence of obesity has rendered it a major global public health issue. 

In an effort to elucidate the mechanisms governing obesity, research studies have focused on ad-

ipogenesis, a major process involved in the adipose tissue formation and function. To this end, 

transcriptional regulation of adipogenesis has been extensively studied, while epigenetic regula-

tion of adipocyte differentiation has only recently attracted attention. In this study, we examined 

the role of two members of KDM7 family of histone demethylases, PHF2 and PHF8. In contrast 

to previous reports, knock down of PHF2 facilitates adipogenesis while overexpression seems to 

hinder it. In addition, PHF8 also seems to have a negative role during adipocyte differentiation, 

as 3T3-L1 cells with knock down of PHF8 display increased lipid accumulation and increased 

expression of adipogenic genes. Taken together, these data suggest that PHF2 and PHF8 are neg-

ative regulators of adipogenesis. Future studies confirming and expanding the findings reported 

here are required in order to conclusively identify the role of PHF2 and PHF8 during adipogene-

sis.     
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1. Introduction	  
 

1.1 Obesity	  

	  

Obesity has emerged as one of the world’s greatest public health challenges. People affected by 

the disease have doubled since 1980. Approximately 39% of world’s adult population are esti-

mated to be overweight (BMI 25-30 kg/m2) and 13% obese (BMI > 30 kg/m2) (WHO, 2015), 

having a devastating impact on the budget of health care systems (Cai et al, 2010). The preva-

lence of obesity is associated with the adoption of lifestyle changes, namely the imbalance be-

tween energy intake and expenditure as well as the reduction of physical activity, that contribute 

to the onset of the disease. Obesity, along with its related comorbidities (type II diabetes, hyper-

tension and dyslipidemia) is clearly related with increased risk of cardiovascular disease and 

subsequent increased morbidity (Hu et al, 2004; Maury et al, 2010).  

 Obesity is considered to be a multifactorial disease; its etiology involves environmental, genetic 

and epigenetic factors. With regard to environmental factors, diet is thought to be of the utmost 

importance. More specifically, transition from an active lifestyle and traditional fiber-rich diet to 

a western-pattern diet with limited consumption of fiber-rich food and increased intake of fat and 

carbohydrates along with concominant  reduced physical activity is believed to account for the 

emergence of obesity as a global epidemic (Popkin et al, 2012; Guyenet et al, 2012). Conse-

quently, the modern lifestyle may have contributed to alterations of mechanisms implicated in 

energy regulation (Isganaitis and Lustig, 2005) that might drive the onset of obesity and related 

metabolic disorders (Berthoud, 2012). 

Genetic predisposition has also been investigated for its potential role in obesity. Several (Ge-

nome Wide Association Studies) GWAS studies have been carried out in an effort to identify 

candidate genes related to obesity, resulting in the identification of a few obesity-related genetic 

loci (McCarthy, 2010). FTO is an example of GWAS-identified central nervous system-related 

gene that confers increased risk for obesity; certain polymorphisms of FTO gene are correlated 

with increased predisposition towards obesity (Speliotes et al, 2010; Qi et al, 2015; Qian et al, 



6	  
	  

2015). Notably, many of the identified genes are also involved in the regulation of food intake 

via the central nervous system, such as the melanocortin 4 receptor (MC4R), proopiomelano-

cortin (POMC) and brain-derived neurotrophic factor (BDNF) pointing out the role of central 

nervous signaling in the onset of obesity.  However, most of the identified genetic variants, with 

few exceptions, confer relatively moderate effect and account for very small proportion of dis-

ease risk (Speliotes et al, 2010; Wen et al, 2012). Thus, it has been proposed that the missing her-

itability might be explained by epigenetics.  

 

1.2	  Adipose	  Tissue	  

 

Adipose tissue is an active endocrine organ with a central role in energy balance and homeostasis 

(Galic et al, 2010). Traditionally, it has been classified as either white adipose tissue (WAT) or 

brown adipose tissue (BAT) (Rosen and MacDougald, 2006), although recently, a new type of 

adipose cell has been identified, “beige” cells (Klingenspor et al, 2012). Each cell type is charac-

terized by distinct anatomical locations, morphological features, function and regulation as well 

as specific gene expression profile (Petrovic et al, 2010; Park et al, 2014).  All cell types are im-

plicated in energy regulation, although with different roles; white adipocytes store fat, whereas 

brown and beige adipocytes use fat to fuel their thermogenic program, rendering them ideal tar-

gets for anti-obesity research. In addition, all three types of adipocytes share some common   

characteristics. They express adipocyte-specific markers, such as PPARγ and FABP4, at compa-

rable levels. Also, they contain lipid droplets, albeit unilocular morphology is observed in white 

adipocytes and multilocular in brown and beige adipocytes (Wu et al, 2015). Importantly, adi-

pose tissue is a dynamic organ; brown, white and beige adipocytes can all undergo dynamic 

changes in response to nutrient shortage or/and temperature change (cold exposure, thermoneu-

trality) (Cinti, 2012). The range of these changes varies depending on the intervals exposed to a 

specific stimulus; for short periods of time these changes may simply involve altered expression 

of protein levels, whereas longer time periods might result in altered morphology and possibly 

functional properties (Cinti, 2012).  
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Figure 1: Scanning electron micrographs depicting white adipocytes of ingWAT (a), brown adipocytes of interscapular 

BAT (b) and clusters of multilocular, beige adipocytes within ingWAT (c) (Bartelt and Heeren, 2014) 

1.2.1	  White	  Adipose	  Tissue	  

	  

White adipose tissue (WAT) is best known for its ability to store excess energy in the form of 

triglycerides, forming a characteristic unilocular lipid droplet; when nutrient availability is scarce 

these lipids can be released into circulation as free fatty acids (Zechner et al, 2012). White adipo-

cytes, in contrast to the other two adipocyte types, display minimum mitochondrial activity. Al-

so, they have a distinct gene expression profile; reliable markers for white adipocytes have been 

identified, including TCF21 and TLE3. The development of WAT begins in utero, but primarily 

occurs after birth, when fat-storing cells are required to provide nutrients during fasting periods 

(Park et al, 2014). Notably, white adipocytes have a different origin than brown adipocytes 

(Seale et al, 2008).  

WAT is considered to actively participate in the manifestation of obesity as it is the target tissue 

displaying the main symptom of the disease, the abnormally high amount of stored fat in the 

form of triglycerides. At the cellular level, obesity is thought to be manifested by either hyper-

plasia (increased proliferation rate of adipocytes), or hypertrophy (enlargement of adipocytes by 

excessive fat accumulation within the lipid droplet) or increased differentiation rate of preadipo-

cytes to adipocytes (Spalding et al, 2008).Apart from its role as the storage tissue for excess en-

ergy in the form of triglycerides, WAT also functions as an endocrine organ. It is responsible for 
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the production and secretion of a number of signaling molecules called adipokines that are in-

volved in systemic energy homeostasis, including leptin (Zhang et al, 1994), adiponectin (Hu et 

al, 1996) and resistin (Steppan et al, 2001) (Galic et al, 2010). In addition, macrophages residing 

within white adipose tissue secrete inflammatory cytokines, including TNF-a (Weisberg et al, 

2003) and IL-6 (Mohamed-Ali et al, 1997), which are involved in the chronic inflammation ob-

served in adipose tissue of obese individuals (Neels and Olefsky, 2006). 

 

1.2.2	  Brown	  Adipose	  Tissue	  

 

Brown adipocytes are characterized by the existence of numerous multilocular lipid droplets. In 

addition, they also have increased mitochondrial content that allows them to display increased 

mitochondrial activity upon proper stimulation. Also, they express a set of brown fat markers, e.g 

LHX8 and ZIC1 (Bartel and Heeren, 2014). The main function of the brown adipocytes is to dis-

sipate heat during a process called “non-shivering thermogenesis” (Cannon and Nedergaard, 

2004). Non-shivering thermogenesis is essential for the production of heat under cold exposure 

and is activated by stimulation through the sympathetic nervous system and the subsequent β-

adrenergic receptor signaling that results in lipolysis and UCP1 activation (Park et al, 2014; 

Seale, 2015). Importantly, BAT is higly innervated and vascularized allowing it to respond to 

sympathetic nerve activity and distribute the generated heat throughout the body via circulation, 

respectively (Lean, 1989; Enerbäck, 2010). Evolutionary, its role has been crucial for maintain-

ing temperature homeostasis of mammal neonates and the survival of hibernators in cold envi-

ronments (Enerbäck et al, 1997; Harms and Seale, 2013). The main mediator of thermogenesis is 

UCP1, a protein that functions as a proton leak that enables the uncoupling of oxidative phos-

phorylation from ATP synthesis in mitochondria and the subsequent release of energy as heat 

(Nedergaard et al, 2001).  

