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Abstract 

Overweight and obesity are associated with Type 2 Diabetes, non-

alcoholic fatty liver disease, cardiovascular disease and cancer, but all fat is not 

equal as storing excess lipid in subcutaneous white adipose tissue (SWAT) is 

more metabolically favorable than in visceral fat.  Here, we uncover a critical role 

for mTORC2 in setting SWAT lipid handling capacity.  We find that subcutaneous 

white preadipocytes differentiating without the essential mTORC2 subunit Rictor 

express mature adipocyte markers but develop a striking lipid storage defect.  In 

vivo, this results in smaller adipocytes, reduced tissue size, lipid re-distribution to 

visceral and brown fat, and sex-distinct effects on systemic metabolic fitness.  

Mechanistically, mTORC2 promotes transcriptional upregulation of select lipid 

metabolism genes controlled by PPAR and ChREBP. These include genes that 

control lipid uptake, synthesis, and degradation pathways as well as Akt2, the 

gene encoding its substrate and insulin effector. Finally, we reveal a potential 

novel mTORC2 target, ACSS2, which might control intracellular acetyl-CoA 

availability and regulate metabolic gene expression by altering histone 

modification in white adipocytes. Exploring this pathway may uncover strategies 

to promote safe lipid storage and improve insulin sensitivity.   
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1.1 Obesity and Type 2 Diabetes 

 

Overweight and obesity affect much of the US population and their global 

prevalence is increasing (Hales et al. 2017). Body mass index (BMI) of 25-30 

kg/m2 is defined as overweight, and obesity is defined as BMI over 30 kg/m2. 

One-third of adults in the US are considered obese, or approximately 93.3 million 

people affected as of 2015-2016 (Hales et al. 2017). Obesity is a major risk factor 

for Type 2 Diabetes (T2D), cardiovascular diseases and several cancer types 

(Van Gaal, Mertens, and De Block 2006). The onset of T2D, in particular, 

parallels with obesity in all ethnic groups (Sullivan et al. 2005; Eckel et al. 2011), 

and more than 80% of T2D cases can be attributed to obesity (Willett, Dietz, and 

Colditz 1999).  

 

T2D is characterized by hyperglycemia, which is caused by blunted insulin 

sensitivity of metabolic tissues. Impaired insulin sensitivity decreases glucose 

uptake and utilization in muscle cells and adipocytes leading to increased 

circulating glucose. In the earlier disease stage, this drives pancreatic beta cells 

to secret more insulin in response to the higher glucose level. Persistent 

hyperinsulinemia can lead to beta cell dysfunction, causing decreased insulin 

secretion in late-stage disease (Ashcroft and Rorsman 2012). Indeed, insulin 

resistance and hyperinsulinemia occur before the onset of hyperglycemia (Tabák 

et al. 2012). Lifestyle change and therapeutic intervention in the early stage of 

the disease is the preferred treatment strategy. However, the current treatments 
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are unsatisfactory, as evidenced by the high rates of patients with unregulated 

blood sugar, and there is an unmet need for new antidiabetic therapeutics. To 

this end, understanding the molecular pathogenesis of insulin resistance is 

critical.  

 

Center stage in the obesity epidemic is body fat, or adipose tissue. This is 

the body's main long-term energy storing tissue and a critical source of endocrine 

signals (called adipokines) that regulate systemic metabolic homeostasis (Rosen 

and Spiegelman 2014; Luo and Liu 2016).  Adipose tissue has become the 

culprit of the obesity and T2D epidemics even though a main function of adipose 

tissue expansion is to protect against over-nutrition.  Nevertheless, excessive 

adipose tissue can lead to its dysregulation and is thought to drive insulin 

resistance and pre-diabetes (Kusminski, Bickel, and Scherer 2016; Longo et al. 

2019). Notably, having too little adipose tissue, such as in lipodystrophy 

disorders, can also cause insulin resistance and metabolic disease (Joffe, Panz, 

and Raal 2001).  Thus, understanding how adipose tissue responds to and 

regulates metabolism is essential for understanding and treating T2D. 

 

1.2 Anatomical location and function of adipose tissues 

  

Adipose tissue morphology and function vary based on its anatomical 

location (Kwok, Lam, and Xu 2016; Sebo and Rodeheffer 2019; Kahn, Wang, 

and Lee 2019). Generally speaking, there are two distinct classes of adipose 
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tissue: brown adipose tissue (BAT) and white adipose tissue (WAT) [Figure I-1]. 

Brown adipocytes in BAT contain multilocular lipid droplets and produce energy 

via uncoupled respiration in mitochondria [Figure I-2]. WAT is generally 

considered energy storing and can be further subcategorized as subcutaneous 

adipose tissue (SWAT) or visceral adipose tissue (VWAT) based on its location 

[Figure I-1].  However, even this is an oversimplification as different SWAT 

depots can have different developmental origins, gene expression profiles and 

metabolic functions (Sanchez-Gurmaches, Hung, and Guertin 2016; Chau et al. 

2014; Macotela et al. 2012; M.-J. Lee, Wu, and Fried 2013).  SWAT, which 

resides under the skin, is often considered a “healthy” adipose tissue as studies 

show that some obese individuals with higher amounts of SWAT have normal 

insulin sensitivity and less tissue inflammation (Primeau et al. 2011; Scherer 

2019). Moreover, a portion of white adipocytes in SWAT can adopt brown 

adipocyte-like characteristics, becoming what is called brite or beige adipocytes, 

in response to cold stimulation, exercise, and other stresses [Figure I-2] (Ikeda, 

Maretich, and Kajimura 2018; Fox et al. 2007). This so-called “browning” 

potential might also make SWAT more metabolically beneficial. In contrast, 

excess VWAT, which is adjacent to internal organs, is often metabolically 

unhealthy. Clinical studies reveal that expanding VWAT (as seen in central 

obesity) positively correlates with the development of insulin resistance 

(Verboven et al. 2018; André Tchernof and Després 2013).   
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Figure I-1 Comparisons of morphology and function between brown, brite/beige and white adipocytes. 
This figure was adapted from the following publication:  
Sanchez-Gurmaches, J., Hung, C.-M., Guertin, D.A., 2016. Emerging Complexities in Adipocyte Origins and 
Identity. Trends Cell Biol. 26, 313–326. 

Figure I-2 Anatomical distribution of major adipose tissues in mouse. WAT: white adipose tissue; VWAT: 
visceral white adipose tissue; SWAT: subcutaneous white adipose tissue; BAT: brown adipose tissue; 
Marrow AT: marrow adipose tissue. 
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SWAT and VWAT also differ in their mechanism of growth (Bjørndal et al. 

2011; Vishvanath and Gupta 2019). Some human studies suggest that SWAT 

preadipocytes have greater adipogenic capacity and differentiate into new 

adipocytes, thereby expanding tissue size by increasing cell number, especially 

in women (Drolet et al. 2008; Veilleux et al. 2011; Verboven et al. 2018; Lessard 

and Tchernof 2012; Macotela et al. 2012). VWAT, on the other hand, expands by 

increasing individual adipocyte size (called hypertrophy) (Lessard and Tchernof 

2012). Curiously, a mouse study marking newly-synthesized adipocytes shows 

that, upon high-fat diet feeding, VWAT formed new adipocytes from precursors, 

whereas SWAT expanded mainly by hypertrophy (Q. A. Wang et al. 2013). Thus, 

how adipose tissues grow may vary depending upon stimuli, sexes, or species.  

Interestingly, transplantation of donor SWAT to either visceral or subcutaneous 

site in recipient mice improves glucose tolerance and insulin sensitivity (M. T. 

Foster et al. 2011; 2013; Hocking, Chisholm, and James 2008; T. T. Tran et al. 

2008; Stanford et al. 2015). This suggests that there are also intrinsic properties 

of each depot that are independent of anatomical location. Other studies argue 

that increasing individual adipocyte size in either or both depots correlates with 

insulin resistance (Tulloch-Reid et al. 2004), and expanding SWAT by this 

modality may also promote insulin resistance. In addition to SWAT and VWAT, 

bone marrow adipose tissue (MAT) also secrets adiponectin and plays a role in 

regulating whole-body metabolism (Scheller et al. 2015). The contribution of 
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different fat depots to energy storage, adipokine production, and overall insulin 

sensitivity is complex and thorough research still needs to be done. 

 

Targeting selective adipose tissue with Cre-Lox recombination system 

Tissue-specific Cre driver (Cre recombinase controlled by a tissue-specific 

promoter), combined with LoxP, allows us to manipulate genes of interests in a 

tissue-specific manner (H. Kim et al. 2018). In the field of adipose tissue studies, 

Adiponectin-Cre targets mature adipocytes in both BAT and WAT, with fewer off-

target effects in other organs which is superior to a previously used aP2-Cre 

[Table I-1]. For selectively targeting BAT, Ucp1-Cre is available for targeting 

mature brown adipocytes and Myf5-Cre as well as Pax7-Cre for targeting brown 

adipocyte precursor cells (APCs) [Table I-1 and I-2]. However, a challenge exists 

that there had been no Cre drivers that selectively target white APCs. Emerging 

drivers have been shown to target in a variety of stages in adipocyte precursors, 

such as Pdgfra-Cre, Pdgfrb-Cre and Wt1-Cre drivers, but these Cre drivers also 

target other cell types during embryogenesis other than APCs and might 

complicate the phenotypes seen in adipocytes [Table I-2]. Recently we reported 

that Prx1-Cre (the paired related homeobox1 promoter-driven Cre), which is 

induced in mesenchyme, selectively targets the APCs in SWAT as well as in 

adipose tissue in bone marrow [Figure I-3] (Sanchez-Gurmaches, Hsiao, and 

Guertin 2015). Thus, acknowledging that there is no tool without caveats, Prx1-
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Cre may be the most useful Cre driver for selectively studying adipose tissue 

development in vivo and understanding the distinct metabolic functions of SWAT.  

 

Table I-1 Summary of existing Cre drivers targeting mature adipocytes. 

Targeting mature adipocytes 

 Driver Target depots Other tissue expression References 

aP2-Cre aP2 promoter BAT and WAT Liver, Skeletal muscle, 
Brain, Lung, Testis 

(Abel et al. 2001; 
Barlow et al. 1997; 
He et al. 2003) 
 

Retn-Cre BAC transgenic 
containing up and 
downstream of 
resistin gene (Retn) 
 

BAT and WAT Brain (Mullican et al. 2013) 

Adipoq-Cre Adiponectin promoter 
or BAC transgenic 
sequence of 
adiponectin (adipoq) 
 

BAT and WAT Osteoblasts (Z. V. Wang et al. 
2010; Eguchi et al. 
2011) 

Ucp1-Cre Ucp1 promoter and 
coding region 
 

BAT and 
brite/beige fat 

 (Guerra et al. 2001) 

BAT: brown adipose tissue; WAT: white adipose tissue. 
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Table I-2 Summary of existing Cre drivers targeting adipocyte precursors. 

Targeting adipocyte precursor cells (APCs) 

 Target depots Other tissue expression References 

Prx1-Cre APCs from psWAT, asWAT 
(regional), MAT 

Bone, other tissues derived 
from limb bud mesenchyme 
 

(Sanchez-Gurmaches, Hsiao, 
and Guertin 2015; Logan et al. 
2002; Krueger et al. 2014) 

PdgfRa-Cre APCs from all WATs Fibroblasts with other 
differentiation potentials 
(e.g. myofibroblasts) in many 
tissues 
 

(Berry and Rodeheffer 2013; 
Roesch et al. 2008) 

PdgfRb-Cre IngWAT, rWAT Mural cells in vasculature 
(mainly in adipose tissue) 
 

(W. Tang et al. 2008; Foo et al. 
2006) 

Pax3-Cre BAT, rWAT, asWAT (50%), 
pgWAT* 
 

Skeletal muscles (Lang et al. 2005; Liu et al. 
2012) 

HoxB6-Cre ingWAT, mWAT, pgWAT**, 
asWAT 
 

Spleen (Sebo et al. 2018) 

Meox1-Cre APCs from BAT, rWAT, 
pgWAT* 
 

Skeletal muscles (Sebo et al. 2018) 

Wt1-Cre APCs from VWATs Mesoderm-derived tissues: 
kidneys, gonads, peri-
/epicardium, spleen, 
mesentery, omentum 
 

(Chau et al. 2011; 2014) 

Myf5-Cre APCSs from BAT, asWAT and 
rWAT*** 
 

Skeletal muscles (Sanchez-Gurmaches et al. 
2012; Tallquist et al. 2000) 

Pax7-Cre BAT Skeletal muscles (Sebo et al. 2018; Lepper and 
Fan 2010; Lepper, Conway, and 
Fan 2009) 

VE-cadherin-
Cre 

BAT, ingWAT, pgWAT Endothelial cells of 
vasculature, hematopoietic 
cells 
 

(Alva et al. 2006; Monvoisin et 
al. 2006; K.-V. Tran et al. 2012) 

* More labeled cells in this depot from male mice. 
** More labeled cells in this depot from female mice. 
*** Around 50% of cells labeled in these white depots. 
BAT: brown adipose tissue; WAT: white adipose tissue; psWAT: posterior subcutaneous WAT; asWAT: anterior subcutaneous WAT; 
ingWAT: inguinal WAT; pgWAT: perigonadal WAT; mWAT: mesenteric WAT; rWAT: retroperitoneal WAT; VWAT: visceral WAT; MAT: 
bone marrow adipose tissue. 
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Figure I-3 Prx1-Cre selectively targets subcutaneous white adipocyte precursors. A. Schematic diagram of 
alleles of the mouse model used in this study. B-G. Percentage of mTomato+ or mGFP+ cells in the subvascular 
fraction (SVF) of indicated depot. The SVFs were analyzed by flow cytometry with the following cell surface 
markers: Lin(CD45/CD31), CD34, Sca1 and CD24. Lin+ cells were considered non-APCs. Lin- were further sorted 
into APCs (CD34+ and Sca1+) and other non-APC cells. The APCs were further classified into CD24+ and CD24- 
populations. asWAT: anterior subcutaneous white adipose tissue; psWAT: posterior subcutaneous WAT; rWAT: 
retroperitoneal WAT; pgWAT: perigonadal WAT; iBAT: interscapular brown adipose tissue; sBAT: subscapular 
BAT. This figure was adapted from the following publication:  
Sanchez-Gurmaches, J., Hsiao, W.-Y., Guertin, D.A., 2015. Highly selective in vivo labeling of subcutaneous white 
adipocyte precursors with Prx1-Cre. Stem Cell Reports 4, 541–550. 
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1.3 Mechanisms of adipose tissue insulin resistance 

The ability of an adipocyte to balance anabolic and catabolic lipid 

metabolism is essential for overall metabolic health.  In the post-prandial (fed) 

state, insulin stimulates the transport of circulating glucose and lipids into 

adipocytes and suppresses lipolysis. Lipolysis occurs when stored lipids in the 

form of triacylglycerol (TAG) are hydrolyzed into free fatty acids (FFAs) and 

glycerol.  During fasting, anabolic pathways abate while glucagon stimulates 

lipolysis.  Following lipolysis, FFAs are released into circulation to provide fuel for 

other tissues while glycerol is used by the liver for gluconeogenesis or TAG 

synthesis.  In insulin resistance, these tightly regulated metabolic processes fail 

to respond normally to increased circulating insulin following a meal. In 

adipocytes, this translates into insulin's inability to stimulate glucose uptake and 

suppress lipolysis. When adipocytes cannot normally store lipids, these lipids can 

“spillover” and accumulate in other tissues such as liver and skeletal muscle, 

causing toxicity (Sattar and Gill 2014; Unger et al. 2010; Scherer 2019). Obesity 

also impairs the synthesis and/or secretion of important adipokines, such as 

adiponectin, which normally promotes insulin sensitivity in other tissues (Kwon 

and Pessin 2013).  

 

Understanding how diet, lifestyle, and genetics influence the carbohydrate 

and lipid handling capacity of adipocytes and their endocrine functions is critical 

to advancing new therapies.  Yet despite many major advances, a key question 
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still under intense investigation is how exactly adipose tissue dysfunction 

promotes insulin resistance in obesity. Both reduced glucose uptake and 

increased lipolysis have been shown to drive systemic insulin resistance (Samuel 

and Shulman 2012; Morigny et al. 2016; Guilherme et al. 2019).  Obesity is also 

associated with adipose tissue inflammation, which can promote insulin 

resistance by interfering with insulin signaling (Huh et al. 2014; Chatzigeorgiou 

and Chavakis 2016; Xia, Rao, and Zhong 2017).  Both innate and adaptive 

immune functions, mediated by macrophages and T cells respectively, are 

dysregulated in obesity, which leads to proinflammatory cytokine secretion 

(Appari, Channon, and McNeill 2017; Kang et al. 2016; Olefsky and Glass 2010; 

Deng et al. 2017; McLaughlin Tracey et al. 2014). In this thesis, we will focus on 

how altered glucose and lipid metabolism in adipocytes affects systemic insulin 

sensitivity. 