Brown adipocyte depots are located within specific anatomical locations both in rodents and hu-

mans. Specifically, brown adipose tissue (BAT) is mainly located at the interscapular region of 

rodents and infants (Nedergaard and Cannon, 2013). Contrary to the popular view that BAT di-
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minishes in adult humans, however, clinical studies performed few years ago showed the exist-

ence of functional BAT at cervical and supraclavicular region of adult humans (Nedergaard et al, 

2007; Cypess et al, 2009). Interestingly, studies have suggested that the thermogenic adipocytes 

located within the supraclavicular region of humans are more similar to murine beige cells than 

to brown fat cells (Wu et al, 2012) and that they possess molecular signatures more similar to 

those of murine beige adipocytes than to brown adipocytes (Shinoda et al, 2015), even though 

other studies have proposed the co-existence of both beige and brown adipocytes within the su-

praclavicular region (Jespersen et al, 2013). Elegant cell-fate mapping experiments have demon-

strated that brown adipocytes in mice derive from distinct Myf-5+ precursor cells that originate 

from embryonic mesoderm, common to both brown adipocytes and skeletal muscle, different 

from the precursors of white adipocytes (Timmons et al, 2007; Seale et al, 2008). Recent studies, 

through cell fate-mapping experiments tracing Pax7 and Pax3 muscle-specific markers, have 

confirmed the existence of common precursor cells for brown adipocytes and skeletal muscle 

(Lepper and Fan, 2010; Sanchez-Gurmaches and Guertin, 2014). 

 

1.2.3	  Beige	  Adipocytes	  

	  

Beige adipocytes (also referred as inducible brown, brown in white or brite) comprise a popula-

tion of adipocytes only recently discovered. These adipocytes display increased mitochondrial 

content and activity, resembling those of BAT; they also display increased expression of UCP1, 

a feature shared in common with brown preadipocytes. Moreover, they express beige adipocyte-

specific markers, including CD137, TMEM26 and TBX1 (Wu et al, 2012; Bartelt and Heeren, 

2014). They emerge within WAT depots upon cold exposure, which triggers sympathetic stimu-

lation and the subsequent noradrenaline-mediated activation of β3-adrenergic receptor signaling, 

an effect that can also be mimicked by sustained pharmacological treatment with selective ago-

nists for β3-adrenergic receptors (Seale et al, 2007; Bartelt and Heeren, 2014). The accumulation 

of beige adipocytes within WAT depots is mediated by a process called “browning” (Harms and 

Seale, 2013; Park et al, 2014). Browning is a reversible process that represents adaptation to in-

creased thermogenic demand (Rosenwald et al, 2013; Bartelt and Heeren, 2014). 
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The origin of the beige adipocytes still remains elusive; two prominent theories exist, “de novo” 

recruitment of beige progenitors and transdifferentiation of white adipocytes into beige adipo-

cytes. Evidence in support for each theory exists; cell fate-mapping experiments have demon-

strated that beige adipocytes do not derive from the same precursor cells that brown adipocytes 

(Seale et al, 2008) or white adipocytes do (Wang et al, 2013), thus promoting the hypothesis of 

de novo recruitment of beige progenitors. In support of this, studies have suggested that beige 

adipocytes can derive from smooth muscle Myh11+ precursor cells (Long et al, 2014). In con-

trast, an elegant lineage-tracing study in transgenic mice that used transient and permanent fluo-

rescent cell-labelling, showed that beige adipocytes which emerge due to exposure to cold could 

acquire morphological features and gene expression profiles that would resemble those of white 

adipocytes upon maintaining the mice under thermoneutral conditions. Surprisingly, the same 

subset of cells was able to regain multilocular cellular morphology and beige-adipocyte-specific 

gene expression profile upon second cold exposure, although a few new beige cells were ob-

served (Rosenwald et al, 2013). Other studies have also supported the transdifferentiation of 

white adipocytes into beige adipocytes (Himms-Hagen et al, 2000; Cinti, 2009) In any case, nei-

ther hypothesis has conclusively been recognized as the sole mechanism responsible for brown-

ing; the possible co-existence of both mechanisms underlying browning should not be excluded 

(Bartelt and Heeren, 2014). Importantly, the emergence of beige adipocytes among different 

WAT depots is not the same; subcutaneous WAT depots (e.g inguinal WAT) are more prone to 

browning that visceral WAT depots (e.g epididymal WAT) (Cannon and Nedergaard, 2004; 

Waldén et al, 2012); studies on human WAT concur (Schulz et al, 2011). 

 

1.3 	  Adipogenesis	  
	  

Adipogenesis is the process that mediates the formation and differentiation of mature adipocytes 

(Rosen and MacDougald, 2006). Both white and brown adipocytes derive from multipotent mes-

enchymal stem cells (MSCs) that can give rise either to osteoblasts, chondroblasts, adipocytes or 

myocytes (Christancho and Lazar, 2011). Stem cell commitment to adipose lineage, a process 

referred to as determination, is promoted by members of BMP family BMP-2 and BMP-4 (Bow-
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ers et al, 2006; Huang et al, 2009), whereas it is inhibited by Wnt signaling (Bennett et al, 2005). 

Commitment to adipose lineage is also prompted by excessive energy intake and increased glu-

cose intake for extended time periods (Shepherd et al, 1993). Moreover, MSCs can be committed 

either to the adipose lineage of Myf5- cells or to the myogenic lineage of Myf5+ which give rise 

to white and brown adipocytes respectively (Timmons et al, 2007; Lepper and Fan, 2010). Spe-

cifically, MSCs convert to preadipocytes, which morphologically are indistinguishable from the 

MSCs, but they have lost the potential to differentiate into other cell types (Rosen and MacDou-

gald, 2006). The preadipocytes then under certain stimulation undergo differentiation and be-

come mature adipocytes (Rosen and MacDougald, 2006). Even though the different adipocyte 

types originate from different lineages, the adipogenic differentiation shares common transcrip-

tional cascades which involve the master regulator PPARγ and C/EBPs (Rosen and MacDou-

gald, 2006; Tang and Lane, 2012). Importantly, white-adipocyte differentiation occurs primary 

in the postnatal period, whereas brown-adipocyte differentiation takes place in utero, as the re-

quirement for thermogenesis neonatally is imperative for maintenance of temperature homeosta-

sis (Enerbäck et al, 1997). Beige adipocytes on the other hand, as already mentioned, emerge un-

der specific environmental stimuli, like cold exposure, and are not required perinatally (Seale et 

al, 2007; Bartelt and Heeren, 2014).   

Adipogenesis has been extensively investigated by studies performed on immortalized cell lines, 

which have been an invaluable tool for understanding differentiation. Specifically, immortalized 

cell lines have proven to be a reliable and experimentally accessible system for in vitro studies, 

many features of which faithfully recapitulate adipogenesis in vivo (Rosen et al, 2000). The most 

widely used immortalized cell line of white preadipocytes is the murine 3T3-L1 cell line (Green 

and Kohinde, 1974); these fibroblast-like cells are already committed to the adipocyte lineage 

and can be induced to differentiate after treatment with a standard differentiation cocktail.  

1.3.1 Transcriptional	  Regulation	  of	  Adipogenesis	  

	  

Initiation of differentiation is induced by treating preadipocytes with a differentiation cocktail 

that contains insulin, glucocorticoid dexamethasone (DEX) and IBMX along with fetal bovine 

serum-containing medium (Rosen et al, 2000; Avram et al, 2007; Scott et al, 2011). Insulin acts 
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as an adipogenesis-inducing hormone that promotes cell cycle reentry and synchronous cell divi-

sion by activating IGF-1 signaling pathway (MacDougald and Lane, 1995). DEX activates the 

glucocorticoid-signaling pathway that results in the activation of early adipogenic transcriptional 

factor, C/EBPβ (MacDougald and Lane, 1995), while IBMX is a phosphodiesterase inhibitor that 

increases intracellular levels of cAMP, a prerequisite for the subsequent activation of PKA-

signaling pathway, and at the same time activates early adipogenic transcriptional factor C/EBPδ 

(Cao et al, 1991; MacDougald and Lane, 1995; Park et al, 2014).  

Upon treatment with differentiation cocktail, the initial phase of preadipocyte differentiation, 

which is called Mitotic Clonal Expansion (MCE), commences. Notably, MCE is a required part 

of the adipocyte differentiation program, during which preadipocytes displaying growth arrest 

due to contact inhibition reenter cell-cycle and undergo a couple of rounds of cell division (Tang 

and Lane, 2012). Specifically, elevated cAMP levels lead to the activation of the PKA signaling 

pathway and the subsequent phosphorylation of cAMP Response Element-Binding protein 

(CREB), which in turn activates the expression of C/EBPβ (Zhang et al, 2004). Thereafter, 

C/EBPβ undergoes dual phosphorylation by MAPK and GSK3β kinases resulting in conforma-

tional change that promotes the dimerization of C/EBPβ, which in turn enables it to bind to DNA 

(Tang et al, 2005). Next, activated C/EBPβ binds to C/EBP responsive elements located at the 

promoter of histone H4 and activates its expression and thus, promotes the subsequent transition 

from G1 to S phase (Zhang et al, 2011). Interestingly, although the requirement of C/EBPβ in the 

adipocyte differentiation in vitro has been established (Tang et al, 2005), studies with C/EBPβ 

K.O in mice showed little effect on adipose tissue formation (Tanaka et al, 1997). However, 

C/EBPβ and C/EBPδ double K.O mice displayed significantly reduced adipose mass; this find-

ing along with the negligible effect of C/EBPβ K.O previously mentioned, are indicative of a 

possible redundancy of function among members of the C/EBP family (Tanaka et al, 1997).  

MCE coincidently ceases with the expression of the two master regulators of adipogenesis, 

PPARγ and C/EBPa (Shao and Lazar, 1997) followed by permanent growth arrest and expres-

sion of the fully differentiated phenotype during the late phase of adipogenesis, called terminal 

differentiation. During this phase, adipocytes abolish their fibroblast-like morphology, start ac-

cumulating triglycerides and acquire the appearance and metabolic features of mature adipo-

cytes. Both PPARγ and C/EBPα contain within their proximal promoters C/EBP regulatory ele-
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ments at which C/EBPβ binds and activates their transcription (Christy et al, 1991; Clarke et al, 

1997). Upon expression, C/EBPα and PPARγ maintain their expression levels by exerting posi-

tive feedback on each other; C/EBPα in particular is thought to maintain the expression of both 

C/EBPα and PPARγ via transactivation at the same C/EBP regulatory elements that C/EBPβ 

binds (Christy et al, 1991; Clarke et al, 1997). This ensures that, once initiated, the cascade will 

maintain the expression of these critical factors and, therefore, the terminally differentiated state. 

Thereafter, PPARγ and C/EBPα activate the expression of most adipogenic genes required for 

the fully differentiated, mature adipocyte, including Fabp4, Glut4, IR, adiponectin (Spiegelman 

et al, 1993; Tamori et al, 2002; Rosen and MacDougald, 2006), through binding at PPAR and 

C/EBP regulatory elements respectively located at the promoters of their target genes (MacDou-

gald and Lane, 1995). Interestingly, Wnt signaling, which is known to inhibit adipogenesis in 

vitro, exerts this function by blocking the expression of PPARγ and C/EBPα (Ross et al, 2000). 

Transcriptional regulation of brown adipogenesis has also been studied, albeit at a lesser extent. 

Although brown adipocytes originate from different lineage than that of white adipocytes, as al-

ready mentioned, there are extensive similarities in their differentiation. Interestingly, the general 

adipogenic network, as described above, operates in all types of fat cells; the mechanisms that 

determine brown fat cell fate built on top of the general adipogenesis program. Indeed, many 

transcriptional factors that direct brown versus white fat identity exert their action through utiliz-

ing the core adipogenic transcriptional machinery (Seale et al, 2015). Studies examining brown 

fat differentiation confirm this; ~ 85% of mice with double K.O of C/EBPβ and C/EBPδ die per-

inatally, with the remaining having sharply reduced BAT, as a result of reduced lipid accumula-

tion (Tanaka et al, 1997). Moreover, animals depleted of C/EBPα display dramatical reduction of 

fat accumulation in BAT pads (Wang et al, 1995). Finally, activation of PPARγ by TZD ligands 

in immortalized brown adipocyte cell lines HIB1 and HB2 leads to robust differentiation, while 

treatment of rodents with TZDs results in increased accumulation of interscapular BAT (Tai et 

al, 1996). 

PPARγ, master regulator of adipogenesis, plays an important role also in brown adipocyte differ-

entiation; it is involved in the activation of many brown fat genes (Siersbaek et al, 2012), includ-

ing the brown adipocyte-characteristic Ucp1 (Sears et al, 1996). Specifically, PPARγ interacts 

with PRDM16 in order to activate the expression of brown fat-specific genes, whereas TLE3 an-
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tagonizes PRDM16 for binding to PPARγ and cooperates with the latter to induce the expression 

of white fat genes (Villanueva et al, 2013). In addition, other studies have suggested PPARγ also 

interacts with EBF2, a transcriptional factor also involved in the brown preadipocyte commit-

ment (Rajakumari et al, 2013), in order to activate the expression of brown fat genes (Wang et al, 

2014). PPARα, member of the same family, is highly expressed in BAT and is thought to be a 

reliable marker of BAT. PPARα has an important role in controlling mitochondrial β-oxidation 

in brown adipocytes while at the same time it enables the expression of brown fat genes Ucp1, 

Prdm16 and Pgc-1a, which are critical mediators of brown fat differentiation (Barbera et al, 

2001; Hondares et al, 2011).  

PRDM16 (Seale et al, 2008) along with C/EBPβ (Tanaka et al, 1997) are key transcriptional fac-

tors during brown adipocyte differentiation. Together, they function as a critical switch in deter-

mining the fate of BAT that originates from the myogenic lineage (Kajimura et al, 2009). Specif-

ically, as a complex they facilitate the expression of PPARγ and PGC-1α which thereafter induce 

the differentiation of brown preadipocytes (Kajimura et al, 2010). Also, PRDM16 associates 

with PPARγ and transcriptional co-repressors CtBPs (Kajimura et al, 2008); together, they are 

recruited at the promoters of white fat-specific genes to repress their expression in differentiating 

brown preadipocytes. However, PRDM16 also promotes the expression of brown fat-specific 

genes through its recruitment along with PGC-1α at their promoters (Kajimura et al, 2008). Fur-

thermore, recent studies have suggested that PRDM16 induces the expression of brown fat-

specific genes in cooperation with MED1 and Mediator complex (Harms et al, 2015); this asso-

ciation of PRDM16 with MED1/Mediator complex has been suggested to promote the transcrip-

tional function of PPARγ and the thyroid receptor during activation of Ucp1 expression (Iida et 

al, 2015). Interestingly, studies with brown fat-specific PRDM16 K.O in mice have suggested a 

possible redundancy of its role in brown fat differentiation; the most prominent candidate is 

PRDM3, as it is the most highly related PRDM family member to PRDM16. Mice with double 

K.O of both PRDM3 and PRDM16 display relatively normal embryonic BAT, indicating per-

haps additional redundancy (Harms et al, 2014). However, PRDM16 is indispensable for the 

suppression of white fat-specific genes in differentiating brown adipocytes (Harms et al, 2014). 

Of note, PRDM16 expression itself in under tight regulation; miR-133 targets and reduces 

Prdm16 mRNA levels, thus inhibiting brown fat differentiation (Trajkovski et al, 2012), while 
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BMP7 increases the Prdm16 mRNA levels in both brown and beige fat precursor cells (Tseng et 

al, 2008; Schulz et al, 2013). 