 

 In the fed state, insulin promotes glucose uptake into adipocytes by 

triggering the translocation of the glucose transporter, GLUT4, to the plasma 

membrane [Figure I-4].  This is regulated at least in part by insulin-stimulated 

AKT-dependent inhibitory phosphorylation of the AS160 Rab-GTPase, which 

allows Rab protein to remain GTP-bound and facilitates translocation of GLUT4-

containing vesicles to the plasma membrane (Mîinea et al. 2005; Brewer et al. 

2011; Ramm et al. 2006, 14; Shuai Chen et al. 2011). AKT and AS160-

independent pathways also reportedly contribute to GLUT4 translocation 
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(Gonzalez and McGraw 2006). Within adipocytes, glucose has several potential 

fates [Figure I-4]. It can be used to synthesize glycerol-3-phosphate (G3P) from 

glycolytic metabolites, which was recently shown to be stimulated by insulin in 

3T3L1 adipocytes (Krycer et al. 2017). G3P is required to make glycerol for the 

esterification of FFAs, which is an essential step in TAG synthesis. Glucose can 

also enter the hexosamine biosynthetic pathway (HBP), a branch of glycolysis, in 

which O-linked N-acetylglucosamine (O-GlcNAc) is generated. O-GlcNAc can be 

used for post-translational modification of proteins by a process called O-

GlcNAcylation. Key regulators of insulin signaling including IRS-1 and AKT can 

be O-GlcNAcylated (Whelan et al. 2010; Park, Ryu, and Lee 2005, 2), as can 

PPAR, the master transcription factor in adipocyte differentiation (Ji et al. 2012). 

Glycosylation is thought to affect protein activity and insulin sensitivity in 

adipocytes (Wells, Vosseller, and Hart 2003; Mondoux et al. 2011; C. Sun et al. 

2016; Wollaston-Hayden et al. 2014). Glucose metabolites also contribute to the 

pentose phosphate pathway (PPP) in adipocytes, which generates NADPH 

needed for lipogenesis (Krycer et al. 2017). Fatty acids are also synthesized de 

novo from glucose-derived carbons via a pathway called de novo lipogenesis 

(DNL, discussed below). Thus, metabolite flux through these pathways 

dynamically reflects glucose availability and utilization by adipocytes, which is 

coupled to hormonal signaling. 
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Figure I-4 Glucose Metabolism and De Novo Lipogenesis (DNL) in Adipocytes. Model depicting major 
metabolic routes of glucose metabolites in adipocytes.  In the fed state, insulin stimulates GLUT4 
translocation to the plasma membrane and facilitates glucose uptake. Metabolites of glucose generated 
during glycolysis can enter the pentose phosphate pathway (PPP), which generates NADPH for lipid 
synthesis; the hexosamine biosynthetic pathway (HBP), which generates UDP-N-acetylglucosamine (UDP-
GlcNAc) and promotes O-GlcNAcylation of proteins; and the glycerol-3-phosphoate pathway, which is 
required to make the glycerol backbone for assembling triacylglycerides (TAGs).  Glucose carbons that enter 
into the mitochondrial TCA cycle as pyruvate are converted to citrate by citrate synthase (CS). Citrate can 
remain in the TCA cycle, or in times of nutrient abundance, be exported into the cytoplasm and enter the 
DNL pathway.  The major DNL enzymes are ATP citrate lyase (ACLY), which generates acetyl-CoA; acetyl-CoA 
carboxylase (ACC), which generates malonyl-CoA; and fatty acid synthase (FASN), which synthesizes 
palmitate.  Palmitate is the primary end product of DNL, which can be further processed by desaturases and 
elongases.  DNL enzymes and Glut4 transcription are regulated by ChREBP.  Other glycolytic-derived 
metabolites, such as xylulose-5-phophate (X-5-P) and glucose-6-phosphate (G-6-P), are thought to directly 
stimulate ChREBP activity.  Acetyl-CoA can also be produced from acetate by ACSS2 although ACSS2’s 
function in adipocytes is not well understood.  Note that a large fraction of the lipid stored in TAGs is 
derived from circulating lipids taken up into the adipocytes, which is discussed in the text but excluded from 
the figure for simplicity. This figure was adapted from the following publication:  
Hsiao, W.-Y., Guertin, D.A., 2019. De Novo Lipogenesis as a Source of Second Messengers in Adipocytes. 
Curr. Diab. Rep. 19, 138.  
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1.4 De novo lipogenesis in adipocytes and insulin sensitivity 

The DNL pathway is positively correlated with insulin sensitivity in human 

obesity. For example, human and mouse models of obesity have a 

downregulated DNL pathway in the adipose tissue, and reduced GLUT4 gene 

expression (Eissing et al. 2013; Herman et al. 2012; Roberts et al. 2009; 

Guilherme et al. 2017). In healthy individuals, DNL in adipocytes is thought to 

contribute relatively little to overall TAG content (around 20% based on 2H2O-

tracing study in human); most TAG is derived from the uptake and esterification 

of exogenous lipids from circulation (Strawford et al. 2004). However, only 

subcutaneous depots have been carefully examined and differences in DNL 

between depots at different anatomical sites are not well defined. Notably, the 

positive correlation between DNL and insulin sensitivity is specific to adipocytes.  

For example, in the liver, increased DNL drives nonalcoholic fatty liver disease 

(NAFLD) and insulin resistance (Chiu, Mulligan, and Schwarz 2018; Eissing et al. 

2013; Sanders and Griffin 2016). 

 

How does DNL in adipocytes link to insulin sensitivity?  One possibility is 

that adipocytes synthesize special signaling lipids that have systemic insulin 

sensitizing functions. One such “lipokine” that has been reported is palmitoleate 

(16:1n17), a mono unsaturated fatty acid which has been shown to attenuate 

adipose tissue inflammation and promote insulin sensitivity in mice (H. Cao et al. 

2008). Another is a novel class of lipids called branched fatty acid esters of 
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hydroxyl fatty acids (FAHFAs). FAHFAs have also been shown to sensitize the 

insulin response and have anti-inflammatory function (Yore et al. 2014; Syed et 

al. 2018; Kuda et al. 2016). Among these lipids, palmitic acid esters of hydroxyl-

stearic acids (PAHSAs) are enriched specifically in adipose tissue, and their level 

decreases in humans with adipose tissue hypertrophy and insulin resistance 

(Yore et al. 2014; Hammarstedt et al. 2018). GLUT4 overexpression in mouse 

adipose tissue correlates with elevated serum PAHSA levels (Yore et al. 2014). 

Moreover, PAHSA supplementation in mice with insulin resistance can improve 

insulin sensitivity (Yore et al. 2014). These studies suggest one potential 

mechanism by which DNL can influence insulin sensitivity, and this exciting area 

of research has been recently reviewed elsewhere (Yang, Vijayakumar, and 

Kahn 2018; Song, Xiaoli, and Yang 2018).  

 

In adipocytes, three key enzymes that mediate glucose-derived de novo 

lipid synthesis are ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC) and 

fatty acid synthase (FASN) [Figure I-4]. Metabolized glucose that enters the 

mitochondria via pyruvate can exit the TCA cycle in the form of citrate, which is 

exported to the cytosol. Once in the cytosol, citrate is cleaved into acetyl-CoA 

and oxaloacetate by ACLY. Cytosolic acetyl-CoA serves as the 2-carbon building 

block for subsequent lipogenesis. ACC, especially the cytosolic isoform ACC1 

(Harada et al. 2007), then converts acetyl-CoA to malonyl-CoA. FASN, through a 

multi-step reaction, then assembles malonyl-CoA units into the first lipogenic end 
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product, the 16-carbon palmitate. Palmitate can then be processed into different 

lipid species via the action of elongases and desaturases.  

 

ACLY, ACC, and FASN are transcriptionally regulated by a glucose 

metabolite-sensing transcription factor called carbohydrate-responsive element-

binding protein (ChREBP), and by sterol regulatory element-binding protein 

(SREBP) [Figure I-4] (Iizuka et al. 2004). Overexpressing GLUT4 in adipose 

tissue promotes glucose uptake, which increases DNL enzyme expression by 

stimulating ChREBP activity. In response, ChREBP stimulates expression of a 

shorter isoform, called ChREBP, which is transcribed from an alternative start 

site, and has greater transcriptional activity (Yore et al. 2014). Deleting Glut4 in 

adipose tissue, on the other hand, causes systemic insulin resistance despite 

preserved adipose tissue mass (Abel et al. 2001). Similarly, adipocyte-specific 

ChREBP KO mice develop insulin resistance upon chow diet feeding, which is 

exacerbated by high fat diet (HFD). Interestingly, mice lacking fat ChREBP also 

have impaired glucose uptake (Vijayakumar et al. 2017), suggesting ChREBP 

may function both upstream and downstream of glucose uptake in a feed-forward 

loop. The findings of these animal model are consistent with observations in 

obese humans that low GLUT4 and ChREBP activity, particularly in SWAT, 

correlate with insulin resistance (Kursawe et al. 2013; Herman et al. 2012). 
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ChREBP regulation involves multiple processes (Ortega-Prieto and Postic 

2019). One of the mechanisms appears direct sensing of glucose-derived 

metabolites. It is reportedly activated by glycolytic metabolites such as xylulose-

5-phosphate (T. Kawaguchi et al. 2001; Kabashima et al. 2003) and possibly 

glucose-6-phosphate (Dentin et al. 2012). Another possible regulation is via 

signaling pathways.  For example, the mechanistic target of rapamycin 

complexes 2 (mTORC2), which phosphorylates and activates AKT, is required in 

adipose tissue for ChREBP expression and for expression of the entire DNL 

pathway [Figure I-4] (Tang et al. 2016).  Moreover, mice lacking mTORC2 in 

adipose tissue exhibit insulin resistance (Hung et al. 2014a; Tang et al. 2016, 2; 

Jung et al. 2019).  How mTORC2 and AKT regulate ChREBP expression is still 

not well understood; however, adipose tissue mTORC2 loss phenotypically 

shows partial overlap with the effects of HFD on ChREBP and the DNL pathway 

expression (Tang et al. 2016), potentially suggesting a common mechanism.  

ChREBP can also be inhibited by phosphorylation mediated by protein kinase A 

(PKA) and AMP phosphorylated protein kinase (AMPK) (Davies, O’Callaghan, 

and Towle 2008; Takumi Kawaguchi et al. 2002).  Understanding ChREBP 

regulation remains an important area of investigation.   
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1.5 mTORC2 and adipose tissue metabolism 

Mechanistic or mammalian target of rapamycin (mTOR) has an important 

role in sensing environmental cues and regulating cell growth and survival 

(Saxton and Sabatini 2017). mTOR is a serine/threonine kinase and exists in two 

functionally distinct complexes: complex 1 (mTORC1) and complex 2 (mTORC2). 

mTORC1, with specific binding proteins Raptor and PRAS40, senses amino acid 

availability and growth factor signals, and regulates protein synthesis and cell 

growth by phosphorylating its targets such as p70S6 Kinase 1 (S6K1) and eIF4E 

Binding protein (4EBP) [Figure I-5] (Brunn et al. 1997; Burnett et al. 1998). 

mTORC2, compared to the other complex, is not well understood. mTORC2, 

which contains Rictor, mSin1 and mLST8, responds to insulin and growth factor 

stimulation and phosphorylates several members of AGC kinases, such as AKT 

(at S473 site), SGK and PKC [Figure I-5]. These kinases also control cell 

proliferation and survival [Table I-3]. Thus, both complexes have the ability to 

sense and respond to environmental stimuli and coordinate with intracellular 

signaling pathways to regulate cell functions.  
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Table I-3 Classical mTORC2 substrates and functions. 

Substrates Reported Functions References 

AKT Controlling cell growth, proliferation, survival, and glucose/lipid 
metabolism 
 

(Sarbassov et al. 2005) 

SGK1 Functioning in sodium homeostasis and cellular stress 
responses 
 

(García-Martínez and Alessi 2008) 

PKC Controlling cell migration, proliferation, apoptosis, and 
adhesion 
 

(Guertin et al. 2006; Ikenoue et al. 
2008; Dos D. Sarbassov et al. 2004; 
Facchinetti et al. 2008) 
 

This table was adapted from the following publication: Lee, P.L., Jung, S.M., Guertin, D.A., 2017. The Complex Roles of Mechanistic 
Target of Rapamycin in Adipocytes and Beyond. Trends Endocrinol. Metab. 28, 319–339. 

 

Emerging evidence highlights the essential role of mTORC2 in regulating 

glucose and lipid metabolism in a variety of metabolic tissues and cancers. In 

brown adipose tissue, it regulates DNL and promotes diet-induced 

thermogenesis. In mature white adipocytes, on the other hand, mTORC2 

regulates glucose uptake and DNL in part through regulating ChREBP 

expression (Guo et al., 2019; Guri et al., 2017; Jung et al., 2019; Tang et al., 

2016).  Conditionally deleting Rictor in mice with Adiponectin-Cre, which targets 

Figure I-5 The mTOR complexes and the components of each complex. This figure was adapted from the 
following publication: Lee, P.L., Jung, S.M., Guertin, D.A., 2017. The Complex Roles of Mechanistic Target of 
Rapamycin in Adipocytes and Beyond. Trends Endocrinol. Metab. 28, 319–339. 
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all mature adipocytes, causes insulin resistance (Tang et al. 2016; Yu et al. 

2019). The requirement of mTORC2 for regulating glucose homeostasis can also 

been seen in other metabolic organs such as liver, muscle and pancreas [Table 

I-4 for tissue-specific deletion models and references]. The mechanisms have 

been mainly explored in cancer cells. In glioblastoma, mTORC2 regulates 

glycolytic metabolism via regulating c-MYC level and activity which might be 

partially through a FoxO1-dependent pathway, which is essential for proliferation 

and survival (Masui, Cavenee, and Mischel 2014). The mechanisms of how 

mTORC2 regulates glucose and lipid metabolism under physiological conditions 

require more investigation.  

 

Table I-4 Mouse models of tissue-specific Rictor deletion.  

Organ/Tissue Genetic model Phenotypes References 

Liver Alb-
CreTg/0;rictorfl/fl 

Systemic hyperglycemia and 
hyperinsulinemia 
Constitutive gluconeogenesis, impaired 
glycolysis, glucose uptake and lipogenesis 
in liver 
 

(Hagiwara et al. 
2012; Yuan et al. 
2012) 

Muscle MCK-Cre;rictorfl/fl Insulin resistance 
Decreased glucose uptake in muscle 
 

(Kumar et al. 
2008) 

Pancreatic  
cells 

Ins2-Cre;rictorfl/fl 
RIP-Cre;rictorfl/fl  

Decreased insulin secretion 

Decreased  cell proliferation and cell 
mass 
 

(Gu et al. 2011; 
Xie et al. 2017) 

Brown adipose 
tissues 

Myf5-Cre;rictorfl/fl 
UCP1-Cre;rictorfl/fl 

Increased diet-induced thermogenesis 
Decreased de novo lipogenesis (DNL) in 
adipose tissue 

(Hung et al. 2014; 
Jung et al. 2019) 

White adipose 
tissue 

aP2-Cre;rictorfl/fl 
Adiponectin-Cre; 
rictorfl/fl 

Systemic insulin resistance 
Decreased glucose uptake in adipose 
tissue 
Decreased DNL in adipose tissue 
 

(Kumar et al. 
2010; Tang et al. 
2016) 
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1.6 AKT and adipocyte development and function 

AKT, one of the canonical mTORC2 substrates, is essential for regulating 

cell proliferation, cell survival and metabolism (Manning and Cantley 2007). AKT 

consists of three isoforms, AKT1, AKT2 and AKT3, which are encoded by three 

independent genes (Dummler and Hemmings 2007). Despite different genes of 

origin, they share common structural domains: a pleckstrin homology domain 

(PH domain) at N terminus, a catalytic (or kinase) domain, and a C-terminal 

extension containing hydrophobic motif (HM) [Figure I-6], and the amino acid 

sequences of these three have up to 80% similarity (C. C. Kumar and Madison 

2005). However, the PH-linker domain and the C-terminal region share less 

commonality, which might explain intracellular localization differences and 

substrate specificities between the isoforms (C. C. Kumar and Madison 2005; 

Santi and Lee 2010). All three isoforms also share a common activation 

mechanism in response to insulin: insulin signal enriches phosphatidylinositol 

3,4,5 trisphosphate (PIP3) in the plasma membrane, and AKT is recruited to the 

plasma membrane where AKT is phosphorylated at T308/309/307 (on AKT1/2/3) 

by PDK1 and at S473/474/472 by mTORC2 (Alessi et al. 1996). The 

phosphorylated AKT then activates its classical downstream targets as well as 

mTORC1 [Figure I-7].  

 

Despite sharing a common structure and overlapping partially in function, 

the three isoforms are distinguished by tissue distribution and activity (Gonzalez 
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and McGraw 2009). AKT1 is ubiquitously expressed and is essential for cell 

survival (W. S. Chen et al. 2001; H. Cho et al. 2001). In vitro study shows that 

deleting AKT1 in preadipocytes abrogates adipogenesis possibly by inhibiting 

G1-to-S phase progression during early days of differentiation (Yun et al. 2008). 