Emergence of beige adipocytes within WAT depots is also based on the general transcriptional 

network previously described (Seale et al, 2015). The differentiation of beige fat cells requires 

the suppression of a subset of white fat genes and the expression of a subset of brown fat genes, 

the combination of which is different from either the ones expressed in brown adipocytes or the 

ones expressed in white adipocytes, rendering PPARγ (Petrovic et al, 2010) and PRDM16 (Seale 

et al, 2007; Seale et al, 2011) necessary for their emergence, under adrenergic stimulation. It’s 

worth mentioning that treatment with PPARγ agonists thiazolidinediones (TZDs) induces brown-

ing via activation of deacetylase Sirt1 (Qiang et al, 2012), which in turn deacetylates PPARγ, 

allowing it to interact with PRDM16 and initiate the transcription of brown fat genes in beige 

cells within WAT depots, while at the same time TZDs via a yet unknown mechanism stabilize 

PRDM16 protein levels (Ohno et al, 2012). The importance of PRDM16 in beige fat differentia-

tion has been proven with studies of transgenic mice expressing PRDM16 in adipose tissue, 

which results in the conversion of a large part of subcutaneous WAT, particularly inguinal WAT, 

in beige, UCP1-expressing cells (Seale et al, 2011), whereas genetic ablation of PRDM16 in 

mice leads to impaired beige fat differentiation (Cohen et al, 2014). ZFP516, a recently identified 

zinc-finger-containing protein, also plays a critical role in the differentiation of beige cells, as 

well as brown, as it has been suggested to directly interact with PRDM16 in order to bring about 

the browning of inguinal WAT depot and BAT development, respectively (Dempersmier et al, 

2015).  

 

1.3.2 Epigenetic	  Regulation	  of	  Adipogenesis	  

	  

Epigenetics has elegantly been defined as the study of changes in gene function that are mitoti-

cally and/or meiotically heritable and that do not entail a change in DNA sequence (Wu and 

Morris, 2001). Importantly, epigenetic regulation is a critical process needed for normal devel-

opment throughout life; it is required for stable expression or repression of genes in specific cell 
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types and/or at specific time points, proving to be the link between genotype and phenotype (Li 

et al, 2002). The epigenetic regulation of gene expression is mediated by DNA methylation, 

post-translational histone modifications and recruitment of chromatin-remodeling complexes. 

With regard to adipogenesis, while the transcriptional mechanisms governing this important dif-

ferentiation process have been extensively studied, epigenetic regulation of adipogenesis has on-

ly recently begun to attract attention. 

Pluripotent MSCs, as most of the pluripotent stem cells, are characterized by a highly dynamic 

state of their chromatin; they are also found to be enriched with epigenetic signals associated 

with gene activity, like H3K4 methylation, a mark that can be found even in silenced genes (Az-

uara et al, 2006). In addition, promoters of genes that regulate cell fate decisions, including 

markers of adipogenesis (Noer et al, 2009), are characterized by the co-existence of H3K4me3 

activating mark and the H3K27me2/3 repressive mark (Azuara et al, 2006; Noer et al, 2009), en-

suring that these silent genes are poised for transcription. Additionally, the promoters of these 

genes are also characterized by DNA methylation marks, as an additional silencing mechanism 

(Bowers et al, 2006; Fouse et al, 2008). 

 During the commitment of MSCs to the adipose lineage, Wnt signaling suppresses the expres-

sion of PPARγ, by recruiting the histone methyltransferase (HMT) SETDB1, which mediates the 

addition of repressive H3K9 methylation mark at the promoters of its target promoters (Takada 

et al, 2007). Similarly, histone deacetylase (HDAC) Sirt1 blocks adipogenesis and promotes os-

teogenesis in MSCs, as it binds to the promoters of PPARγ target genes along with corepressors 

NCoR/SMRT, leading to gene silencing (Picard et al, 2004; Backesjo et al, 2009). Also, tension-

induced/inhibited proteins (TIPs), which contain a SANT domain within their sequence that ena-

bles them to promote chromatin remodeling, are actively involved in the determination of adipo-

genic versus myogenic lineage in MSCs, with TIP-1 promoting myogenesis, whereas TIP-3 

promoting adipogenesis (Jakkaraju et al, 2005). DNA methylation has also been shown to play 

an important role during commitment to adipose lineage; treatment of pluripotent cell line   

10T1/2 with the DNA methylation inhibitor 5-azacytidine results in random DNA demethylation 

and differentiation (Tang et al, 2004). Importantly, adipogenesis observed under these conditions 

is attributed to DNA demethylation of Bmp4 gene, which promotes the commitment to the adi-

pose lineage (Bowers et al, 2006). 
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Epigenetic machinery is also implicated during the MCE phase of adipogenesis. First, in preadi-

pocytes the promoters of adipogenic genes, like PPARγ2 or leptin, display an unmethylated sta-

tus, in contrast to the promoters of characteristic genes of other lineages, indicative of the com-

mitment of those cells to the adipose lineage (Noer et al, 2006). Also, studies analyzing the 

DNase I hypersensitivity (DHS) sites, which indicate an open chromatin status and subsequent 

chromatin remodeling, during the early phase of adipogenesis have suggested that such sites are 

located in genes involved in cell cycle progression, some of which display co-enrichment of 

C/EBPβ and glycocorticoid receptor binding (Steger et al, 2010; Siersbaek et al, 2011), in ac-

cordance with C/EBPβ’s role during MCE (Zhang et al, 2011). At the same time, Wnt signaling 

that suppresses adipogenesis, is repressed by HMT EZH2-mediated H3K27 methylation of Wnt 

genes, allowing preadipocytes to initiate their differentiation (Wang et al, 2010).  

At the early stages of terminal differentiation, C/EBPβ recruits chromatin remodeling complex 

SWI/SNF to PPARγ promoter, activating its expression (Salma et al, 2004). In addition, phos-

phorylation of pRb in the beginning of differentiation, leads to the dissociation of repressive 

complex pRb-HDAC3 from PPARγ, enabling the latter to associate with HATs CBP/p300 and 

activate expression of its target genes (Gelman et al, 1999; Fajas et al, 2002). PPARγ activates its 

target genes cooperatively with HMTs MLL complexes, which mediate the addition of activating 

H3K4me mark at the specific promoters (Lee et al, 2008).Upon accumulation, PPARγ removes 

repressive complex mSin3A/HDAC1 from C/EBPα promoter by targeting HDAC1 to 26S pro-

teasome, enabling the activation of C/EBPα by C/EBPβ (Zuo et al, 2006). C/EBPα expression is 

also regulated by histone demethylase (HDM) LSD1, which removes repressive H3K9me2 mark 

from C/EBPα promoter, enabling in this way C/EBPα expression (Musri et al, 2010). PHF2, a 

member of KDM7 family of HDMs that mediates demethylation of H3K9me2 through its JmjC 

domain, interacts with C/EBPα and removes the repressive H3K9me2 mark from C/EBPα target 

genes, including PPARγ and C/EBPα itself, during terminal differentiation (Okuno et al, 2013).  

Thereafter, C/EBPα exerts its activating function at its target genes in part also by recruiting 

SWI/SNF complex (Pedersen et al, 2001), while at the same time it promotes cell cycle arrest 

again by recruiting SWI/SNF, hence concluding MCE (Müller et al, 2004). Notably, epigenetic 

regulation is also important for the silencing of anti-adipogenic genes; histone deacetylation by 

HDAC3 takes place at the promoter of preadipocyte marker Pref-1 ((Li et al, 2005). Remarkably, 

epigenetic regulation is also responsible for the repressed status of brown fat-specific marker 
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UCP1 that characterizes white adipocytes; HDAC1, HDAC3, H3K9 methyltransferase G9a and 

DNA methyltransferases DNMT1, DNMT3a/3b along with RIP140 form a complex that is re-

cruited at the promoter of ucp1 gene during white adipocyte differentiation to repress its expres-

sion and hence, maintain white phenotype (Kiskinis et al, 2007). 

During brown adipocyte differentiation, apart from the involvement of epigenetic mechanisms 

mentioned above, there are additional layers of epigenetic regulation. For instance, it has been 

reported that treatment of differentiating primary brown adipocytes with Class I-specific HDAC 

inhibitor leads to decreased activity of HDAC3, which in turn results in elevated expression lev-

els of brown fat-specific marker PGC-1α and concomitant increased mitochondrial content 

(Galmozzi et al, 2013). Also, HDAC SIRT3 has been suggested to be necessary for in vitro 

brown adipocyte differentiation (Rodriguez et al, 2013). Studies performed examining BAT for-

mation of mice with   EHMT1 K.O, a HMT identified to interact with PRDM16 during brown fat 

differentiation, suggested that this HMT has a pivotal role in brown fat differentiation as these 

mice displayed a profound deficit in brown fat development (Ohno et al, 2013). Additionally, 

mice with genetic ablation of JHDM2A, a HDM that demethylates H3K9me, display impaired 

UCP1 expression in brown fat (Tateishi et al, 2009).  