However, mice with whole-body Akt1 deletion are generally smaller in size but do 

not develop insulin resistance or glucose metabolism defect (H. Cho et al. 2001). 

Similar results were seen in BAT: adipocyte size or systemic insulin sensitivity 

remains unchanged when Akt1 is deleted in brown fat precursors (Sanchez-

Gurmaches et al. 2019). AKT2, the major isoform in mature adipocyte and other 

insulin-sensitive tissues, is indispensable for adipocyte development and glucose 

metabolism in response to insulin. Deleting Akt2 in cultured human 

preadipocytes attenuates adipogenesis and glucose utilization (Fischer-

Posovszky et al. 2012). Whole-body Akt2 KO mice develop hyperglycemia and 

insulin resistance as well as age-dependent lipodystrophy, and ablating AKT2 

specifically in brown adipocytes causes lipodystrophy and insulin resistance 

(Sanchez-Gurmaches et al. 2019; Han Cho et al. 2001; Garofalo et al. 2003). 

Despite having distinct functions in adipocytes, AKT1 and AKT2 might partially 

compensate for each other as co-deletion of both isoforms cause more severe 

phenotypes (Sanchez-Gurmaches et al. 2019; Shearin et al. 2016; 2016; Peng et 

al. 2003). This compensatory effect suggests that although Akt1 single deletion 

does not cause significant phenotypes in adipose tissue or whole-body 

metabolism, AKT1 still in part contributes to adipose tissue development and 
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function. Akt3 is mainly expressed in brain (Nakatani et al. 1999), and it does not 

compensate for co-deletion of Akt1 and Akt2 (Sanchez-Gurmaches et al. 2019). 

The discrepancies between in vitro and in vivo studies suggest the complexity of 

AKT signaling in regulating adipose tissue function and whole-body metabolism 

and more studies are required to elucidate the mechanisms. 

 

 

 

Figure I-6 The schematic of AKT structure. 
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Figure I-7 The mTORC2-AKT signaling pathway. Upon insulin or growth factor stimulation, receptor 
trypsin kinases (RTKs) phosphorylate Insulin receptor substrate 1 (IRS1) and then activate 
phosphatidylinositol 3-kinase (PI3K). Activated PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate 
(PIP2) to generate phosphatidylinositol-3,4,5-triphosphate (PIP3), which recruits AKT and PDK1 to the 
plasma membrane where PDK1 phosphorylates AKT at T308. RTK might be able to directly activate 
mTORC2, which phosphorylates AKT at S473. Activated AKT then phosphorylates its canonical 

downstream targets such as AS160, PRAS40, GSK3, FoxO1/3 and TSC1/2. AKT activates mTORC1 via 
inhibitory phosphorylation of PRAS40, which then release the suppressing function of PRAS40 toward 
mTORC1. 
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The link between AKT and mTORC2 

Phosphorylation of S473/474 at the C-terminal hydrophobic motif (HM) by 

mTORC2 in AKT1/AKT2 is considered essential for maximizing AKT activity 

(Sarbassov et al. 2005; Hresko and Mueckler 2005). However, several in vitro 

and in vivo models suggest that phosphorylation of S473 might be dispensable 

for overall AKT activity. Global downstream AKT signaling appears unaffected in 

animal models with Rictor deletion specifically in mature adipose tissues and 

brown adipose tissues, in which the phosphorylation of HM is diminished (Hung 

et al. 2014a; Tang et al. 2016; Jung et al. 2019; Calejman et al. 2020). One study 

shows that replacing S474-AKT2 with an inactive mutant (S474A) in cultured 

adipocytes does not affect either insulin-stimulated glucose uptake or mTORC1 

activity (Beg et al. 2017). Another study replacing S474A-AKT2 mutant in 

cultured adipocytes reveals a different observation: HM phosphorylation is 

required for maximal AKT signaling to TSC2, PRAS40, FoxO1/3 and AS160, 

which is essential for GLUT4 translocation and glucose transport (Kearney et al. 

2019). A recent study in cultured brown preadipocytes shows that mTORC2 is 

required for phosphorylation of ACLY via an AKT-dependent mechanism 

(Calejman et al. 2020), and this observation has also been detected in multiple 

breast cancer cells (Y. Chen et al. 2016). The differences between in vitro and in 

vivo models and even between cell types can be explained by the different 

chronicity of Rictor loss between in vivo and in vitro, the complexity of the 

environment in tissues, and the possible different dependency on mTORC2-AKT 
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signaling in different cell types. Nevertheless, previous in vivo studies mainly 

focused on mTORC2’s role in mature white adipocytes and brown adipocytes 

and whether the role of Rictor/mTORC2 in white adipose tissue development is 

unclear. 

 

1.7 PPAR and adipocyte differentiation and function 

The core transcriptional regulator of adipocyte differentiation (also referred 

to adipogenesis) is peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾), which 

is a ligand activated nuclear hormone receptor and the target of the synthetic 

thiazolidinediones (TZDs) agonists (Schoonjans et al. 1997; Fujita et al. 1983; 

Yki-Järvinen 2004).  When activated in preadipocytes, PPAR𝛾 binds to PPAR𝛾 

Responsive Elements (PPREs) and cooperates with CCAAT/enhancer binding 

protein α (C/EBP α) to drive adipogenesis (Schoonjans, Staels, and Auwerx 

1996; Tontonoz et al. 1994; Lefterova et al. 2008). Other transcription factors aid 

PPAR𝛾 during adipogenesis including C/EBPβ and C/EBP (involved in early 

PPAR𝛾 induction) (Z. Cao, Umek, and McKnight 1991); RXR (which binds 

PPAR𝛾 as an obligate heterodimer) (Gearing et al. 1993; IJpenberg et al. 1997); 

ChREBP and SREBP (expressed later during adipogenesis and best known for 

driving lipogenesis gene expression) (J. B. Kim et al. 1998; Witte et al. 2015); 

and chromatin modifiers such as CBP/P300 and the Mediator complex (Steger et 

al. 2010; Badri et al. 2008; Gelman et al. 1999; S. Chen et al. 2000).  In mature 

adipocytes, PPAR𝛾 regulates insulin sensitivity, lipid handling, and adipocyte 
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survival (Cristancho and Lazar 2011).  Thus, PPAR𝛾 has been dubbed the 

"master regulator of adipocyte biology". However, current understanding in 

PPAR𝛾 and adipogenesis are based on cell culture models, mainly by 3T3-L1 

(Green and Meuth 1974; Farmer 2006). It raises an argument that whether the 

mechanisms framed by cell culture can represent the adipose tissue 

development in vivo, since the environment in vivo is more complicated (Pope et 

al. 2016). Besides, the hormonal and metabolic signals that both enable and fine-

tune PPAR𝛾 activity in response to nutrient availability remain less well defined.   

 

1.8 Summary and hypothesis 

In this dissertation, I utilized both in vitro and in vivo systems to study the 

role of mTORC2 in regulating white adipocyte development and function. My 

hypothesis is that mTORC2 is required for responding to differentiation signals 

and reprograms the cells to become committed mature adipocytes. In the third 

part of the dissertation, I explored the possible mechanisms of how mTORC2 

regulates adipocyte differentiation and lipid metabolism. 



 29 

CHAPTER II - The lipid handling capacity of subcutaneous fat is 
programmed by mTORC2 during development  
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2.1 Introduction 

White adipose tissue (WAT) stores energy and secretes endocrine factors 

that control metabolism (Guilherme et al. 2019; P. L. Lee, Jung, and Guertin 

2017; Lefterova et al. 2014; Scherer 2019).  WAT expands in response to over-

nutrition so that the excess calories can be safely stored as triacylglycerol (TAG) 

preventing toxic lipid accumulation in non-adipose tissues (Almandoz et al. 2013; 

Snel et al. 2012; Unger et al. 2010).  However, in overweight and obese 

individuals, white adipocytes become dysregulated and contribute, through 

mechanisms incompletely understood, to obesity-related comorbidities including 

type 2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD), cardiovascular 

diseases (CVDs) and cancer (Van Gaal, Mertens, and De Block 2006).  

Thiazolidinediones (TZDs) are oral insulin sensitizing drugs used to treat T2D.  

They act by stimulating PPAR, the master transcriptional regulator of 

adipogenesis, to enhance insulin sensitivity and promote glucose utilization and 

lipid synthesis and storage (Hauner 2002).  Although TZDs are commonly 

prescribed, serious side effects have limited their efficacy (Cariou, Charbonnel, 

and Staels 2012).  Thus, a better understanding of PPAR regulation may lead to 

improved therapies.   

 

Importantly, not all WAT depots are equal.  For example, the health risks 

of metabolic syndrome and cardiovascular events for overweight patients with 

excessive visceral white adipose tissue (VWAT) is higher than for individuals with 
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excess subcutaneous white adipose tissue (SWAT) (Ferrara et al. 2019; Lessard 

and Tchernof 2012; McLaughlin et al. 2011).  An individual’s body fat set point, 

and their ability to grow adipose tissue during development and upon over 

nutrition, is also variable in the population and between sexes (Tramunt et al. 

2019; Fitzgerald et al. 2018; Tchoukalova et al. 2010).  Such complexities 

suggest anti-obesity therapies will likely have greater success when 

personalized.  Thus, understanding depot and sex differences in adipose tissue 

biology is also clinically relevant.    

 

In mature white adipocytes, the mechanistic target of rapamycin complex 

2 (mTORC2) regulates glucose uptake and de novo lipogenesis (DNL) in vivo in 

part through regulating the carbohydrate response element binding protein 

(ChREBP) transcription factor (Guo et al. 2019; Guri et al. 2017; Jung et al. 2019; 

Tang et al. 2016).  In humans, a positive correlation between DNL in SWAT and 

systemic insulin sensitivity has been shown (Calejman et al. 2020; Cybulski et al. 

2009; Hung et al. 2014b; Jung et al. 2019; Tang et al. 2016). Consistently, 

conditionally deleting Rictor in mice with adiponectin-Cre, which targets all 

mature adipocytes, causes insulin resistance (Tang et al. 2016; Yu et al. 2019).  

The AKT kinases (AKT1, AKT2 and AKT3), which are canonical mTORC2 

substrates, are phosphorylated by mTORC2 in their C-terminal hydrophobic motif 

(HM) sites (Ser473, Ser474, and Ser472 respectively) (Sarbassov et al. 2005; 

Hresko and Mueckler 2005). However, global downstream AKT signaling 
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appears minimally affected in vivo in Adiponectin-Cre;Rictor knockout mice 

(Rictoradipoq) despite the lack of AKT HM phosphorylation (Calejman et al. 2020; 

Cybulski et al. 2009; Hung et al. 2014b; Jung et al. 2019; Tang et al. 2016). 

Mutating AKT2-S474 to alanine in vitro in 3T3L1 adipocytes (AKT2 being the 

major WAT isoform) also revealed that HM phosphorylation is dispensable for 

insulin-stimulated glucose uptake and mTORC1 activity (Beg et al. 2017); while 

another study using AKT2-S474 mutant 3T3L1 adipocytes showed that HM 

phosphorylation is required for maximal AKT signaling to TSC2, PRAS40, 

FoxO1/3 and AS160 (Kearney et al. 2019). Possible explanations for the 

observed differences between in vitro and in vivo models, which are not 

necessarily exclusive, are that AKT signaling compensation occurs with 

prolonged Rictor loss in vivo, but not equally across all AKT substrates or 

functions; that individual AKT substrates inherently differ in their mTORC2 

dependency; or that AKT-independent mechanisms contribute to WAT 

dysfunction. Moreover, mutating S474 is also not identical to deleting Rictor as 

mTORC2 regulates other AKT phosphorylation sites and AGC family kinases 

(Ikenoue et al. 2008; Facchinetti et al. 2008; Hiraoka, Okumura, and Kishimoto 

2011), and thus variables in experimental strategy also likely contribute to some 

of these differences.  Nevertheless, previous studies focus largely on mTORC2’s 

role in mature white adipocytes and whether Rictor/mTORC2 is required for white 

adipose tissue development is not known. 
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Here, I investigated the role of mTORC2 in subcutaneous fat development 

using both in vitro and in vivo models.  In both primary and immortalized cells, I 

found that Rictor/mTORC2 was not required to induce PPAR𝛾 during 

differentiation, but that it was required for stimulating PPAR𝛾 activity towards a 

subset of target genes that encode regulators of lipid uptake and storage.  

mTORC2 did not appear to stimulate PPAR through ChREBP, but rather in 

coordination with ChREBP to promote maximum lipid storing capacity. To show 

physiological relevance, I also deleted Rictor in vivo in precursor cells that give 

rise to SWAT, but not to visceral WAT or brown adipose tissue (BAT).  

Consistent with my in vitro findings, this impaired the expression of select PPAR  

target genes that encode regulators of lipid handling, in addition to attenuating 

expression of ChREBP/SREBP1c target genes that control de novo lipid 

synthesis. This resulted in reduced subcutaneous white adipocyte size, reduced 

overall SWAT mass, and redistribution of lipids to the visceral and brown fat 

depots.  Interestingly, this caused insulin resistance in males. However, females 

were able to maintain normal insulin sensitivity despite Rictor loss causing a 

similar but milder effect on SWAT mass and lipid re-distribution. Overall, these 

data suggested a model in which mTORC2 acts upstream of the adipogenic 

transcriptional machinery during SWAT development to program lipid handling 

capacity.  Since the ability to store lipid in SWAT is correlated with improved 

metabolic health, these findings may have important implications for developing 

T2D treatments.    
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2.2 Results 

mTORC2 promotes lipid filling during subcutaneous white adipogenesis in vitro. 

To investigate the role of mTORC2 in subcutaneous white adipose tissue 

(SWAT) development I first generated a primary subcutaneous white adipocyte 

differentiation model by isolating stromal vascular fraction (SVF) cells, which 

contain preadipocytes, from the inguinal WAT depots of UBC-

CreERT2;RictorloxP/loxP mice and briefly treating them with 4-hydroxy tamoxifen (4-

OHT) to induce Rictor deletion [Figure II-1A].  Following 4-OHT washout, primary 

Rictor-inducible knockout SVF cells (Rictor-iKOprimary preadipocytes hereafter) 

and their isogenic vehicle-treated controls were differentiated following a 

standard protocol (Zebisch et al. 2012).  Staining of differentiated primary 

adipocytes with Oil Red O [Figure II-1B] or by LipidTOX and Perilipin 1 (PLIN1) 

immunofluorescence [Figure II-1C] indicated decreased lipid droplet 

accumulation in the Rictor-iKOprimary cells.  Quantification of the Oil Red O-stained 

lipid droplets after isopropanol extraction indicated ~20% less neutral lipid in the 

Rictor-iKOprimary cells [Figure II-S1A].  The total cell number [Figure II-S1B] and 

percentage of PLIN1 positive cells [Figure II-S1C] was unchanged by Rictor loss 

suggesting a defect in intracellular lipid accumulation.  I also induced CreERT2 

activity in otherwise wild type SVF cells (i.e. having no floxed Rictor alleles) to 

confirm that neither brief tamoxifen exposure nor temporal recombinase activity 

alone in the undifferentiated cells affected Oil Red O staining, RICTOR level, or 

AKT phosphorylation upon differentiation [Figure II-1A, S1D and S1E]. These 
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data suggested that mTORC2 positively regulates subcutaneous white adipocyte 

lipid accumulation.   

 

I observed no difference in Pparg2, Cebpa, Cebpb and Cebpd mRNA 

expression during differentiation in Rictor-iKOprimary cells [Figure II-1D], and 

consistently, PPAR𝛾2 protein expresses normally [Figure II-1E].  I did observe 

that the PPAR𝛾2 cofactor C/EBP expresses at higher than normal protein level 

following differentiation in Rictor-iKOprimary cells despite having an unchanged 

mRNA expression profile [Figure II-1D and 1E].  Primary cells lacking Rictor had 

decreased AKT hydrophobic motif phosphorylation (S473 on AKT1; S474 on 

AKT2) and AKT turn motif phosphorylation (T450 on AKT1; T451 on AKT2) 

throughout differentiation, confirming Rictor ablation [Figure II-1E and 1F].  

AKT1-T308/AKT2-T309 phosphorylation decreased by ~50% in Rictor-iKOprimary 

cells at day 0 and day 2 of differentiation but increased at day 8 relative to 

controls [Figure II-1F and 1G]. This is consistent with previous in vivo 

observations in adipocytes that mTORC2 facilitates but is not essential for AKT-

T308 phosphorylation (Hung et al. 2014b; Jung et al. 2019; Tang et al. 2016).  

Interestingly, isoform specific AKT1 and AKT2 analysis showed a decrease in 

AKT2 mRNA induction during differentiation resulting in reduced AKT2 protein at 

D8 [Figure II-1F and S1F].  Transcriptional regulation of Akt2 was not observed in 

Rictor deleted mature adipocytes (Tang et al. 2016).  Nevertheless, the decrease 

in AKT2 level did not prevent insulin (100 nM) from stimulating phosphorylation of 
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AKT substrates such as FoxO1 (T24), GSK3 (S9) or PRAS40 (T246) in the 

Rictor-deficient cells [Figure II-1F and 1G].  Collectively, these data suggested 

that lipid accumulation during adipogenesis, but not differentiation requires 

mTORC2.   

 

I also immortalized UBC-CreERT2;RictorloxP/loxP SVF cells (hereafter Rictor-

iKOimmortal preadipocytes) to test whether immortalization alters differentiation 

dynamics and mTORC2 dependency.  Like their primary cell counterparts, 

Rictor-iKOimmortal preadipocytes had a lipid filling defect, exhibiting a 60% 

decrease in Oil Red O staining after differentiation compared to controls [Figure 

II-S1G].  Similar to the Rictor-iKOprimary cells, the D8 Rictor-iKOimmortal cells 

showed reduced RICTOR and AKT-S473/4 phosphorylation, slightly higher p-

AKT-T308/9, decreased AKT2 protein, and increased C/EBP protein [Figure II-

S1H].  Notably, AKT1 mRNA and protein levels also increased in the D8 Rictor-

iKOimmortal cells, which was not detected in the Rictor-iKOprimary cells, and this 

appeared at least partly due to increased Akt1 transcription [Figure II-S1H and 

S1I]. There was also a slight difference in PPAR2 induction in the immortalized 

cells, which transcriptionally induces normally at day 2—as in primary cells—but 

fails to maximally amplify thereafter [Figure II-S1J and S1K].  Nevertheless, 

Rictor-iKOimmortal preadipocytes exhibited many of the same features as Rictor-

iKOprimary preadipocytes with the observed differences likely resulting from the 

immortalization procedure.   
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Figure II-1 mTORC2 promotes lipid filling during subcutaneous white adipogenesis in vitro. A Model of 
in vitro experimental strategy. 4-OHT: 4-hydroxytamoxifen. Cre-neg: Cre-negative cells; Cre-pos: Cre-
positive cells. B Oil Red O (ORO) staining of differentiated (Day 8) isogenic control and Rictor-iKO 
primary (Rictor-iKOprimary) cells. C LipidTOX and Perilipin 1 (PlIN1) immunofluorescence staining of 

differentiated (Day 8) control and Rictor-iKOprimary cells. Scale bar = 100 m. D Relative mRNA expression 
by RT-PCR of differentiation marker genes at the indicated differentiation days (N = 4; data represent 

mean ± SEM). E Representative western blot of lysates from differentiated (Day 8) cells. N = 3. 1: 

PPAR1 isoform; 2: PPAR2. F Western blot of the indicated total and phospho-proteins in lysates with 
or without 100 nM insulin (ins) stimulation at day 0, 2 and 8 of differentiation. N= 3 for insulin-
stimulated samples. G Quantification of the indicated total and phosphorylated protein levels.  Total 

AKT (*) reflects AKT1 and AKT2 levels (N = 3; data represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01). 
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Figure II-S1 mTORC2 promotes lipid filling during white adipogenesis in both primary-cultured and 
immortalized cells, related to Figure 1. A Quantification (quant) of the Oil Red O (ORO) staining of 
differentiated control (EtOH) and Rictor-iKOprimary (4-OHT) cells after isopropanol extraction and direct 

ORO content measurement (data represent mean ± SEM; ∗∗p < 0.01). See also Figure 1B. 
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mTORC2 promotes expression of lipid handling genes. 

To begin exploring how mTORC2 regulates lipid accumulation during 

differentiation, I generated RNA-seq transcriptomes from the control and Rictor-

iKOprimary SVF cells in the precursor stage (D0), the terminal differentiation stage 

(D2, when PPAR2 is induced), and the mature adipocyte stage (D8) [Figure II-

1A].  By first making pair-wise comparisons between the control and knockout 

cells at each differentiation day examined, I found that most of the differential 

gene expression occured between D2 and D8 [Figure II-2A].  For example, I 

identified 141 genes significantly down-regulated in Rictor-iKOprimary cells at D8 

compared to only 52 and 38 genes at D0 and D2, respectively and 37, 76, and 

78 up-regulated genes at D0, D2 and D8 respectively [Figure II-2A].  I classified 

the down-regulated genes as requiring Rictor for normal induction (Rictor-

Figure II-S1 (Cont.) B Cell number quantification of control and Rictor-iKOprimary cells at indicated time 
points during the first 48 hours of differentiation (data represent mean ± SEM). C Percentage of 
Perilipin 1-positive (PLIN1+) cells per image taken from the immunofluorescence staining in Figure 1C 
(data represent mean ± SEM). D ORO staining of differentiated primary preadipocytes isolated from a 
UBC-CreERT2 mouse. Right panel: quantification (quant) of the Oil Red O (ORO) staining. (data represent 

mean ± SEM; ∗∗p < 0.01). Cre-: cells treated with EtOH (without Cre). Cre+: cells treated with 4-OHT 
(with Cre expression). n.s.: not significant. E Representative western blot of lysates from differentiated 
(Day 8) UBC-CreERT2 cells with (4-OHT-treated) or without (EtOH-treated) Cre expression. N = 3. F 
Relative mRNA expression by RT-PCR of Akt isoforms in control and Rictor-iKOprimary cells at the 
indicated differentiation days (data represent mean ± SEM; ***p < 0.001; c: ***p < 0.001 when 
compared to D0 cells). G ORO staining of differentiated control and Rictor-iKOimmortal cells. right panel: 
Quantification of the ORO staining of differentiated control and Rictor-iKOimmortal cells after 
isopropanol extraction and direct ORO content measurement (data represent mean ± SEM; ***p < 
0.001). H Representative western blot of lysates from differentiated (Day 8) control and Rictor-
iKOimmortal cells. N = 3. I Relative mRNA expression by RT-PCR of Akt isoforms in differentiated control 

and Rictor-iKOimmortal cells (data represent mean ± SEM; ∗p < 0.05, ***p < 0.001). J Representative 
western blot of lysates from control and Rictor-iKOimmortal cells at early differentiation time points (day 

0 through day 4). N =3. 1: PPAR1 isoform; 2: PPAR2. K Relative mRNA expression by RT-PCR of Akt 
isoforms in control and Rictor-iKOimmortal cells at indicated differentiation days (data represent mean ± 

SEM; ∗∗p < 0.01). 
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required genes), and the up-regulated genes as being suppressed by Rictor 

(Rictor-suppressed genes) [Figure II-2A]. Gene ontology (GO) term and KEGG 

pathway enrichment analysis for D0 and D2 Rictor-required genes (those down-

regulated) revealed genes thought to function in cell adhesion (N=8) and 

extracellular matrix receptor interaction pathways (N=6) [Table II-1].  In contrast, 

the D8 Rictor-required genes were enriched for metabolic processes especially 

lipid metabolism (N=22) [Table II-1]. Among the Rictor-suppressed genes was an 

over-representation of inflammation pathway genes [Table II-1]. Notably, genes 

that suppress adipogenesis such as Pref1 and Pdgfra were not increased by 

Rictor loss consistent with Rictor-iKOprimary cells having a defect in metabolic 

gene expression but not in differentiation. Thus, mTORC2 is a positive regulator 

of lipid metabolic gene expression during adipocyte differentiation. 

 

I also compared the D8 and D0 control transcriptomes to identify 

adipogenic genes, which I defined as genes upregulated >1.4 fold at FDR <0.05 

in D8 vs D0.  This identified 825 adipogenic genes in the control primary cells.  

Among the D8 Rictor-required genes, 77 of them (54.6%) were also adipogenic 

genes based on this analysis. GO analysis identified lipid metabolism genes as 

being highly overrepresented among the D8 Rictor-required adipogenic genes 

[Figure II-2B].  KEGG analysis further identified the PPAR signaling pathway as 

the top scoring pathway among the D8 Rictor-required genes (KEGG results 

based on 10 out of 77 genes) [Figure II-2C].  Notably, Rictor-required genes in 
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the PPAR signaling pathway encoded regulators of both anabolic and catabolic 

lipid metabolism such as fatty acid uptake, fatty acid oxidation, de novo 

lipogenesis and TAG synthesis [Figure II-S2A]. By comparing the D8 Rictor-

required genes to a published database of PPAR targets, I identified several 

additional Rictor-required genes (41/141) as likely PPAR targets [Figure II-2D]. 

In addition, 6 and 20 of Rictor-required genes were also classified as ChREBP 

and/or SREBP1 targets, respectively, based on published data (Ortega-Prieto 

and Postic 2019; Oki and Ohta 2016) [Figure II-2D]. 

 

For several of the Rictor-required genes identified by RNA-seq I 

developed RT-PCR assays to confirm their D8 expression differences in primary 

cells [Figure II-2E].  I focused on genes that regulate lipid metabolism including 

previously reported PPAR target genes (Scd1, Dgat1, Glut4, Cd36, Lpl, Fabp4, 

Hsl and Mcad), de novo lipogenesis genes (Acaca, Fasn, Scd1), and as controls, 

Rictor-independent adipogenic genes (Plin1 and Adipoq).  As predicted from the 

RNA-seq data, genes encoding regulators of several lipid anabolic pathways 

such as fatty acid and TAG synthesis (Acaca, Fasn, Scd1, Dgat1 and Dgat2) and 

glucose and fatty acid uptake (Glut4, Cd36, Lpl, Fabp4) were decreased in D8 

Rictor-iKOprimary cells [Figure II-2E]. I also detected attenuation of genes that 

encode regulators of lipid catabolic processes such as lipolysis (Hsl) and beta-

oxidation (Mcad) in Rictor-iKOprimary cells [Figure II-2E].  I confirmed decreased 

CD36, FABP4, ACC, FASN, and SCD1 protein expression by Western blot 
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[Figure II-2F].  In contrast, the PPAR targets Plin1 and Adipoq were unaffected 

by Rictor loss [Figure II-2E], which was also consistent with normal Perilipin 1 

positive staining in the D8 adipocytes [Figure II-1C and S1C].  Importantly, the 

control CreERT2 cells [Figure II-1A] showed no defects in Acaca, Fasn, Scd1, 

Cd36, Lpl, Fabp4 or Glut4 expression [Figure II-S2B].  I confirmed that 

decreased expression of the PPAR targets Cd36 and Fabp4 required Rictor 

deletion prior to differentiation as deleting Rictor after differentiation did not 

attenuate their expression despite ablating AKT-S473 phosphorylation [Figure II-

S2C and II-S2D].  In contrast, de novo lipogenesis genes (Acaca and Fasn) 

required Rictor both during differentiation and in mature adipocytes [Figure II-

S2D] consistent with our previous in vivo findings (Tang et al. 2016).  Thus, 

without Rictor, differentiating SWAT preadipocytes cannot establish their normal 

lipid metabolic gene expression program, which included regulators of lipid 

synthesis, uptake, breakdown and oxidation pathways.  

 

To confirm that the observed gene expression differences reflect 

metabolic changes, I performed functional assays.  Using 14C-glucose I showed 

that lipid synthesis increased 65-fold from D0 to D8 in control cells and confirmed 

that D8 Rictor-iKOprimary cells had a 92% reduction in de novo lipid synthesis with 

the D0 cells also showing a slight decrease [Figure II-S2E].  Consistent with 

reduced Glut4 expression, I also measured a 25% and 35% decrease in insulin-

stimulated 3H-2-DG glucose uptake at D0 and D8, respectively [Figure II-S2F].  
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However, non-insulin stimulated glycolysis and glycolytic capacity measured on a 

Seahorse Extracellular Flux Analyzer exhibited higher and normal capacity, 

respectively, based on extracellular acidification rate [Figure II-S2G], which was 

consistent with RNA-seq data showing normal glycolysis gene expression in 

Rictor-iKOprimary cells [Figure II-S2A].  Using BODIPY as a probe to measure lipid 

uptake, I also measured a 25% and 35% decrease in lipid uptake after 10 and 30 

minutes of labeling, respectively, in Rictor-iKOprimary cells [Figure II-S2H]. These 

data were consistent with a model in which mTORC2 sets the general lipid 

handling capacity of SWAT during adipogenesis by modulating expression of 

both anabolic and catabolic lipid metabolism genes. 
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Table II-1: Gene ontology biological processes and KEGG pathway enrichment analysis of 
Rictor-dependent genes. 

GO term Biology Processes    

Rictor-required (Down-regulatory) genes    

GO term GO # Gene count FDR 

D2    

Cell adhesion 0007155 8 3.20E-02 
    

D8    

Lipid metabolic process 0006629 22 9.80E-09 

Metabolic process 0008152 19 4.90E-06 

Oxidation-reduction process 0055114 21 6.10E-05 

Fatty acid metabolic process 0006631 10 2.10E-03 

Triglyceride metabolic process 0006641 6 1.10E-02 

Inflammatory response 0006954 12 4.20E-02 
    

Rictor-suppressed (Up-regulatory) genes    

GO term GO # Gene count FDR 

D2    

Complement activation 0006956 6 7.70E-06 

Immune system process 0002376 11 1.50E-02 
    

KEGG pathways    

Rictor-required (Down-regulatory) genes    

Pathway  Gene count FDR 

D0    

ECM*-receptor interaction  6 2.90E-03 
    

D2    

ECM-receptor interaction  6 9.40E-04 
    

D8    

PPAR signaling pathway  12 1.10E-07 

Fatty acid metabolism  8 8.40E-05 

Metabolic pathways  30 2.00E-03 

Propanoate metabolism  5 7.10E-03 

Glycerolipid metabolism  6 1.20E-02 

Fat digestion and absorption  5 9.40E-04 
    

Rictor-suppressed (Up-regulatory) genes    

Pathway  Gene count FDR 

D2    

Staphylococcus aureus infection  7 1.70-E04 

Complement and coagulation cascades  6 4.00E-02 

*ECM: extracellular matrix 
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Figure II-2 mTORC2 promotes expression of lipid handling genes. A Up-regulated (Rictor-suppressed) 
and down-regulated (Rictor-required) genes at the indicated differentiation days (fold change >1.4; 
adjusted p value < 0.05). B Gene ontology (GO) term enrichment analysis of day 8 Rictor-required 
adipogenic genes analyzed by the Database for Annotation, Visualization and Integrated Discovery 
(DAVID). 
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Figure II-2 (Cont.) C KEGG pathway enrichment analysis of D8 Rictor-required adipogenic genes 
analyzed by DAVID). D Gene requiring Rictor for induction classified by their published transcriptional 
activators. 1Compared to ChIP-atlas database (Oki and Ohta, 2016); 2Compared to the ChREBP targets 
listed in Iizuka, 2017. * p value < 0.05). Full gene names are listed in Figure II-S2A legend. E Relative 
mRNA expression by RT-PCR of the indicated genes in day 8 control and Rictor-iKOprimary cells (N ≥ 3; 

data represent mean ± SEM; 
∗p < 0.05, 

∗∗p < 0.01, ***p < 0.001). F Representative western blot of the 
indicated total proteins in lysates from undifferentiated (D0) and differentiated (D8) control and 

Rictor-iKOprimary cells. N = 3. 1: PPAR1 isoform; 2: PPAR2. * and ** are background bands. Numbers 
at the left: protein size in kDa. 
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Figure II-S2 mTORC2 promotes expression of PPAR regulated lipid handling genes, related to Figure 2. 
A Pathway clusters of the Rictor-required adipogenic genes modified by KEGG pathway analysis. Genes 

highlighted in red: down-regulatory genes identified as PPAR/ChREBP/SREBP1 targets. Also see Figure 
2C. 
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Specific PPAR targets require Rictor for full induction 

To further explore the connection between mTORC2 and PPAR𝛾, I 

expressed a PPAR𝛾 activity reporter construct that contains three PPRE 

elements in the luciferase promoter (J. B. Kim et al. 1998) in control and Rictor-

iKOimmortal cells and quantified reporter gene activity at D2 of differentiation.  As 

expected, reporter activity increased 2-fold when the activity at D2 is compared 

to that in undifferentiated cells (D0) [Figure II-S3A]. Reporter activity decreased 

by 53% when Rictor was deleted [Figure II-S3A], and while supplementing the 

PPAR𝛾 agonist rosiglitazone enhanced reporter activity 1.8-fold in control cells, it 