The epigenetic regulation of browning of WAT has only recently started being investigated as it 

constitutes a newly identified process. HDAC SIRT1-mediated deacetylation of PPARγ has been 

reported to have a crucial role in browning, as it enables PPARγ to interact with PRDM16 and 

initiate the transcription of genes characterizing beige adipocytes (Qiang et al, 2012). Also, 

HDAC3 together with white fat-specific HOXC8 target and repress expression of C/EBPβ dur-

ing browning (Mori et al, 2012). Further studies will surely provide additional information re-

garding the epigenetic mechanisms that are implicated during browning. 

 

1.4 	  Aim	  of	  study	  

	  

Epigenetic regulation of adipogenesis is crucial for the proper differentiation of adipose tissue. 

With regard to white adipocyte differentiation, many epigenetic regulators have been identified 
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to participate in commitment, MCE and terminal differentiation of white adipocytes. However, 

as new epigenetic modifiers are identified, the requirement for investigating their possible in-

volvement in adipogenesis is paramount. In this study, we use the well established 3T3-L1 mu-

rine cell line to generate cells that either overexpress or knock down the expression of specific 

chromatin regulators. In an effort to investigate the effect of the altered expression of each regu-

lator in the process of adipogenesis, we induce the differentiation of the generated cell lines and 

we examine the lipid accumulation capacity and the expression levels of established adipogenic 

markers in differentiated adipocytes.  
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2. 	  Materials	  &	  Methods	  

2.1	  Cell	  Culture	  	  

 

Mouse 3T3-L1 preadipocytes were maintained in high glucose Dulbecco’s Modified Eagle Me-

dium (DMEM) supplemented with 10% New Born Calf Serum (NBCS), 1% sodium bicarbonate 

and 1% penicillin/streptomycin (P/S) (normal growth medium 1) under stable conditions (37oC, 

5% CO2) inside an incubator. Medium replacement was performed every two days and cells 

were kept at subconfluent state. Upon reaching confluency, cells were treated with trypsin and 

collected in a 50 ml tube. After centrifugation (1000 rpm, 5 min.), cell pellet was resuspended in 

a 1 ml medium and cells were counted using a Neubauer chamber. Thereafter, the desired num-

ber of cells was seeded in the plate or flask of choice, according to the upcoming experimental 

procedure.  

HEK293 cells, used for lentivirus and retrovirus production, were maintained in high glucose 

DMEM supplemented with 10% FBS and 1% penicillin/streptomycin P/S (normal growth medi-

um 2)  under stable conditions (37oC, 5% CO2) inside an incubator. Cell harvest was performed 

with the same procedure described above for 3T3-L1 cells. 

 

2.2	  Differentiation	  

	  

Upon reaching confluency, 3T3-L1 cells were harvested and counted with the method described 

above (2.1). Thereafter, cells were seeded in 12-well plates (~ 20.000 cells/ well) and maintained 

in normal growth medium (designated Day 0). After two days, medium was replaced with high 

glucose DMEM supplemented with 10% FBS, 1% P/S, 1% sodium bicarbonate (M0 medium) 

along with 0.17 µM insulin, 0.25 µM Dexamethasone (DEX), 0.5 mM IBMX (M1 medium) and 

after two days, medium was replaced with M0 medium supplemented with 0.17 µM insulin (M2 

medium). After an additional three days in M2 medium (designated Day7), the differentiating 

cells underwent another round of treatment with M1 medium for two days, which afterwards was  
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replaced with M2 medium. Next, after two days, the cells were cultured in M0 medium for three 

days (Day 14), hence concluding the differentiation protocol.  

2.3	  Plasmid	  purification	  

	  

During previous work in our lab, shRNA for PHF2, PHF8 or scramble sequence were cloned in 

the commercially available pLKO.1 vector (Thermofisher). cDNA sequences of human PHF2 

and PHF8  were cloned in the retroviral vector pBabe (Figure 2).  Glycerol stocks of successfully 

transformed (with these vectors) E. coli cells were used in order to acquire high concentration of 

plasmids for subsequent generation of viruses. 5ml cultures of LB medium supplemented with 

ampicillin (100 µg/ml) were prepared and were grown overnight at 37oC. 150 µl of the overnight 

cultures were inoculated in 150 ml LB medium (Amp+) and were grown overnight at 37oC. 

Plasmid isolation and purification was performed using NucleoBond® Xtra Midi kit (Macherey-

Nagel) according to manufacturer’s instructions. Upon completion of the protocol, plasmid con-

centration was measured using Nanodrop 1000 photospectrometer (Thermo Scientific) and plas-

mids were stored at -20oC. 

LB medium (1L): 

i. 1 L deionized water 

ii. 10 g tryptone 

iii. 10 g NaCl 

iv. 5 g yeast extract 

                    Table 1: Hairpin sequences of the shRNAs targeting PHF2 and PHF8 used 

shRNA Hairpin Sequence 

PHF2 shRNA 1 5'-‐CCGG-‐CGTGGCTATTAAAGTGTTCTA-‐

CTCGAG-‐TAGAACACTTTAATAGCCACG-‐

TTTTTG-‐3' 

PHF2 shRNA 2 5'-‐CCGG-‐CACACTTAGTTCAAGGAGCTA-‐

CTCGAG-‐TAGCTCCTTGAACTAAGTGTG-‐
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TTTTTG-‐3' 

PHF8 shRNA 1 5'-‐CCGG-‐GCGGACTGTACAGCTCATTAA-‐

CTCGAG-‐TTAATGAGCTGTACAGTCCGC-‐

TTTTTG-‐3' 

PHF8 shRNA 2 5'-‐CCGG-‐CGGACTGTACAGCTCATTAAA-‐

CTCGAG-‐TTTAATGAGCTGTACAGTCCG-‐

TTTTTG-‐3' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
Figure 2: Lentiviral vector pLKO1 (A) and retroviral pBabe puro (B) expressing the cDNA sequence of human PHF2 (C) 
and PHF8 (D).  
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2.4	  Generation	  of	  viruses	  

	  

Upon reaching confluency, HEK293 cells were harvested, counted with the method described 

(2.1) and seeded in 100mm culture plates containing normal growth medium 2. Next day, medi-

um was replaced with normal growth medium 2 that did not contain P/S and mix of plasmids ( 

pVSV-G, pΔ8.1, pLKO.1 containing shRNA of interest for lentiviruses; pVSV-G, pΔ8.1, pBabe 

containing the cDNA of protein of interest for retroviruses) was created. Briefly, for generation 

of lentivirus particles, the volumes containing 3 µg of plasmid of choice, 1 µg PVSV-G and 2 µg 

pΔ8.1 were mixed in a tube together with Optimem I(Life Technologies) up to 50 µl (labeled as 

mix 1). In a separate tube 535 µl Optimem I was mixed with 15 µl Turbofect (Thermo Scientific) 

and kept at room temperature for 5’ (labeled as mix 2). Then, the two mixes were combined, in-

cubated for 15 minutes at room temperature and were added in a drop-wise manner onto the cul-

ture dishes with the HEK293 cells. Generation of retrovirus particles was also according to the 

same procedure, with the difference that mix 1 was made by combining volumes containing 6 µg 

of plasmid of interest and 2 µg amphopac (Indopco). At day 3, medium was replaced with new 

normal growth medium 2. During days 4 and 5, supernatant containing the virus was collected 

from each culture dish in a 15 ml tube (designated 24h virus and 48h virus respectively), centri-

fuged (2.500 rpm, 4oC, 10 min.) filtered using 0.45 µm filter and stored at -80oC. 