Figure II-S2 (Cont.) FAO: fatty acid oxidation, TCA cycle: tricarboxylic acid cycle; Abbreviations of 
metabolites: F1,6BP: fructose-1,6-bisphosphate, GA3P: glyceraldehyde 3-phosphate, DHAP: 
dihydroxyacetone phosphate, LPA: lysophosphatidic, PA: phosphatidic acid, DAG: diacylglycerol, TAG: 
triacylglycerol, FA: fatty acid, PUFA: polyunsaturated fatty acid. Abbreviations of gene names: GLUT4: 
Glucose transporter type 4, ME1: Malic enzyme 1, GPAT: Glycerol-3-phosphate acyltransferase, AGPAT2: 
1-acylglycerol-3-phosphate O-acyltransferase 2, DGAT2: Diacylglycerol O-acyltransferase 1, ACSS2: Acyl-
CoA Synthetase Short Chain Family Member 2, ACC: Acetyl-CoA carboxylase, FASN: Fatty acid synthase, 
SCD1: Stearoyl-CoA desaturase 1, ACSL: Acyl-CoA synthetase long-chain, HSL: Hormone-sensitive lipase. 
ATGL: Adipose triglyceride lipase, LPL: Lipoprotein lipase, FABP4: Fatty acid binding protein 4, MCAD: 
Medium-chain acyl-CoA dehydrogenase, EHHADH: Enoyl-CoA hydratase and 3-hydroxyacyl-CoA 
dehydrogenase. B Relative mRNA expression by RT-PCR of genes in the DNL and lipid handling pathways 
in differentiated primary UBC-CreERT2 cells with (Cre-pos, 4-OHT-treated) or without (Cre-neg, EtOH-
treated) Cre expression (data represent mean ± SEM). See also Figure 1A. C Western blot of lysates from 
control and Rictor-iKOprimary cells with Rictor deleted from D2 (Adi-Rictor-iKOprimary) at indicated 
differentiation time points. Arrow: Starting point of 4-OHT exposure. D Relative mRNA expression by RT-
PCR of genes in the DNL and lipid handling pathways in control and Adi-Rictor-iKOprimary cells. Data 
represent mean ± SEM; ***p < 0.001. E Lipogenic assay measured by 14C-glucose incorporation into 14C-
TAG of undifferentiated (D0) and differentiated (D8) control and Rictor-iKOprimary cells. Data represent 

mean ± SEM; ∗p < 0.05, ***p < 0.001. c: p < 0.001 relative to its D0 counterpart. RU: relative unit 

(calculated from CPM per g of protein). F 3H-2-deoxyglucose (3H-2-DG) uptake of undifferentiated (D0) 

and differentiated (D8) control and Rictor-iKOprimary cells. Data represent mean ± SEM; ∗*p < 0.01, ***p < 

0.001. RU: relative unit (calculated from CPM per minute per g of protein). G Glycolytic function 
determined by extracellular acidification rate (ECAR) of differentiated control and Rictor-iKOprimary cells. 
Data represent mean ± SEM; ***p < 0.001. H BODIPY FL C16 lipid uptake of undifferentiated (D0) and 
differentiated (D8) control and Rictor-iKOprimary cells incubated in either 10 or 30 minutes. Mean intensity 

was determined by flow cytometry. Data represent mean ± SEM; ∗p < 0.05, **p < 0.01. a: p < 0.05 when 
compared to its counterpart in 10-minute group. 
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had no effect in the Rictor-iKOimmortal cells [Figure II-S3A].  Similarly, 

overexpressing recombinant HA-PPAR𝛾2 enhanced reporter activity 2-fold over 

baseline in D2 control cells, and this was reduced by 58% in the Rictor-iKOimmortal 

cells despite recombinant HA-PPAR𝛾2 expressing at similar levels in the control 

and knockout cells [Figure II-S3A and S3B].  Moreover, overexpressing HA-

PPAR𝛾2 did not rescue lipid droplet accumulation in Rictor-deficient cells upon 

differentiation [Figure II-S3C]. It also failed to restore expression of Cd36, Lpl, 

Fabp4, Acaca, Fasn, or Scd1 [Figure II-S3D] or ACLY, ACC or FASN protein 

expression [Figure II-S3E], although lipid content and Cd36 expression did show 

minor increases relative to Rictor-deficient cells expressing the empty vector 

control.  I also tested whether supplementing rosiglitazone during the full 

differentiation assay would improve the Rictor KO phenotype.   Rosiglitazone did 

increase Oil Red O staining and target gene expression in both control and 

Rictor-iKOimmortal cells, but lipid accumulation and gene expression remained 

significantly attenuated in Rictor-iKOimmortal cells relative to control [Figure II-S3F, 

S3G, S3H].  Overall, these data were consistent with Rictor loss impairing 

PPAR𝛾 activity.   

 

 Next, I used chromatin IP (ChIP) assay to examine endogenous PPAR𝛾 

target gene promoters in primary cells for both PPAR𝛾 binding to PPRE elements 

and for histone H3K9 acetylation, which is associated with PPAR𝛾 target gene 

activity (Lefterova et al. 2008; Steger et al. 2010; Xiao Wang et al. 2019; Salma 



 50 

et al. 2004). I examined the PPRE regions in Rictor-dependent (Cd36 and 

Fabp4) and a Rictor-independent (Pkm2) PPAR𝛾 target [Figure II-S4A, S4B and 

Appendix II for primer sequences].  At differentiation D2, PPAR𝛾-PPRE binding 

was unchanged at the promoters of Cd36, Fabp4 and Pkm2 when Rictor is 

absent; however, at D8, PPAR𝛾 binding at the Cd36 and Fabp4 PPREs 

decreased by 40% and 33%, respectively, in the absence of Rictor [Figure II-3A]. 

In contrast, but consistent with our gene expression analysis, PPAR𝛾 binding to 

the Pkm2 promoter (Panasyuk et al., 2012), was unaffected by Rictor loss 

[Figure II-3A].  Deleting Rictor also decreased H3K9ac by 40% and 44%, 

respectively, in the PPREs of Cd36 and Fabp4 at D2, preceding measurable loss 

of PPAR𝛾 binding [Figure II-3B].  H3K9ac further decreased at both promoters by 

73% and 80%, respectively, at D8 while remaining unaffected in the Pkm2 PPRE 

throughout differentiation [Figure II-3B].  Similar results were obtained using the 

Rictor-iKOimmortal system; for example, PPAR𝛾 binding to the Fabp4-PPRE 

decreased in Rictor-iKOimmortal cells although the defect occurred 2 days earlier in 

the immortalized cells than in the primary cells [Figure II-S4C]. This was 

consistent with the immortalized cells but not the primary cells, showing greater 

dependency on Rictor for PPAR amplification [Figure II-S1J and S1K]. Total 

histone H3 levels and global H3K9 acetylation appeared unaffected by Rictor 

loss [Figure II-S4D].  These data were consistent with specific PPAR targets 

requiring Rictor for full induction during differentiation.   
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Figure II-3 Specific PPAR targets require Rictor for full induction. A PPAR/PPAR-responsive element 
(PPRE) interaction identified by chromatin IP (ChIP) at Cd36, Fabp4 and Pkm2 promoters in control and 

Rictor-iKOprimary cells (N = 3 for PPAR ChIP, N = 3 for IgG ChIP; data represent mean ± SEM; ∗∗p < 0.01). ChIP 

with IgG were used as negative controls. B H3K9 acetylation (H3K9ac) by ChIP analysis at Cd36, Fabp4 and 

Pkm2 promoters in control and Rictor-iKOprimary cells (N = 3 for PPAR ChIP, N = 3 for IgG ChIP; data 

represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001). ChIP with IgG were used as negative controls. 
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Figure II-S3 Specific PPAR targets require Rictor for full induction, related to Figure 3. A Luciferase 
reporter gene assay with PPRE-responsive element (PPRE-Luc) in control and Rictor-iKOimmortal cells 
with indicated treatment or transduction at day 2. Rosi: Rosiglitazone (data represent mean ± SEM; 
∗p < 0.05, **p < 0.01, ***p < 0.001; a: ∗p < 0.05 when compared to vehicle-treated cells; c: ***p < 0.001 
when compared to vehicle-treated cells). B Representative western blot of lysates from control and 

Rictor-iKOimmortal at day 2.  N = 3. HA-2: cells transduced with HA-PPAR2. C ORO staining of 

differentiated control and Rictor-iKOimmortal cells overexpressing empty vector (Vec) or HA-PPAR2 

plasmid (scale bar = 50 m). D Relative mRNA expression of indicated genes from differentiated 

control and Rictor-iKOimmortal cells overexpressing empty vector (vec) or HA-PPAR2 (2) plasmid (data 

represent mean ± SEM; **p < 0.01, ***p < 0.001; a: ∗p < 0.05 when compared to vector-expressing 
cells; c: ***p < 0.001 when compared to vector-expressing cells). E Representative western blot of 
lysates from differentiated control and Rictor-iKOimmortal cells overexpressing empty vector (Vec) or 

HA-PPAR2 (HA-2) plasmid. N = 3. F ORO staining of differentiated control and Rictor-iKOimmortal cells 
(4-OHT-treated) with or without rosiglitazone (Rosi) supplement during differentiation (scale bar = 

50 m). 
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Neither ChREBP nor SREBP1n overexpression is sufficient to rescue PPAR target 

genes 

In mature adipocytes, mTORC2 positively regulates expression of the 

transcription factor ChREBP and its target genes in the de novo lipogenesis 

pathway, e.g. Acly, Acc, and Fasn (Tang et al. 2016).  ChREBP has also been 

shown to regulate PPAR expression and activity in 3T3L1 cells during 

adipogenesis (Witte et al. 2015).  Therefore, I asked whether over-expressing 

recombinant ChREBPα or ChREBP in Rictor-iKOimmortal cells could rescue lipid 

accumulation and PPAR gene expression. In the control cells, over-expressing 

recombinant ChREBP increased lipid amount by 20% determined by Oil Red O 

staining [Figure II-4A]; however, lipid accumulation was unaffected in Rictor-iKO 

cells over-expressing ChREBPα or ChREBP [Figure II-4A].  Notably, expressing 

ChREBP partially restored the mRNA and protein expression of ACLY, ACC, 

and FASN [Figure II-4B and 4C], but it had no impact on the PPAR target genes 

Cd36, Lpl, Fabp4, Dgat1 or Dgat2 [Figure II-4C].  Expressing ChREBPα had no 

effect on PPAR target genes and minimal effects on DNL gene expression 

[Figure II-4A-C].  The SREBP1 lipogenic transcription factor shares targets with 

Figure II-S3 (Cont.) G Relative mRNA expression of indicated genes from differentiated control and 
Rictor-iKOimmortal cells (4-OHT-treated) with or without Rosiglitazone (Rosi) supplement (data 

represent mean ± SEM; **p < 0.01, ***p < 0.001; a: ∗p < 0.05 when compared to its counterpart in 
non-Rosi group; b: **p < 0.01; c: ***p < 0.001). H Representative western blot of lysates from 
differentiated control and Rictor-iKOimmortal cells with or without rosiglitazone (Rosi) supplement. N = 
3. 
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ChREBP and its activity is positively linked to mTORC2 in the liver (Hagiwara et 

al. 2012; Yuan et al. 2012).  Interestingly, however, I observed an increase in the 

level of nuclear SREBP1 (SREBP1n) in both Rictor-iKOprimary and Rictor-

iKOimmortal cells [Figure II-4D and 4F] suggesting increased SREBP1 processing.  

Consistent with this, the gene encoding the SREBP-processing inhibitor Insig1 

was a Rictor-required gene [Figure II-2D and Table II-1].  Moreover, over-

expressing the transcriptionally actived SREBP1n cleavage product in Rictor-

iKOimmortal cells had little effect on PPAR target gene expression and failed to 

restore lipid droplet formation [Figure II-4E-4G].  Thus, neither ChREBPα/ nor 

SREBP1n overexpression was sufficient to restore defects in lipid metabolic 

gene expression when cells differentiated in the absence of Rictor.  

 

In contrast to our findings in this study, previous work using a brown 

preadipocyte differentiation model showed that Rictor is required for PPAR2 

induction (Calejman et al. 2020; Hung et al. 2014b) suggesting that brown and 

white preadipocyte differentiation may have different mTORC2 requirements in 

vitro.  Consistent with this notion, I recently showed that overexpressing ACLY or 

ACLY-S455D partially and completely rescues Rictor loss in the brown 

preadipocyte model (Calejman et al. 2020); however, in Rictor-deficient 

subcutaneous white preadipocytes, stably overexpressing recombinant ACLY, 

ACLY-S455D or ACLY-S455E did not rescue lipid accumulation [Figure II-S4E], 

Pparg2, Cd36, or Fabp4 gene expression [Figure II-S4F] or ACC protein levels 
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during differentiation [Figure II-S4G].  In fact, overexpressing ACLY enhanced 

the suppressive effect of Rictor loss on gene expression in the white 

preadipocyte model [Figure II-S4F].  This is consistent with these models of 

brown and subcutaneous white adipogenesis having different mTORC2 

requirements.    
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Figure II-4 Overexpressing ChREBP or SREBP1n does not rescue Rictor loss. A Oil Red O (ORO) 
staining of differentiated control (EtOH) and Rictor-iKOimmortal (4-OHT) cells expressing empty vector 

(Vec), ChREBPα, or ChREBP. The number below represents quantification (quant) of Oil Red O after 

isopropanol extraction (scale bar = 50 m; data represent mean ± SEM). B Representative western 
blot of lysates corresponding to panel A. N = 3. C Relative mRNA expression by RT-PCR of the 

indicated genes corresponding to panel A (N = 3; data represent mean ± SEM; ∗p < 0.05, 
∗∗p < 0.01, 

***p < 0.001). a-c: comparison of over-expressing cells to vector-containing cells; a: p < 0.05; b: p < 
0.01; c: p < 0.001. D Representative western blot of lysates from differentiated (D8) control and 
Rictor-iKOprimary cells. N = 3. fl: full-length SREBP1; n: processed nuclear SREBP1 product. E Oil Red O 
(ORO) staining of differentiated control and Rictor-iKOimmortal cells expressing empty vector (Vec) or 
SREBP1n. The number below represents quantification (quant) of Oil Red O after isopropanol 
extraction (data represent mean ± SEM). F Representative western blot of lysates from 
differentiated control and Rictor-iKOimmortal cells corresponding to panel E. N = 3. S.E: shorter 
exposure. G Relative mRNA expression by RT-PCR of indicated genes in control and Rictor-iKOimmortal 

cells corresponding to panel E.  (N = 3; data represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 
0.001). a-c: comparison of over-expressing cells to vector-containing cells; a: p < 0.05; b: p < 0.01; c: 
p < 0.001. 
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Figure II-S4 ACLY over-expression does not rescue Rictor-iKO phenotypes, related to Figure 3 and 
Figure 4. A Graphic showing the primer binding site (arrows) used in the ChIP assays relative to the 
promoter and enhancer regions of indicated genes. B Relative mRNA expression of Pkm2 in 
differentiated control and Rictor-iKOprimary cells (data represent mean ± SEM; n.s: not significant). 
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AKT1-S473D restores PPAR target gene expression 

Next, I asked whether rescuing AKT hydrophobic motif phosphorylation 

could restore PPAR target gene expression by generating Rictor-iKOimmortal cells 

expressing recombinant HA-AKT1-S473D or HA-AKT2-S474D phospho-mimetics 

or their HA-AKT1 and HA-AKT2 wildtype and HA-AKT1-S473A phospho-deficient 

controls.  Only HA-AKT1-S473D restored lipid accumulation in differentiating 

Rictor-iKOimmortal cells [Figure II-5A and 5B].  Western blot confirmed expression 

of each recombinant AKT construct [Figure II-5C].  Overexpressing HA-AKT1-

S473D also increased Chrebpb, Acaca, Pparg2, Fabp4 and Cd36 expression as 

well as ACC protein expression in Rictor-iKOimmortal cells [Figure II-5C and 5D].  

HA-S474D-AKT2 and to a lesser extent HA-AKT2 wildtype also increased 

Chrebpb expression consistent with a recent study linking AKT2 and ChREBP-

dependent DNL in brown fat [Figure II-5D] (Sanchez-Gurmaches et al. 2019) and 

suggesting that AKT1 and AKT2 may cooperate or compensate for each other in 

Figure II-S4 (Cont.) C PPAR/PPAR-responsive element (PPRE) interaction and H3K9 acetylation 
(H3K9ac) identified by chromatin IP (ChIP) at Fabp4 promoter in control and Rictor-iKOimmortal cells 

(data represent mean ± SEM; ∗∗p < 0.01; b: ∗∗p < 0.01 when compared to D0 cells; c: ***p < 0.001 
when compared to D0 cells). ChIP with IgG were used as negative controls. D Western blot of 
extracted histones from control and Rictor-iKOprimary cells at indicated days during differentiation. 
Right panel: quantification of H3K9 acetylation signals compared to total H3 (N = 3, data 
represent mean ± SEM). E Oil Red O (ORO) staining of differentiated control (EtOH) and Rictor-
iKOimmortal (4-OHT) cells overexpressing empty vector (Vec), Myc-ACLY, Myc-ACLY-S455D, Myc-

ACLY-S455E, or Myc-ACLY-S455A (scale bar = 100 m). F Relative mRNA expression by RT-PCR of 
indicated genes in differentiated control and Rictor-iKOimmortal cells overexpressing empty vector 

(Vec), ACLY, ACLY-S455D, ACLY-S455E, or ACLY-S455A (data represent mean ± SEM; ∗∗p < 0.01, 
***p < 0.001). G Representative western blot of lysates from differentiated control and Rictor-
iKOimmortal cells overexpressing empty vector (Vec), ACLY or indicated ACLY mutants. N = 3. 
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ChREBP regulation.  Notably, HA-AKT2 and HA-S474D-AKT2 increased Pparg2 

mRNA level but not rescue its target expression, suggesting PPAR activity might 

function independently of AKT2 [Figure II-5D]. In sum, these data were 

consistent with AKT being the key mTORC2 substrate linking mTORC2 to lipid 

metabolic gene expression. 
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Figure II-5 AKT1-S473D is sufficient to rescue lipid accumulation defect in Rictor KO cells. A Oil Red 
O (ORO) staining of differentiated control (EtOH) and Rictor-iKOimmortal (4-OHT) cells expressing 
empty vector, HA-AKT1, HA-AKT1-S473D, HA-AKT1-S473A, HA-AKT2, or HA-AKT2-S474D. B 

Quantification of Oil Red O from A after isopropanol extraction (scale bar = 50 m; data represent 

mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001). 
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SWAT development requires mTORC2 in vivo 

To examine the physiological relevance of these findings, I generated 

Prx1-Cre;Rictorfl/fl mice (RictorPrx1-Cre) in which Rictor is deleted in vivo in a 

precursor cell population that gives rise to posterior SWAT, but not to visceral 

WAT (VWAT) or BAT (Sanchez-Gurmaches, Hsiao, and Guertin 2015; Krueger 

et al. 2014). RictorPrx1-Cre mice weighed significantly less than controls starting at 

6 and 12 weeks of age for females and males respectively [Figure II-6A].  Food 

intake was equivalent between groups [Figure II-S5A].  In both sexes, the SWAT 

weighed significantly less in RictorPrx1-Cre mice (65% less in males and 57% less 

in females) [Figure II-6B and 6C]. H&E staining and imaging of the whole SWAT 

depot showed reduced adipocyte size in RictorPrx1-Cre mice [Figure II-6D and 6E].  

Reciprocally, VWAT and BAT masses in the male RictorPrx1-Cre mice increased by 

60% and 35%, respectively, as a result of adipocyte hypertrophy [Figure II-6B-E].  

On the other hand, VWAT mass increased by only 40% in the female RictorPrx1-

Cre mice [Figure II-6B and 6C], due to milder cell hypertrophy [Figure II-6D and 

6E], but there was no significant difference in female BAT mass [Figure II-6B and 

6C].  I determined that reduced tissue mass was mainly a result of smaller cell 

size by calculating total depot cellularity (Parlee et al. 2014), which revealed a 

C Representative western blot of lysates from differentiated control (EtOH) and Rictor-iKOimmortal 
(4-OHT) cells expressing empty vector, HA-tagged AKT1, AKT1-S473D, AKT1-S473A, AKT2 or AKT2-
S474D. N = 3. D Relative mRNA expression by RT-PCR of the indicated genes corresponding to 

panel A (N = 3; data represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001). a-c: comparison of 
over-expressing cells to vector-containing cells; a: p < 0.05; b: p < 0.01; c: p < 0.001. 
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linear relationship between tissue weight and average adipocyte volume (r2=0.97 

in male SAT and r2=0.80 in female SAT) suggesting no significant difference in 

cellularity [Figure II-S5B]. Moreover, adipocyte precursor cell (APC) number was 

unchanged between the SWAT of RictorPrx1-Cre mice and controls [Figure II-S5C] 

consistent with the SWAT partial-lipodystrophy phenotype originating from a lipid 

accumulation defect during adipogenesis.  Western blotting confirmed that 

RictorPrx1-Cre mice lack RICTOR and p-AKT-S473 in posterior SWAT, but not in 

VWAT or BAT [Figure II-6F].  Neither male nor female RictorPrx1-Cre mice had 

enlarged livers [Figure II-S5D] or evidence of hepatic steatosis based on direct 

TAG measurement [Figure II-S5E].  Analysis of neonates indicated that SWAT 

lipodystrophy occurred as early as postpartum day 7 (P7) at which point the 

SWAT weighed 40% less and contains smaller adipocytes [Figure II-S5F-S5H].  

This is in stark contrast to deleting Rictor in mature adipocytes (e.g. with 

Adiponectin-Cre), which does not affect adipose tissue mass or adipocyte size 

through 20 weeks of age under standard chow (Tang et al. 2016). These data 

were consistent with Rictor also being required for SWAT development in vivo, 

and further reveals a sex difference in how adipose tissue lipids are redistributed 

following Rictor loss.   

 

Prx1-Cre expressing precursors also give rise to some bone marrow 

adipocytes as well as osteoblasts and chondrocytes (Krueger et al. 2014; Logan 

et al. 2002).  Consequently, computed tomography (CAT) scanning showed that 



 64 

the femur and tibia of male RictorPrx1-Cre mice were 10% and 5% shorter, 

respectively, correlating with thinner cortical and trabecular bone, which was 

more prominent in males [Figure II-S5I and Table II-2] (W. Sun et al. 2016; D.-M. 

Liu et al. 2016; J. Chen et al. 2015).  Reduced bone length may explain why 

quadriceps also weighed slightly less in RictorPrx1-Cre mice despite the muscle 

having normal morphology and RICTOR expression [Figure II-S5J-S5L].  

RictorPrx1-Cre male mice also had less bone marrow volume (MV) in the proximal 

region and a trending decrease in marrow adipose tissue (MAT) especially in 

females, as shown by osmium staining combined with CAT scanning [Table II-3] 

(Scheller et al. 2015).  Gene expression analysis confirmed reduced Rictor 

mRNA expression but normal Pparg2 expression in the marrow adipocytes of 

both male and female RictorPrx1-Cre mice [Figure II-S5M]. These data are 

consistent with previous studies showing that Prx1-Cre also targets bone marrow 

mesenchyme (Krueger et al., 2014) and MAT (Sun et al., 2016) in RictorPrx1-Cre 

mice, the latter exhibiting characteristics similar to the SWAT in RictorPrx1-Cre 

mice. 
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Figure II-6 Subcutaneous white adipose tissue growth requires mTORC2 in vivo. A Growth curves of 
male (M) and female (F) control and RictorPrx1cKO mice (N = 10-14; data represent mean ± SEM; t 

test; ∗p < 0.05). 
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Figure II-6 (Cont.) B Tissue weight relative to body weight of subcutaneous white adipose tissue (SWAT), 
visceral white adipose tissue (VWAT) and brown adipose tissue (BAT) (N = 8-10; data represent mean ± 

SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001). C Representative images of the indicated fat depots from 8-week-
old male control and RictorPrx1-Cre mice. D H&E stains corresponding to the tissues in panel C for both male 

and female mice (scale bar = 100 m). E Individual adipocyte cell size distribution in each indicated depot 
(N = 4 mice; > 1000 and 500-1000 individual adipocytes measured from SWAT and VWAT of each mouse, 

respectively; data represent mean ± SEM; ∗p < 0.05, 
∗∗p < 0.01, ***p < 0.001). F Representative western 

blot of lysates from SWAT, VWAT and BAT of 8-week-old male control and RictorPrx1-Cre mice. N = 2. 
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Table II-2: Bone structure analysis. 

 Male Female 

Control RictorPrx1-Cre P-Value Control RictorPrx1-Cre P-Value 

Tb 
thickness 
(mm) 

0.0513±0.00584 0.04334±0.00496 0.0396* 0.0407±0.00819 0.0397±0.00328 0.782 

Tb 
spacing 
(mm) 

0.246±0.0218 0.289±0.147 0.500 0.362±0.0919 
 

0.376±0.0603 0.785 

Tb 
number 
(1/mm) 

4.132±0.321 4.006±1.459 0.840 2.975±0.829 
 

2.721±0.364 0.529 

BV/TV 0.101±0.225 0.0986±0.0702 0.938 0.037±0.0259 
 

0.0275±0.0091 0.421 

Cort 
thickness 
(mm) 

0.185±0.00850 0.1426±0.0178 0.00127** 0.171±0.00985 0.1315±0.00706 0.00073*** 

Cort/Total 
Area 

0.529±0.00371 0.500±0.0335 0.223 0.540±0.0517 0.501±0.0233 0.134 

Marrow 
Area 
(mm2) 

0.610±0.00985 0.505±0.0461 0.0578 0.4133±0.0271 0.387±0.0399 0.272 

*P <0.05; **P<0.01; P<0.001 
Tb: trabecular; BV: bone volume; TV: total volume; Cort: cortical. 

 

 

  

Figure II-S5 Other tissue involvement in RictorPrx1-Cre mice, related to Figure 6. A Food intake of control 
and RictorPrx1-Cre mice at 8 weeks of age (N = 3-6; data represent mean ± SEM). B Estimated depot 
cellularity in SWAT from control and RictorPrx1-Cre mice at 8 weeks of age (N = 4; data represent mean ± 
SEM). right panel: linear correlation of tissue weight versus average cell volume. r2 = square of 
correlation. n.s.: not significant, M: male, F: female. C Adipocyte precursor (APC) number isolated from 
SWAT using cell surface markers staining followed by FACS analysis (N= 4; data represent mean ± SEM). 
D Liver weight relative to body weight of control and Rictorprx1cKO mice at 8 weeks of age (N= 10-11; data 
represent mean ± SEM). E TAG content of livers from 8-week-old female mice. Data represent mean ± 
SEM. F SWAT weight relative to body weight of control and RictorPrx1-Cre mice at postpartum day 7 (P7) (N 
=4; data represent mean ± SEM; ***p < 0.001). G H&E stains of adipose tissues from postpartum day 7 
(P7) mice. H Adipocyte size distribution in indicated depot (N = 4; more than 100 adipocytes were 
calculated from each mouse; data represent mean ± SEM). I Femur and Tibia length from 8-week-old 
male mice (N =6; data represent mean ± SEM; **p < 0.01, ***p < 0.001). J Muscle (quadriceps) weight 
relative to body weight of control and Rictorprx1-Cre mice at 8 weeks of age (N= 10-11; data represent 

mean ± SEM; ***p < 0.001). K H&E stains of muscles from 8-week-old mice (scale bar = 100 m). L 
Western blot of lysates from muscles of control and RictorPrx1-Cre mice. N = 3. M Relative mRNA 
expression by RT-PCR of Rictor and Pparg2 in bone marrow adipose tissues isolated from control and 
RictorPrx1-Cre mice (N= 4-5; data represent mean ± SEM; *p < 0.05). 
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Table II-3: Bone marrow analysis and osmium stain quantification. 
  Male Female 

  Control RictorPrx1-Cre P-Value Control RictorPrx1-Cre P-
Value 

Prox.  MV 
(mm3) 

6.659±0.723 
 

4.564±0.678 0.00287** 3.895±0.437 3.59±0.409 0.316 

MAT 
(mm3) 

0.03465±0.04 
 

0.0788±0.088 0.405 0.0693±0.0673 0.0077±0.00816 0.039* 

Dist. MV 
(mm3) 

1.429±0.0856 
 

1.218±0.281 0.196 1.184±0.222 1.104±0.110 0.462 

MAT 
(mm3) 

0.82±0.289 
 

0.771±0.687 0.876 0.789±0.377 0.579±0.239 0.306 

*P <0.05; **P<0.01. 
Prox.: proximal; Dis.: distal; MV: marrow volume; MAT: marrow adipose tissue. 

 

 

Male Rictorprx1-Cre mice become insulin resistant. 

I next asked if SWAT dysfunction due to Rictor loss causes insulin 

resistance. Interestingly, 8-week-old male RictorPrx1-Cre mice developed insulin 

intolerance as indicated by a 30% increase in glucose AUC relative to controls 

[Figure II-S6A]. This correlated with a trending increase in serum insulin level in 

males [Figure II-S6E]. This was not observed in females [Figure II-S6B], and 

neither sex showed defects in glucose tolerance [Figure II-S6C and S6D].  

Adiponectin, leptin and non-esterified fatty acids (NEFAs) were unchanged in 

RictorPrx1-Cre male mice fed ad libitum [Figure II-S6E]. The propensity for male 

RictorPrx1-Cre to develop insulin resistance was consistent with their greater 

accumulation of visceral fat. 
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Rictor is required in vivo during SWAT development for lipid metabolic gene 

expression 

Similar to what I observed in vitro (i.e. in the D8 primary cells that were 

differentiated in the absence of Rictor), the SWAT of RictorPrx1-Cre mice expressed 

PPAR and C/EBP in vivo as well as insulin receptor beta (IRβ, which was 

elevated over control) [Figure II-7A]. Also, similar to the in vitro models, the 

SWAT from Rictorprx1-Cre mice had reduced AKT2 mRNA and protein expression 

[Figure II-7A and S7A].  In vivo, reduced AKT2 expression correlated with 

reduced p-AKT-T308, which was expected as AKT2 is the major AKT isoform in 

mature adipocytes.  Interestingly, p-AS160-T642, p-GSK3β-S9 and p-FoxO1-T24 

Figure II-S6 Male RictorPrx1-Cre mice develop insulin resistance, related to Figure 6. A-B Insulin tolerance 
test (left) with area under curve (AUC, right) from 8-week-old male (A) and female (B) mice (n = 9-11; 

data represent mean ± SEM; ∗p < 0.05). C-D Glucose tolerance test (left) with area under curve (AUC, 

right) from 8-week-old male (C) and female (D) mice (n = 9-11; data represent mean ± SEM; ∗p < 0.05). E 
Plasma insulin, adiponectin, leptin, and non-esterified fatty acids (NEFA) levels ad libitum fed 8-week-old 
male mice (n = 7-9; bars represent mean ± SEM). 
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remain intact in vivo, even though p-AKT-T308 is reduced [Figure II-7A].  

However, phosphorylation of PRAS40 at T246 was reduced in RictorPrx1-Cre 

SWAT. Since PRAS40 is a negative regulator of mTORC1 and T246-PRAS40 

phosphorylation releases the inhibition, decreased p-T246-PRAS40 could explain 

the concomitant reduced phosphorylation of a direct mTORC1 substrate p-S6K1-

T389 [Figure II-7A].  I did not observe this effect in vitro [Figure II-1F and S7B] or 

in vivo when Rictor is deleted in mature adipocytes with Adiponectin-Cre (Tang et 

al. 2016), suggesting the mTORC1 signaling defect was a secondary effect 

caused by reduced AKT2 induction during differentiation and therefore, reduced 

total AKT signaling. 

 

I next asked whether SWAT lipid-handling genes require Rictor during 

development for their expression in vivo.  This was indeed the case for all of the 

Rictor-required anabolic and catabolic lipid metabolism genes as well as their 

products that I examined and that were previously identified by RNA-seq in 

primary cells [Figure II-7A, 7B]. Adiponectin, however, was reduced in expression 

in vivo but not in the primary cell model [Figure II-7B].  This is consistent with 

previous observations showing that adiponectin levels may be sensitive to 

prolonged adipocyte Rictor loss in vivo (Cybulski et al. 2009; Tang et al. 2016).  

Notably, SWAT primary SVF preadipocytes isolated from Rictorprx1-Cre mice and 

differentiated in vitro also showed reduced lipid accumulation [Figure II-S7C], 

decreased lipogenic and TAG synthesis gene and/or protein expression [Figure 
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II-S7D and S7E], and decreased AKT2 expression [Figure II-S7D and S7E] after 

differentiation.  Moreover, Adiponectin mRNA expression was unaffected in 

primary RictorPrx1-Cre preadipocytes that are differentiated [Figure II-S7E], 

consistent with down-regulation of Adiponectin mRNA occurring secondary to 

Rictor loss.  Consistent with previous data, Rictor-deficient SWAT also had 

defective insulin-stimulated glucose uptake and increased basal lipolysis [Figure 

II-S7F and S7G].  These data confirmed the physiological relevance of our in 

vitro findings and the role of mTORC2 in establishing the lipid handling capacity 

of SWAT.   

  

In our previous study of RictorAdipoq-Cre mice, in which Rictor was deleted in 

mature adipocytes rather than in precursors like this study, the expression of the 

PPAR target genes Cd36, Lpl and Fabp4 were unchanged between the control 

and Rictor-deficient SWAT depots when mice were eating standard chow ad 

libitum (Tang et al. 2016).  Reasoning that the difference could be explained by 

SWAT development placing a greater demand on mTORC2-regulated PPAR 

activity, I wondered whether challenging RictorAdipoq-Cre mice to store more lipid in 

SWAT would reveal the PPAR gene expression defects.  To this end, I re-

examined PPAR gene expression in RictorAdipoq-Cre mice that were refed 

following a fast or given a high fat diet.  Indeed, challenging RictorAdipoq-Cre mice 

with a prolonged fast followed by 6 hours of refeeding resulted in 36%, 50% and 

60% reductions in Cd36, Lpl, and Dgat2 expression respectively, corresponding 
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to a 33% reduction in tissue mass relative to controls [Figure II-7C and 7D].  