 

2.5	  Infection	  of	  3T3-‐L1	  cells	  and	  generation	  of	  new	  cell	  lines	  

	  

3T3-L1 cells were seeded in12-well plates (~30.000 cells/well) and maintained in normal growth 

medium 1. After 24 hours, supernatant was aspirated and 1 ml of the virus of choice was added 

together with polybrene [10 µg/ ml]. Next day supernatant was removed and 1 ml of normal 

growth medium 1 was added. Supernatant was removed again the following day and new normal 

growth medium 1 was added supplemented with puromycin [2 µg/ ml] for selection of cells with 
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integrated the desired sequence within their genome. After an additional two days, time in which 

most of untreated cells serving as controls had died, the surviving cells were transferred to new 

wells and were maintained with medium containing puromycin until confluency was reached. 

Successive rounds of trypsinization and transfer to culture plates with larger surface were carried 

out in order to acquire a substantial amount of cells needed to create a stock and perform further 

experiments. 

 

2.6	  RNA	  Extraction	  

	  

RNA from 3T3-L1 cells seeded in 12-well plates and induced to differentiate was isolated at the 

designated time points (Day 0, Day 7, Day 14) with the following procedure: 

From each well, the medium was removed and the well was washed with Phosphate Buffered 

Saline (PBS). Then, 200 µl of TRI Reagent (Sigma) were added to each well and the plate was 

placed to rotate for 5 min. at room temperature. The wells were scraped briefly and the cell ly-

sate was collected and deposited in a 1.5 ml tube. After centrifugation (11.000 rpm, 4oC, 5 min.) 

the supernatant was transferred to a new 1.5 ml tube. Next, 100 µl chloroform/ tube were added 

and the tubes were vortexed for homogenization of the samples. After centrifugation (11.000 

rpm, 4oC, 15 min.) the aqueous phase was transferred to a new tube and 100 µL isopropanol/ 

tube was added; the samples were then incubated at room temperature for 10 min. Again after 

centrifugation (13.000 rpm, 4oC, 10 min.), isopropanol was removed and the pellet was washed 

with 75% ethanol. Finally, after centrifugation (7.000 rpm, 4oC, 5 min.), ethanol was removed 

and the pellet was resuspended in 10-20 µL of RNase-free water, depending on the size of the 

pellet. The samples were stored at -80οC until further processing.   

2.7	  Reverse	  Transcription	  PCR	  

	  

Having previously measured the concentration of the RNA samples of interest using Nanodrop 

1000 spectrophotometer (Thermo Scientific), Reverse Transcription PCR was performed starting 
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with 1 µg of RNA/ sample and using PrimeScript 1st Strand cDNA synthesis kit (Takara) in a 

PTC-200 Peltier Thermal Cycler (MJ Research). The protocol was the following: 

 After calculating the necessary quantities of reagents for all reactions ( reagents/reaction x num-

ber of reactions), mix containing random hexamers and dNTPs (Mix 1) and mix containing 5X 

primescript buffer, RNase inhibitor and primescript RTase (Mix 2) were prepared  according to 

the guidelines provided below. For each reaction, 1.5 µl of Mix 1 were added in PCR tube and 

next the sample volume containing 1 µg RNA along with the respective volume of water for in-

jection (WFI) (VWFI= 5.75 µl-V1µgRNA ) were added in each tube. Then, the tubes were spinned 

down and placed in the thermocycler (65oC, 5 min.). Upon completion of the run, 2.75 µl of Mix 

2 were added in each tube and reverse transcription program was allowed to proceed (30oC 10 

min., 42oC 60 min., 70oC 5 min., 4oC ∞). Upon completion of reverse transcription, newly syn-

thesized cDNA samples were diluted ½ with WFI to final volume of 20 µl and were stored at -

20oC. 

Mix 1 (per reaction):  

i.    1 µl Random Hexamers [50µM] 

ii. 0.5 µl dNTPs [10 mM] 

Mix 2 (per reaction): 

i.      2 µl 5X PrimeScript Buffer 

ii. 0.25 µl RNase Inhibitor (40U/ µl) 

iii. 0.5   µl PrimeScript RTase (200U/ µl) 

2.8	  Real-‐Time	  qPCR	  

	  

Gene expression was measured by Real-Time qPCR in a 7500 Fast Real-Time PCR System (Ap-

plied Biosystems) using KAPA SYBR® FAST Universal qPCR Kit (Kapa Biosystems). The 

primers used for each gene examined are listed (table 1). Results were normalized to PPIB ex-

pression. The procedure was the following: 



26	  
	  

After calculating the required quantities of reagents for all reactions ( reagents/ reaction x num-

ber of reactions), qPCR  mix containing kapa mix 2X, Rox Low, primer mix (forward/reverse) 

and WFI was prepared according to the instructions provided below; different mix was prepared 

for examination of different genes, as they use different set of primers. For each reaction, 8 µl of 

qPCR mix and 2 µl of sample cDNA were loaded to MicroAmp® 8-tube strips (Applied Biosys-

tems); each cDNA sample was loaded twice (duplicates). After spin down, sealed strips were 

placed at the qPCR system and a run was executed [95oC 3 min, 40 cycles (95oC 15 s , 60oC 30 

s), 95oC 15 s]. 

qPCR mix (per reaction):  

i.    5 µl Kapa Mix 2x 

ii. 0.2 µl Rox Low 

iii.    1 µl primer mix F/R (2µM) 

iv. 1.8 µl WFI 

Table 2: Sequence of primers used in Real-Time qPCR for gene expression analysis 

Forward primer Reverse primer Gene 

5'-‐ACAGCAAGTTCCATCGTGTCAT	  -‐3' 5'-‐GAAGAACTGTGAGCCATTGGTG-‐	  3' m. PPIB 

5'-‐GCTCCTCCTCGAAGGTTT	  ACAA	  -‐3' 5'-‐AATCCCCATTTACGCTGATGAT	  -‐	  3' m. FABP4 

5’	  –AAGTGTGTAACTGCCCCTGG	  –3’ 5’	  –TGCAAGCCCGAACGTCTATT	  –3’ m. PREF-1 

5'-‐TACTGCCTGATCTGTGTGAAGGA-‐3’ 5'CTGGCCGGATGAGATAGAAGA-‐3'	  

 

m. PHF2 

5’-‐CGCCCAACAAATGCTAATCT-‐3’ 5’-‐AGAAGTTCCCTCCGAATGCT-‐3’	  

 

m. PHF8 

5’-‐CTGGACCAAGGGGTGTGTT-‐3’ 5’-‐CTGGACCAAGGGGTGTGTT-‐3’ m. KDM2B 

5’-‐CCCCCATTTCAGCTGACTAA-‐3’ 5’-‐CTGGACCAAGGGGTGTGTT-‐3’ m. JMJD3 

5’-‐ACTTCCTGCCTTCGTGAGAG-‐3’ 5’-‐ATTCAAAACACCCCAGTAGC-‐3’ m.UTX 

5’–CGAGTCTGTGGGGATAAAGC–3’	   5’–CCAACAGCTTCTCCTTCTCG-‐3’ m. PPARγ 

5’–GCACTGGCAAGTTCTACTGCAA–3’ 5’–GTAGGTGAAGAGAACGGCCTTGT–3’	   m. Adiponectin 
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2.9	  Cell	  Lysis	  and	  Western	  Blotting	  

	  

3T3-L1 cells seeded in 6-well plates (~ 500.000 cells/ well) were grown in normal growth medi-

um 1 until confluency. When confluent, medium was carefully aspirated and cells were washed 

with PBS. After removing it, 100 µl lysis solution [R.I.P.A solution supplemented with PMSF 

(sigma)] were added to each well and the plate was placed to rotate for 5 min. Then, each well 

was scraped and cell lysate was transferred to 1.5 ml tube and sonication was carried out (50% 

amplification, 20s interval, 3 repeats for each sample). After centrifugation (13.000 rpm, 4oC, 10 

min), supernatant was transferred to a new tube and protein determination was performed using 

Lowry method. For subsequent western blotting, 50 µg of protein from each sample were mixed 

with sample buffer 4x in a new tube. After using heat block to denature proteins, the samples 

were ready for western blotting. 