Similarly, placing RictorAdipoq-Cre on high fat diet (HFD) for 12 weeks failed to 

increase Cd36, Lpl, and Fabp4 expression in the Rictor knockout fat [Figure II-

7E], consistent with reduced adipose tissue lipid accretion and overall smaller 

adipocytes [Figure II-7F] (Tang et al. 2016).  I concluded that mTORC2 is 

required to maximally stimulate expression of PPAR-dependent lipid storage 

genes in subcutaneous white adipocytes when they are challenged with 

physiological states that draw high demand on lipid storage pathways, such as 

tissue development, refeeding after a fast, and chronic obesogenic diets.  



 73 

 

Figure II-7 Rictor regulates expression of lipid handling genes during SWAT growth. A Western blot of 
lysates from the subcutaneous white adipose tissue (SWAT) of 8-week-old control and RictorPrx1-Cre mice. 
N= 3. B Relative mRNA expression by RT-PCR of indicated genes from SWAT of 8-week-old control and 

RictorPrx1-Cre mice (N = 6-8; data represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001). C Tissue weight 
of SWAT of 8-week-old control and RictorAdipoq-Cre mice refed for 6 hours following 24-hour fasting (N = 8; 
data represent mean ± SEM; ***p < 0.001). D Relative mRNA expression by RT-PCR of indicated genes 
from SWAT of 8-week-old control and RictorAdipoq-Cre mice refed for 6 hours following 24-hour fasting (N = 

8; data represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001). E Relative mRNA expression by RT-PCR 
of indicated genes from SWAT of control and RictorAdipoq-Cre mice after 12-week HFD or standard chow (SC) 
feeding (N= 7-8; data represent mean ± SEM; *p < 0.05, **p < 0.01; a: p < 0.05 when HFD samples were 
compared to SC samples). F H&E stains of SWAT from control and RictorAdipoq-Cre mice after 12-week HFD or 

chow (SC) feeding (scale bar = 100 m). 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Figure II-S7. Rictor is also required in special conditions in mature adipocytes for lipid metabolic 
gene expression, related to Figure 7. A Relative mRNA expression by RT-PCR of Akt isoforms in SWAT 
from 8-week-old control and RictorPrx1-Cre mice (N= 6-7; data represent mean ± SEM; **p < 0.01).  
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Rictor deletion in SWAT protects the mice from HFD-induced obesity and insulin 

resistance. 

Previous studies show that SWAT has a protective effect against insulin 

resistance in both human and mouse models (McLaughlin et al. 2011; Booth et 

al. 2018; M. T. Foster et al. 2013). Next, we asked if selective SWAT 

lipodystrophy will aggravate high fat diet (HFD)-induced metabolic disturbances. 

To explore this, we fed both control and RictorPrx1-Cre mice a 60% HFD for 12 

weeks starting at 8 weeks of age and compared them with age-comparable 

standard chow diet (SCD)-fed mice. RictorPrx1-Cre male mice consuming SCD for 

20 weeks weighed 10 % less compared to control mice. Interesting, RictorPrx1-Cre 

mice were resistant to HFD-induced weight gain and are grossly leaner [Figure II-

8A and 8C]. When relative weight gains were compared, RictorPrx1-Cre mice fed 

with HFD gained only 3.2 grams in average compared to chow-fed mice, which 

was ~45% less than the weight gain in control [Figure II-8A]. Similarly, the female 

RictorPrx1-Cre mice were also resistant to diet-induced weight gain [Figure II-8B]. 

Figure II-S7 (Cont.) B Western blot of total and phospho-S6K1 in lysates from controls and Rictor-
iKOprimary cells at indicated time points during adipogenesis. C Oil Red O (ORO) staining of 
differentiated primary preadipocytes isolated from control and RictorPrx1-Cre mice. D Western blot of 
lysates from differentiated primary preadipocytes isolated from control and RictorPrx1-Cre mice. Each 
sample is from an individual mouse with the indicated genotype. E Relative mRNA expression by RT-
PCR of indicated genes from differentiated primary preadipocytes isolated from control and 
RictorPrx1-Cre mice (N= 8; data represent mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001). F 3H-2-
Deoxyglucose uptake (3H-2-DG) of SWAT and VWAT with or without insulin (ins) stimulation from 
control and RictorPrx1-Cre mice. Data represent mean ± SEM; **p < 0.01. b: p < 0.01 while its fasted 
counterpart is compared; c: p < 0.001. G Lipolytic function measured by glycerol release from SWAT 
and VWAT with or without isoproterenol (iso) stimulation from control and RictorPrx1-Cre mice. Data 
represent mean ± SEM; **p < 0.01. a: p < 0.05 while its counterpart under basal condition is 
compared; b: p < 0.01. 
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The control and RictorPrx1-Cre mice consumed comparable amount of food [Figure 

II-8D] and defecated similar amount of lipid in feces, which is determined by fecal 

glycerol content [Figure II-8E]. When relative depot mass-to-body weight ratio 

was calculated, the percentage of adipose tissue weight increased in every 

analyzed depot in response to 12-week HFD feeding [Figure II-8G]. The 

percentage of SWAT mass in RictorPrx1-Cre male mice was 70% less than the 

SWAT of control mice fed with HFD. VWAT in RictorPrx1-Cre mice, on the other 

hand, was trending increased under HFD [Figure II-8F and 8G]. The 

compensatory increase in VWAT and BAT masses (in which Rictor is present) of 

RictorPrx1-Cre mice fed a chow diet was significant under chow condition, and HFD 

feeding blunted this effect [Figure II-8G]. Consistently, histology showed that 

HFD feeding increased general adipocyte size in the control SWAT [Figure II-

8H]. The SWAT from RictorPrx1-Cre mice contained more smaller adipocytes, and 

the cell size did not respond as significantly as that in control depot [Figure II-8H]. 

No significant histology change was detected in neither VWAT nor BAT [Figure 

II-8I]. Western blot confirmed Rictor deletion and phospho-AKT-S473 ablation 

selectively in SWAT [Figure II-8J]. There were no differences in liver, pancreas 

and muscle tissue-to-body weights [Figure II-8K], and the liver TAG contents 

were similar between control and RictorPrx1-Cre mice under either SCD or HFD fed 

condition [Figure II-8L].  
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Figure II-8 Basic Rictor deletion in SWAT protects the mice from HFD-induced obesity and insulin 
resistance. A-B Growth curves of male (A) and female (B) control and RictorPrx1-Cre mice fed with standard 
chow diet (SCD) or high fat diet (HFD) (N = 5-14; data represent mean ± SEM). lower panel: weight gain in 
average compared to the weight at 8 weeks of age. C A representative picture of control and RictorPrx1-Cre 
mice fed with HFD. D Food intake of SCD or HFD-fed mice. Data represent mean ± SEM. E Fecal glycerol 
content of indicated mouse group. Data represent mean ± SEM. F Representative images of the indicated 
fat depots from HFD-fed mice. G Tissue weight relative to body weight of subcutaneous white adipose 
tissue (SWAT), visceral white adipose tissue (VWAT) and brown adipose tissue (BAT). Data represent 

mean ± SEM. ∗p < 0.05, ***p < 0.001). c:  p<0.001 when compared to its SCD-fed counterpart. 
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HFD-fed RictorPrx1-Cre mice have better systemic glucose tolerance 

Next, we explored how deleting Rictor in SWAT affects systemic health. 

12-week HFD exposure induced systemic insulin resistance in control male mice. 

RictorPrx1-Cre male mice developed mild insulin resistance on SCD, and HFD 

feeding did not exacerbate the insulin intolerance [Figure II-9A]. These mice were 

also protected from diet-induced glucose intolerance [Figure II-9B]. In female 

mice, the Rictor deletion effects on insulin sensitivity and glucose tolerance were 

not as significant as those seen in the male mice [Figure II-9C and 9D]. Unlike 

the male mice, 20-week-old female RictorPrx1-Cre mice were not relatively insulin 

resistant compared to control mice, which is similar to 8-week-old female mice on 

SCD [Figure II-S6B]. HFD induced significant insulin resistance in both control 

and RictorPrx1-Cre female mice [Figure II-9C]. Moreover, female RictorPrx1-Cre mice 

were slightly protected from diet-induce glucose intolerance [Figure II-9D]. These 

results suggested that the sex differences proceeded through aging and diet 

challenges. We further explored how Rictor loss in SWAT mechanistically caused 

these phenotypes in male mice. Interestingly, Rictor deletion in SWAT promoted 

diet-induced Ucp1 mRNA and protein expression [Figure II-9E and 9F]. It is 

consistent with the finding in brown adipose tissue in which Rictor deletion 

increases diet-induced UCP1 expression and thermogenesis (Hung et al. 2014a; 

Figure II-8 (Cont.) H H&E stains of SWAT (scale bar = 100 m). right panel: size distribution of 

adipocytes in SWAT. I H&E stains of VWAT and BAT (scale bar = 100 m). J Representative western 
blot of lysates from SWAT and VWAT of SCD- or HFD-fed control (WT) and Rictorprx1-Cre (KO) mice. N 
= 2. K Tissue weight relative to body weight of liver, pancreas and muscle. Data represent mean ± 
SEM. L Liver TAG content. Data represent mean ± SEM. ns: not significant. 
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Jung et al. 2019). We also determined the inflammatory status of these depots 

since adipose tissue inflammation also contributes to insulin resistance in obese 

mice (Guilherme et al. 2008; Verboven et al. 2018). HFD feeding increased 

F4/80 mRNA level, a marker of adipose tissue macrophage, in both SWAT and 

VWAT from control and RictorPrx1-Cre mice, with no significant differences between 

genotypes [Figure II-9G]. It suggested that the protective effect on HFD seen in 

RictorPrx1-Cre mice might not be attributed to decreased tissue inflammation. More 

detailed works need to be done to address this correlation. 
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Deleting Akt1 in subcutaneous adipocyte precursors causes mild lipogenic defect 

selectively in female mice. 

Previous in vitro studies showed that AKT1 is required for adipogenesis in 

white (Yun et al. 2008) and phosphomimetic AKT1-S473D mutant, not AKT2-

S474D, rescued Rictor-KO lipogenic defect [Figure II-5A] (Calejman et al. 2020; 

Hung et al. 2014b). However, how AKT1 regulates white adipose tissue 

development is unclear. Therefore, I generated Prx1-Cre;Akt1fl/fl mice (Akt1Prx1-

Cre) to examine this in both male and female mice.  Akt1Prx1-Cre mice weighed 

similarly when compared to control mice [Figure II-10A]. Interestingly, AKT1 was 

required for SWAT growth in vivo, but only in female mice as SWAT mass and 

individual SWAT adipocyte size were smaller selectively in Akt1Prx1-Cre female 

mice but not in males [Figures II-10B and 10C]. I confirmed Akt1 deletion in 

SWAT from Akt1Prx1-Cre by mRNA expression [Figures II-10D], without 

compensatory overexpression of other Akt isoforms [Figures II-10E]. I also 

confirmed AKT1 protein ablation specifically in mature adipocytes by analyzing 

the floating fraction of the tissue, in which mature adipocytes were enriched 

Figure II-9 Rictorprx1-Cre male mice are protected from diet-induced glucose intolerance. A-D insulin 
tolerance test (ITT) in male (A) and female (C) mice and glucose tolerance test (GTT) in male (B) and 
female (D) mice. right panel: area-under-curve of indicated curve (data represent mean ± SEM; *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). E Relative mRNA expression of Ucp1 in SWAT and 
VWAT of standard chow diet (SCD) or HFD (high fat diet)-fed control and Rictorprx1-Cre mice. Data 
represent mean ± SEM; *p < 0.05; a: p < 0.05 when compared to its SCD counterpart, c: p < 0.001. F 
Western blot of lysates from SWAT of control and Rictorprx1-Cre (KO) mice fed with SCD or HFD. N = 3. 
SE: a film with shorter exposure, LE: a film with longer exposure. G Relative mRNA expression of F4/80 
in SWAT and VWAT of standard chow diet (SCD) or HFD (high fat diet)-fed control and Rictorprx1-Cre 
mice. Data represent mean ± SEM. a: p < 0.05 when compared to its SCD counterpart, b: p < 0.01. 
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[Figures II-10F]. This female-specific SWAT growth defect may be more related 

to a de novo lipogenesis defect because Chrebpb, Acly, and Acaca mRNA, and 

ACLY, ACC, and FASN protein levels were decreased in Akt1Prx1-Cre female 

SWAT [Figures II-10G and 10H], but PPAR levels and the expression of Cd36, 

Lpl, Glut4, Scd1 and Fabp4 were normal [Figures II-10I]. No significant change in 

DNL or PPAR target gene expression was detected in Akt1Prx1-Cre male SWAT 

[Figures II-10J and 10K]. Thus, the phenotypes seen in Akt1Prx1-Cre female mice 

suggested that AKT1 was required for maximal induction of de novo lipogenesis 

in vivo. 
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2.3 Discussion 

In this study, I investigated the role of mTORC2 in SWAT development.  

My findings supported a model in which differentiating subcutaneous white 

adipocytes required Rictor/mTORC2 to establish maximum lipid handling 

capacity during development.  This was mediated in part by positively regulating 

PPAR-activity towards specific genes that encode regulators of lipid storage, 

which may occur independently or downstream of ChREBP, and likely acted 

through AKT signaling.  Moreover, mTORC2 was required for maximum PPAR 

target gene expression in mature subcutaneous white adipocytes particularly 

during dietary challenges that promoted rapid lipid storage and adipose tissue 

growth, such as consuming a high fat diet.  Thiazolidinedions (TZDs), which are 

drugs used to treat Type 2 diabetes, work by binding and stimulating PPAR, but 

they have negative side effects including potential heart failure (Cariou, 

Charbonnel, and Staels 2012).  Thus, our study may help identify alternative 

Figure II-10 Akt1Prx1-Cre female mice have mild lipogenic defect. A Body weight of 8-week-old control and 
Akt1Prx1-Cre mice. Data represent mean ± SEM. B Adipose tissue weight relative to body weight from male 
(left panel) and female (right panel) 8-week-old control and Akt1Prx1-Cre mice. Data represent mean ± SEM; 
*p < 0.05. C Representative H&E stains of SWAT from 8-week-old control and Akt1Prx1-Cre female mice 

(scale bar = 100 m). right panel: cell size distribution in indicated SWAT calculated from the H&E stains. 
D-E Relative mRNA expression by RT-PCR of Akt isoforms of isolated SVFs (S) and floating fractions from 
SWAT of control (W) and Akt1Prx1-Cre (K) mice. Data represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 
0.001. H Adipocyte size distribution in indicated depot (N = 4; more than 100 adipocytes were calculated 
from each mouse; data represent mean ± SEM). F Western blot of lysates from floating fractions of SWAT 
from control and Akt1Prx1-Cre mice. N = 3. G Western blot of lysates from SWATs of control and Akt1Prx1-Cre 
mice. N = 4. Data represent mean ± SEM. *p < 0.05. H-K Relative mRNA expression by RT-PCR of indicated 
genes from SWAT of control and Akt1Prx1-Cre male (H and I) and female (J and K) mice. Data represent 
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. 
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mechanisms to stimulate PPAR activity and/or safe lipid storage in 

subcutaneous fat, which is more metabolically favorable than storing lipid in 

visceral fat or non-adipose tissue.  

 

In contrast to my current findings in white adipose tissue, Rictor is required 

for PPAR mRNA induction in a brown preadipocyte differentiation model, and 

therefore, Rictor-deficient brown preadipocytes are completely incapable of 

differentiating and synthesizing lipid droplets when subjected to standard in vitro 

differentiation assays.  In brown preadipocytes, this is linked to a deficiency in 

ATP citrate lyase (ACLY) phosphorylation (S455) and acetyl-coA production. 

This phenotype is partially rescued by overexpressing recombinant ACLY, and 

completely rescued by overexpressing the phosphor-mimetic construct ACLY-

S455D (Calejman et al. 2020). A recent study using a non-adipocyte model 

(primary bovine mammary epithelial cells) also reports blocked PPAR2 

expression when Rictor is knocked down by shRNA (Guo et al. 2019).  

Consistent with the brown and white preadipocyte differentiation models showing 

different requirements for mTORC2 (i.e. Rictor is not required for PPAR2 mRNA 

induction here), overexpressing ACLY-S455D did not rescue gene expression 

and lipid accumulation defects in the Rictor-deficient subcutaneous white 

preadipocytes in this study.  One explanation for why these brown and white 

adipocyte differentiation models differ is that they are different cell types derived 

from the natural precursor cell population in their respective depots (i.e. 
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interscapular BAT and inguinal WAT).  Alternatively, the brown preadipocytes are 

immortalized using the SV40-Large T antigen protocol (Fasshauer et al. 2000), 

which could change the metabolic requirements for PPAR induction.  

Determining how mTORC2 signaling regulates metabolism and gene expression 

across different cell types is an important ongoing area of research.   