For western blotting, samples were loaded to a 8% SDS PAGE gel positioned in a buffer tank 

containing running buffer 1x and was run at 25mA until proteins were resolved. Then, the gel 

was transferred (400 mA, 1 hour) to 0.2 µm nitrocellulose membrane (GE Healthcare), which 

was washed with TBS-T 1x (3 repeats) and blocking was carried out using blocking solution; the 

membrane was placed to rotate for 2 hours at room temperature. Upon completion of blocking, 

the membrane was washed again with TBS-T 1x (3 times) and was cut to desired pieces which 

were incubated with primary antibodies of choice diluted in TBS-T 1x overnight at 4oC. Then, 

solutions of primary antibodies were removed, membrane pieces were washed with TBS-T 1x (3 

times) and incubation with the respective HRP-conjugated secondary antibody (Merck Millipore) 

diluted in blocking solution was carried out for 2 hours. After removing solutions of secondary 

antibodies and washing with TBS-T 1x (3 times), the membrane was put together and transiently 

covered with ECL for 1’. Detection of chemiluminescence was carried out using Molecular Im-

ager® ChemiDoc™ XRS+ (Biorad). 

 The solutions used were the following: 

• R.I.P.A 

i. 10mM Tris HCl pH=8  

ii. 10 mM EDTA  
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iii. 140 mM NaCl  

iv. 2% Triton X-100  

v. 1% sodium deoxycolate 

vi. 0.1% SDS  

vii. Deionized water 

 

• Lysis Solution 

i. R.I.P.A  

ii.  1 mM PMSF  

 

• Sample Buffer 4X 

i. 0.25 M Tris HCl pH= 6.8 

ii. 8% w/v SDS 

iii. 20% glycerol 

iv. 0.04% w/v Bromophenol Blue 

v. 0.4 M DTT 

 

• Running Buffer 10X (1L): 

i. 30.3g  Tris Base 

ii. 144.2g  Glycine pH= 8.3 

iii. 10g SDS 

iv. Deionized water 

• TBS-T 10X (2L) 

i. 48.4 g Tris pH= 7.6 

ii. 160 g NaCl 

iii. 20 ml Tween-20 

iv. Deionized water 

 

• Transfer Buffer 

i. 70% deionized water 

ii.  20% methanol 
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iii. 10% 10x running buffer 

 

• Blocking Solution 

i. 5% w/v  nonfat milk powder 

ii. TBS-T 1x 

 

• Stacking gel buffer (100 ml): 

i. 6.06 g Tris-HCl pH= 6.8 

ii. 0.4 g SDS 

iii. Deionized water 

 

• Seperation Buffer (100 ml): 

i. 18.165 g Tris pH= 8.8 

ii.  0.4 g SDS 

iii. Deionized water 

 

For the creation of each SDS-PAGE gel, running and separating gels were produced according to 

the following instructions: 

• Running Gel 8%: 

i. 4.7 ml deioinized water 

ii. 2.5 ml separating buffer 

iii. 2.6 ml 30% acrylamide 

iv. 100 µl 10% APS 

v. 3.3 µl TEMED 

 

• Stacking Gel 2.5 %: 

i. 1.8 ml deionized water 

ii. 450 µl 30% acrylamide 

iii. 750 µl stacking buffer 
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iv. 30 µl 10% APS 

v. 1.5 µl TEMED 

 

2.10	  Oil	  Red	  O	  staining	  

	  

Cells seeded in 12-well plates and treated with differentiation cocktail were stained with Oil Red 

O 60% working solution at the designated time points (Day 0, Day7, Day 14) using the following 

protocol: 

  From each well the medium was aspirated and the well was washed with PBS. Upon removal of 

PBS, cells were fixed by adding 1 ml of 3.7 % formaldehyde per well and the plate was placed to 

rotate for one hour at room temperature. Then, formaldehyde solution was removed, each well 

was washed with PBS, 1 ml of 60% Oil Red O working solution was added per well and the 

plates were placed to rotate for 45’ at room temperature. Oil Red O solution was thereafter re-

moved, each well was washed with PBS and the plates were photographed using LEICA 

DMIRE2 inverted microscope (LEICA) equipped with  LEICA DFC300FX camera (LEICA) 

The solutions used were the following: 

i. 3.7 % formaldehyde was prepared by diluting 37% formaldehyde stock with 1X PBS 

ii. 60% Oil Red O working solution was prepared as described (Ramirez-Zacarias et al, 

1992) 
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3. Results	  

3.1	  PHF2	  is	  a	  negative	  regulator	  of	  adipogenesis	  	  	  	  

 

PHF2, a member of KDM7 family of histone demethylases that mediates the demethylation of 

H3K9 methyl mark (Fortschegger and Shiekhattar, 2011), has been previously reported to pro-

mote adipogenesis, as knock down of PHF2 results in impaired differentiation (Okuno et al, 

2013). Thus, we initiated this study examining the role of PHF2 in the process of adipogenesis 

by generating 3T3-L1 cell lines in which PHF2 was stably knocked down by PHF2-targeting 

shRNAs. Lentiviral infection with virus strains containing two different shRNAs targeting PHF2 

successfully reduced its expression, compared to cells infected with lentivirus expressing scram-

ble (control) shRNA, as confirmed by western blot (Figure 3.1.1) and the two generated cell lines 

were used for further experiments (cells with PHF2 shRNA 1 and PHF2 shRNA 2). 

	  
Figure 3.1.1: Western Blot depicting the successful knock down of PHF2 in 3T3-L1 cells infected with lentivirus contain-

ing shRNA 1 (A) and shRNA 2 (B) targeting PHF2; β-αctin was used as loading control. 

 

 

Cells expressing PHF2 shRNA 1 and PHF2 shRNA 2 were then treated with differentiation 

cocktail and their differentiation was evaluated with Oil Red O staining. Fully differentiated cells 

(D14) with knock down of PHF2 displayed increased lipid accumulation in comparison to con-

trol cells expressing scramble shRNA (Figure 3.1.2, D14); cell line expressing PHF2 shRNA2 
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displayed more robust lipid accumulation, as already during Day 7 they were exhibiting more 

lipid content than either of the other cell lines. Real-Time qPCR analysis of mRNA expression 

showed a marked induction of adipogenic genes (Fabp4, Adiponectin, Pparγ) in differentiated 

cells with knock down of PHF2 (Figure 3.1.3A,B,D) while, expression of the anti-adipogenic 

gene Pref-1 was significantly decreased in fully differentiated adipocytes with knock down of 

PHF2, compared to the expression of Pref-1 in control cells (figure 3.1.3, B). The differences 

observed during adipogenesis of 3T3-L1 cells with knock down of PHF2 were confirmed by 

several repetitions of induction of differentiation and  subsequent Oil Red O staining and Real-

Time qPCR experiments.   
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure 3.1.2: Oil Red O staining of 3T3-L1 cells expressing scramble shRNA (control), or shRNAs targeting PHF2. Cells 

were harvested at the indicated days during differentiation and were stained with Oil Red O.   
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Figure 3.1.3: Expression analysis of adipogenic and anti-adipogenic genes during differentiation 
of 3T3-L1 cells with knock down of PHF2. RNA was extracted at the indicated time points of 
differentiation and Real-Time PCR was performed to measure the expression of Fabp4 (A), 
Pref-1 (B), PPARγ (C) and Adiponectin (D). Expression levels were normalized to PPIB levels. 
(**P<0.01, ***P<0.001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We then set out to investigate the effect of PHF2 overexpression in adipogenesis. We created 

cells with retrovirus-mediated overexpression of PHF2 (Figure 3.1.4) that were induced to dif-

ferentiate. Oil Red O staining showed decreased lipid accumulation, compared to control cells 

(Figure 3.1.5). Taken together, these results suggest that PHF2 is likely a negative regulator of 

adipogenesis. 

 
	  

Figure 3.1.4: Western Blot depicting the successful over-expression of PHF2 in 3T3-L1 cells infected with retrovirus con-

taining cDNA sequence of human PHF2; tubulin was used as loading control. 
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Figure 3.1.5: Oil Red O staining of 3T3-L1 cells expressing retroviral vector (pBabe puro), or PHF2. Cells were harvested 

at the indicated days during differentiation and were stained with Oil Red O. 

 

 

3.2	  Knock	  down	  of	  PHF8	  favors	  adipogenesis	  	  	  

 

 PHF8, also member of KDM7 family of histone demethylases that catalyzes the demethylation 

of H3K9 and H4K20 methyl marks (Fortschegger and Shiekhattar, 2011), has been previously 

reported to be involved in various processes including neuronal differentiation (Qi et al, 2010), 

cytoskeleton dynamics (Asensio-Juan et al, 2012) and cell cycle progression (Sun et al, 2015). 

However, its potential role, if any, during adipogenesis has not been investigated so far. Thus, in 

an effort to examine the role of PHF8 during adipocyte differentitation we created 3T3-L1 cell 

lines stably expressing PHF8-targeting shRNAs. To this end, 3T3-L1 cells were transduced with 

lentivirus containing shRNAs against PHF8 or scrambled (control) shRNA and PHF8 levels 

were examined with western blot and Real-Time qPCR. As shown in Figure 3.2.1, cells with 

PHF8 shRNA 1 and PHF8 shRNA 2 successfully reduced protein as well as mRNA levels of 

PHF8; these cell lines were used for further experiments.  
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Figure 3.2.1: Western Blot (A)  Real-Time qPCR analysis (B) depicting the successful knock down of PHF8 in 3T3-L1 

cells infected with lentivirus containing shRNA 1 or shRNA 2 targeting PHF8; β-αctin was used as loading control in (A) 

and PPIB levels were used for normalization (B) 

 

 

 

Cells expressing PHF8 shRNA 1 and shRNA 2 were treated with differentiation cocktail and 

their differentiation was assessed by Oil Red O staining (Figure 3.2.2). 3T3-L1 cells with either 

shRNA displayed increased lipid accumulation in comparison to control cells. Real-Time qPCR 

analysis of adipogenic genes Fabp4, PPARγ, and adiponectin displayed significant up-regulation 

in both cell lines with knock down of PHF8 (Figure 3.2.3, D14). In contrast, mRNA levels of the 

anti-adipogenic marker Pref-1 were markedly decreased in both cells lines with PHF8 shRNA 1 

and shRNA 2 compared to expression levels of control cells (Figure 3.2.3, D7). These results 

suggest that PHF8 is also a negative regulator of adipogenesis. 
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Figure 3.2.2: Oil Red O staining of 3T3-L1 cells expressing scramble shRNA (control), or shRNAs targeting PHF8. Cells 

were harvested at the indicated days during differentiation and were stained with Oil Red O. 
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Figure 3.2.3: Expression analysis of adipogenic and anti-adipogenic genes during differentiation 
of 3T3-L1 with knock down of PHF8. RNA was extracted at the indicated time points of differ-
entiation and Real-Time qPCR was performed to measure the expression of Fabp4 (A) ), Pref-1 
(B), PPARγ (C) and Adiponectin (D). Expression levels were normalized to PPIB levels 
(**P<0.01, ***P<0.001). 
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Next, we investigated whether altered expression levels of PHF8 due to the shRNA-mediated 

knock down had an impact on PHF2 expression. To this end, we performed Real-Time qPCR 

examining the mRNA levels of PHF2 in both cell lines with knock down of PHF8. No signifi-

cant differences on PHF2 levels were detected in either cell line (Figure 3.2.4 A). In an effort to 

identify any effects of knock down of PHF8 to the expression of other chromatin regulators dur-

ing adipogenesis, we also examined the mRNA levels of histone demethylases UTX, JMJD3, 

KDM2B with Real-Time qPCR. As shown in Figure 3.2.4, levels of each histone demethylase 

were similar when comparing the expression of control cells to that of either cell line with knock 

down of PHF8 at a specific time point. Thus, knock down of PHF8 does not affect significantly 

the expression of these chromatin regulators. 

 

 

	  
Figure 3.2.4: Expression analysis of other epigenetic regulators in cells with knock down of PHF8. RNA was extracted at 

the indicated time points and expression of PHF2 (A), UTX (B), JMJD3 (C) and KDM2B (D) was measured by Real-Time 

qPCR. Expression levels were normalized to PPIB levels. 
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4. Discussion	  
 

In this study we investigated the role of chromatin regulators during adipogenesis. We initiated 

our study focusing on the role of histone demethylase PHF2, as in a previous study (Okuno et al, 

2013) it had been reported that PHF2 is an important regulator of adipogenesis, that when 

knocked down leads to impaired adipocyte differentiation. Thus, we created two stable 3T3-L1 

cell lines with shRNA-mediated knock down of PHF2 (Figure 3.1.1). We then induced cells 

from both cell lines to undergo differentiation by treating them with a standard adipogenic cock-

tail and the outcome of the differentiation was assessed by Oil Red O staining (Figure 3.1.2) and 

Real-Time qPCR (Figure3.1.3). Both cell lines with knock down of PHF2 displayed significant-

ly increased lipid accumulation and markedly increased expression of adipogenic markers. The-

se results are in contradiction with the ones reported in the paper of Okuno and coworkers. A 

possible explanation for this discrepancy could be the differences in the differentiation method 

used; we incubated cells for 14 days in total, performing two rounds of treatment with differen-

tiation cocktails containing 1) insulin, DEX, IBMX and 2) insulin (for details, section 2.2), 

whereas they incubated cells for 3 days with medium containing insulin, IBMX, DEX and a 

couple of days in medium with just 10% FBS. Thus, this short differentiation period performed 

by Okuno and coworkers might have not allowed differentiating cells to acquire the phenotype 

of fully mature adipocytes that express adipogenic markers at high levels. In support of this, ex-

pression of either adiponectin or Fabp4 is induced during terminal differentiation, when C/EBPα 

and PPARγ levels have already started accumulating. Alternatively, perhaps PHF2 is involved 

during the early events of adipogenesis and cells with knock down of PHF2 lag to differentiate; 

this can be observed in short periods of differentiation, like in Okuno paper, but can be ignored 

in long periods of differentiation, like in our case, in which the effect of initial lag declines. 

 Additionally, we generated cells overexpressing PHF2 (Figure 3.1.4) which upon induction of 

differentiation are characterized by decreased lipid accumulation (Figure 3.1.5). Together, the 

results so far indicate that PHF2 is likely a negative regulator of adipogenesis.  

Next, we created two 3T3-L1 cell lines with shRNA-mediated knock down of PHF8 (Figure 

3.2.1), also a member of the same family of histone demethylases that PHF2 belongs to and 
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whose role has not been investigated during adipogenesis up until now. Cells from both cell 

lines underwent differentiation and  the outcome was assessed by Oil Red O staining. A marked 

increase of lipid accumulation was observed (Figure 3.2.2). Also, expression of adipogenic 

markers (Figure 3.2.3) displayed statistically significant elevation, at levels comparable to those 

of cells with knock down of PHF2 (figure 3.1.3). In contrast to previous reports suggesting that 

PHF2 and PHF8 antagonize each other in other cellular functions (Shi et al, 2014), these results 

suggest that PHF8 might also be a negative regulator of adipogenesis. In an effort to examine 

the effect of PHF8 over-expression in adipogenesis, we also tried to generate cell lines overex-

pressing PHF8, but had no success so far. As this was the first study, to our knowledge, investi-

gating the role of PHF8 in adipogenesis, we also examined with Real-Time qPCR the expression 

of other epigenetic regulators, namely histone demethylases (UTX, KDM2B, JMJD3, PHF2) 

upon knocking down PHF8 (figure 3.2.4); no major differences were detected. 

In this study, we investigated the role of PHF2 and PHF8 during adipogenesis. In contrast to 

previous findings of others, we report here that knock down of PHF2 results in more robust dif-

ferentiation, whereas overexpression of PHF2 likely leads to impaired differentiation. Addition-

ally, knock down of PHF8 also facilitates adipocyte differentiation. Further experiments aiming 

at confirming the direct involvement of PHF2 and PHF8 in the process of adipogenesis will in-

clude ChIP analysis of the promoters of the adipogenic genes PPARγ, FABP4 and adiponectin 

for the recruitment of PHF2 and PHF8 and the H3K9 methylation mark. Future experiments 

with knock out of PHF2 or PHF8 in 3T3-L1 cells via a more robust method, like the recently de-

scribed method of CRISPR genome editing, will further ascertain the validity of the results pre-

sented here.  It will also be interesting to study the effect of the simultaneous knock down of 

both PHF2 and PHF8 under the scope of adipogenesis. Investigation of the role of KIAA1718, 

the third member of the KDM7 family of histone demethylases, during adipogenesis is also an-

other future goal, as it has not been studied until now in the context of adipogenesis. Future evi-

dence confirming the role of the KDM7 family members during adipogenesis will surely pro-

vide new insight into the field of epigenetic regulation of adipocyte differentiation and potential-

ly new therapeutic targets against the epidemic of obesity.  
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