 

How might mTORC2 regulate PPAR activity? One possibility is that a 

PPAR post-translational modification(s), such as phosphorylation, acetylation, 

SUMOylation, or O-GlcNAcylation, could be sensitive to mTORC2 signaling 

(Brunmeir and Xu 2018).  For example, phosphorylation of PPAR increases or 

decreases its activity depending on the sites and the upstream regulators (Choi 

et al., 2014, 2010; Compe et al., 2005; Helenius et al., 2009; Hu et al., 1996; 

Iankova et al., 2006). Acetylation of PPAR, on the other hand, has been shown 

to positively regulate lipid synthesis (Tian et al. 2014). Another possibility is that 

mTORC2 regulates the ability of PPAR to bind certain co-factors (Miard and 

Fajas 2005), which could include histone acetyltransferases (HATs) or 

deacetylases (HDACs) (Miard and Fajas 2005).  mTORC2 could also regulate 

PPAR’s ability to bind certain targets by affecting the chromatin landscape or 

chromatin remodeling factors, evidenced by decreased H3K9ac in Rictor KO 

PPREs shown here. The detailed mechanisms of how mTORC2 regulates 

PPAR activity requires more investigation. 
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Another interesting finding in our study was that male and female mice 

respond differently to Prx1-Cre mediated Rictor deletion with respect to fat re-

distribution and insulin sensitivity.  For example, only male RictorPrx1-Cre mice 

developed insulin resistance.  Interestingly, while RictorAdipoq-Cre mice did not 

exhibit lipodystrophy, they are also insulin resistant, and this is more pronounced 

in male mice (Tang et al. 2016; Yu et al. 2019).  Thus, adipose mTORC2 may 

play a greater role in controlling systemic insulin sensitivity in males than in 

females, and the SWAT may be particularly important to this phenomenon.  The 

mechanism controlling this is currently unknown.  However, these observations 

add to the growing appreciation for sex differences in adipose tissue metabolic 

regulation.  For example, female Adiponectin-Cre;Aclyfloxed mice were recently 

reported to have a more severe metabolic phenotype than their male KO 

counterparts (Fernandez et al. 2019).  Understanding sex differences in adipose 

tissue metabolism is an exciting ongoing research area. 

One limitation of our study is that Prx1-Cre to targets other cell lineages in 

addition to SWAT including some bone lineages and marrow adipocytes.  

Importantly for this study however, Prx1-Cre does not target precursors of brown 

fat or visceral white fat (Sanchez-Gurmaches, Hsiao, and Guertin 2015; Krueger 

et al. 2014).  To the best of our knowledge, there are no other Cre-drivers that 

selectively target SWAT precursor cells in this manner.  Our use of three different 

in vitro differentiation models that exhibit overlapping phenotypes with each other 

and the in vivo model, including primary SVF preadipocytes from the RictorPrx1cKO 



 87 

mice, greatly strengthens the ability to distinguish the mTORC2 functions that are 

specific to SWAT.  Nevertheless, effects caused by Rictor loss in non-adipose 

tissue cells cannot be ruled out in the in vivo model.  Unfortunately, there is also 

no reciprocal Cre driver that is as efficient at targeting only the VWAT precursors.  

Therefore, I cannot make conclusions about how mTORC2 might function in 

VWAT development. 

 Overall, our study reveals previously unknown mTORC2 functions in 

regulating SWAT growth, adipose tissue gene expression, and sex dependent 

metabolic homeostasis. These conclusions may have important implications for 

understanding and treating Type 2 diabetes and other obesity related metabolic 

diseases.  

(The discussion for Figure II-8 – II-10 is in Chapter IV) 
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2.5 Materials and Methods 

Cell Culture 

I utilized the white preadipocytes residing in stromal vascular fraction (SVF) 

of Ubc-CreERT2;Rictorfloxed  mice for in vitro studies. The SVFs are isolated by 

digesting the inguinal WAT in digestion buffer (123 mM NaCl, 5 mM KCl, 1.3 mM 

CaCl2, 5 mM glucose, 100 mM HEPES, 1% antibiotics and 4% BSA at pH 7.4 

containing 1.5 mg/mL of collagenase A). The isolated cells were cultured directly 

as primary cells or immortalized by 3T3 immortalization protocol as previously 

described to generate cell lines (Tang et al. 2016). Cells were maintained in 

25mM glucose (high-glucose), pyruvate and glutamine-containing DMEM in 

incubators at 37°C and 5% CO2. For adipocyte differentiation (Zebisch et al. 

2012), cells were seeded at medium density and allowed to proliferate to 

confluence in the presence of high-glucose DMEM containing 10% FBS and 

1% antibiotics (called complete medium). Two days after the cells reached 

confluency, cells were induced to differentiate by adding induction media (high-

glucose DMEM containing 10% FBS, 1% antibiotics, 100 nM insulin, 

2 μg/mL dexamethasone, 0.5mM 3-isobutyl-1-methylxanthine (IBMX) and 1 nM 

Rosiglitazone) for 2 days and the medium was replaced with complete medium 

containing 100 nM insulin for another two days and the cells were maintained in 

complete medium since then until day 8. Deletion of Rictor in preadipocytes was 

achieved by treating the cells with one dose of 4-hydroxytamoxifen (4-OHT, 1μM) 

for two constitutive days before induction for early deletion as previous described 

https://www.sciencedirect.com/topics/medicine-and-dentistry/eagles-minimal-essential-medium
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antibiotics
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dexamethasone
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ibmx
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(Hung et al. 2014b; Tang et al. 2016). The cells were exposed to 4-OHT for only 

2 days before differentiation and remained 4-OHT-free thereafter, which also 

minimizes the effects of 4-OHT on the cells. For Rictor deletion in differentiating 

adipocytes (Ad-Rictor-iKO), 4-OHT was supplemented in culture medium for two 

constitutive days from D2 to D4 after the differentiation was induced. Control 

cells received equivalent volume of ethanol (EtOH) as vehicle-treated controls. 

SVF isolated from Ubc-CreERT2 mice was treated either by EtOH or 4-OHT to 

address the effect of Cre. At different time points during differentiation, cells were 

collected for protein, mRNA or Oil-Red-O staining analysis. To analyze the 

signaling, cells were serum starved in high-glucose DMEM for 3 hours and 

stimulated with 100 nM insulin for 15 minutes.  

 

Immunofluorescence and LipidTOX staining 

Cells seeded on coverslips were fixed with iced-cold methanol at -20C for 

15 min. Fixed cells were then blocked with PBS containing 3% BSA and 0.3% 

Triton for 30 min at room temperature, and incubated with primary anti-perilipin 1 

(CST, 1:200 diluted in 1% BSA and 0.1% Triton) at 4°C overnight. After washed 

with PBS three times, the coverslips were stained with secondary antibodies 

(AlexaFluor-488-conjugated goat anti-rabbit IgG, Invitrogen, 1:400) mixed with 

HCS LipidTOX deep red neutral lipid stain (Invitrogen, H34477) at room 

temperature for an hour followed by DAPI staining and mounted on glass slides 

with Prolong Gold. Cells were examined with a laser-scanning microscope (Zeiss 
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Axio imager). At least 6 images were obtained for each condition and the images 

were analyzed by ImageJ. 

 

Oil Red O staining 

The differentiated cells were washed three times with PBS and fixed with 10% 

buffered formalin at 4 °C overnight. Cells were incubated in propylene glycol and 

then stained with a filtered Oil Red O solution (0.5% Oil Red O in propylene 

glycol) for 10 min at 37 °C, washed with 85% propylene glycol and three times 

with distilled water, and visualized under a microscope (Zeiss). Oil Red O 

contents were then quantified by direct extraction of Oil Red O from stained cells 

using isopropanol and absorbance at 510 nM using a microplate reader (Tecan 

Safire2). 

 

Western blot analysis and immunoprecipitation assays 

Cells were harvested in cold PBS and lysed in protein lysis buffer (1% Triton X-

100, 50 mM HEPES at pH 7.4, 150 mM NaCl, 5% glycerol, 2 mM EDTA, 

protease/phosphatase inhibitor cocktails). For immunoblot analysis of surgically 

dissected fat tissue depots, tissues were homogenized and lysed in RIPA buffer 

(150 mM NaCl, 50 mM HEPES at pH 7.4, 0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, 0.5% Na-deoxycholate) containing protease and phosphatase inhibitor 

cocktails. For floating fractions from depots, WATs were digested in digestion 

buffer (123 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM glucose, 100 mM 
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HEPES, 1% antibiotics and 4% BSA at pH 7.4 containing 1.5 mg/mL of 

collagenase A). and were centrifuged at 500g for 10 minutes in cold. The upper 

layers were obtained as floating fractions. Protein lysates were mixed with 5X 

SDS sample buffer and boiled, separated by SDS-PAGE, transferred to 

polyvinylidene difluoride (PVDF) membrane filters and subjected to immunoblot 

analysis. Antibodies used in this study are listed in Appendix I. 

 

Gene expression analysis 

Total RNA was isolated from cells or tissues using QIAzol (QIAGEN, #79306) 

and an RNeasy kit (QIAGEN). Equal amounts of RNA were retro-transcribed to 

cDNA using a High capacity cDNA reverse transcription kit (#4368813, Applied 

Biosystems). Quantitative RT-PCR (qRT-PCR) was performed in 10 μL reactions 

using a StepOnePlus real-time PCR machine from Applied Biosystems using 

SYBR Green PCR master mix (#4309156, Applied Biosystems, or 2XUlrtraSYBR 

from CWBio) according to manufacturer instructions. TATA-box binding protein 

(Tbp) gene expression was used as a normalization gene in all conventional RT-

PCR experiments. Data analysis was performed on web-based software 

provided by the manufacturer. Primer sequences are shown in Appendix II.  

 

RNA-sequencing (RNA-seq) 

RNAs were extracted from primary culture cells as described. Extracted RNA 

(3ug) was processed for mRNA isolation using NEBNext Poly(A) mRNA 
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Magnetic Isolation Module (NEB, #E7490). Isolated mRNA was used to generate 

a cDNA library using NEBNext Ultra II Directional RNA Library Prep Kit for 

Illumina according to the manufacturer’s instructions. For the multiplex purpose, 

the libraries were barcoded using commercially available primers for Illumina 

system (NEB). The quantity and quality were checked using Qubit and a 

fragment analyzer (a service provided by Molecular Biology Core Lab, MCBL at 

UMMS), respectively. The sequence was done by paired end read 100 bases 

using HiSeq 4000. 

 

Bioinformatics analysis 

With star_2.5.3a (Dobin et al. 2013), paired-end reads were aligned to mouse 

genome mm10 (GRCm38.p6), which is annotated with Ensembl annotation 

GRCm38.94 (Zerbino et al. 2018).  Aligned exon fragments with mapping quality 

higher than 20 were counted toward gene expression with featureCounts_1.5.2 

(Liao, Smyth, and Shi 2014). Differential expression (DE) analysis was performed 

with DESeq2_1.20.0 (Love, Huber, and Anders 2014). Within DE analysis, 

mouse was taken as a known batch variable. Also, 'ashr' was used to create log2 

Fold Change (LFC) shrinkage for each comparison (Stephens 2017). Significant 

DE genes (DEGs) were filtered with the criteria FDR < 0.05 and absolute log2 

fold change (|LFC|) > 0.485 (fold change > 1.4). Gene set enrichment analysis 

was performed using DAVID Bioinformatics Resources online (D. W. Huang, 
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Sherman, and Lempicki 2009a; 2009b) and ChIP-atlas for transcription factor 

interaction (Oki and Ohta 2016). 

 

Chromatin immunoprecipitation (ChIP) analysis 

Nuclei were isolated using nuclei preparation buffer supplemented with protease 

inhibitor and deacetylase inhibitor (Trichostatin A, TSA), and nuclei were pelleted 

by centrifugation. Cells were cross-linked with 1% paraformaldehyde for 10 

minutes at room temperature and quenched for 10 minutes by adding 0.125 M 

glycine. After three washes with cold PBS, cells were lysed with lysis buffer (1% 

SDS, 20 mM EDTA pH8, 50 mM Tris-HCl pH8) supplemented with protease 

inhibitor and deacetylase inhibitor and placed on ice for 10 minutes. Fractionation 

of chromatin was done by Bioruptor (setting: 2 cycles, 15 minutes each with high 

intensity 30-30 seconds on-off interval). ChIP was done using the indicated 

primary antibodies and incubated overnight. Pull down of antibody-bound 

fragments was done by adding agarose protein G beads (Prometheus), followed 

by serial washes two times each with RIPA low salt buffer (0.1% SDS, 1% Triton 

x-100, 1 mM EDTA, 2 0mM Tris-HCl pH 8, 140 mM NaCl and 0.1% Na 

Deoxycholate), RIPA high salt buffer (0.1% SDS, 1% Triton x-100, 1 mM EDTA, 

2 0mM Tris-HCl pH 8, 500 mM NaCl and 0.1% Na Deoxycholate), LiCl buffer 

(250 mM LiCl, 0.5% NP40, 0.5% Na Deoxycholate, 1 mM EDTA, 10 mM Tris-HCl 

pH8) and TE buffer (10mM Tris-HCl pH8 and 1 mM EDTA). DNA fragments were 

eluted by 100 mM NaHCO3 and 1% SDS, uncrosslinked, and treated with 
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protease K and RNase. Fragments were eluted by phenol-chloroform extraction. 

Eluted fragments were analyzed by RT-PCR using the primers listed in Appendix 

II. 

 

Luciferase Reporter Gene assay 

The luciferase reporter containing PPRE (PPRE X3-TK-luc) was a gift from Bruce 

Spiegelman(Kim et al., 1998). The PPRE-firefly luc-containing plasmid is 

transiently co-transfected with RL-TK (containing Renilla-Luc as reference for 

transfection efficiency) into preadipocytes. Rictor was deleted 24 hours after the 

transfection and differentiation was done as previously described. At day 2 of 

differentiation, cells were lysed and enzymic reactions were done using Dual 

Luciferase Reporter Assay (DLR from Promega). The relative firefly 

luciferase/Renilla luciferase signals were determined by a microplate reader 

(Tecan Safire2). 

 

Construction of overexpression by retroviral infection 

To generate retroviruses, HEK293T cells were transfected with pMSCV-retroviral 

vectors subcloned with PPARg2, ChREBPa, ChREBPb, SREBP1n, ACLY with 

mutants, and AKT with mutants in combination with the retroviral packaging DNA 

(pCL-Ampho). Culture media was changed 12 hours after transfection and the 

virus-containing supernatant was collected 48 hours after transfection and 

passed through a 0.45 μm (PVDF) filter. Preadipocytes were transduced in 
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medium containing 8 μg/mL of polybrene by centrifugation at 1700 RPM for 

30 min. After 24 hours, cells were subjected to antibiotic selection and future 

analysis. The plasmids used in this study are listed in Appendix I. 

 

Glucose uptake measurement 

Cells were preincubated for 3 h in KRH medium without glucose (120 mM NaCl, 

5 mM KCl, 1.3 mM CaCl2, 1.3 mM MgSO4, 1.3 mM KH2PO4 and Hepes 25mM 

with pH 7.4 plus 0.5% BSA + 2 mM pyruvate). For insulin stimulated group, cells 

were treated with 100 M insulin for 15 minutes at the end of incubation. Deoxy-

D-glucose 2-[1,2-3H(N)] mixed with unlabeled 2-DOG was then added, and 

incubation was continued for an additional 10 min. The medium was then 

removed and cells were washed three times with KRH medium without glucose 

and BSA to terminate the assay. Cells were then lysed in 1% triton, mixed with 

scintillation buffer, and the uptake of 3H glucose was quantified in counts per 

minute (cpm) using a scintillation counter. The cpm values were normalized to 

the protein concentration of each sample. For in vivo glucose uptake 

measurement, mice were fasted for 6 hours and were received an intraperitoneal 

injection of 10 mCi of Deoxy-D-glucose 2-[1,2-3H(N)] in a total volume of 150 mL. 

Two hours following the injection, mice were euthanized and tissue samples 

were collected, weighed and homogenized. Specific fractional uptakes of 3H-

deoxyglucose were determined by scintillation counter. 
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De novo lipogenesis assay 

Cells were incubated with 25 mM DMEM in which 0.01% of the total glucose 

concentration of the medium was comprised of D-[U-14C]-glucose for three days. 

Chloroform extraction was performed, and labeled lipids were measured using a 

scintillation counter. Each sample was normalized to total protein concentration. 

 

BODIPY FL C16 uptake 

BODIPY FL C16, a fluorescence analogue of palmitic acid, were utilized for 

measuring lipid uptake as previously described (Dubikovskaya et al. 2014). 

Primary preadipocytes were cultured and induced into differentiation as 

previously described. At the end of differentiation, cultured medium was replaced 

by HBSS with 0.1% fatty acid free BSA containing 2 M BODIPY FL C16 and the 

cells were incubated for 10 minutes or 30 minutes. The reaction was stopped by 

washing with cold PBS with 0.2% BSA. Cells were then trypsinized and diluted 

with FACS buffer (HBSS with 10% FBS, 10 mM EDTA, 50 g/mL 

propidium iodide) and proceeded to FACS analysis (LSRII A-5 Laser).  

 

Glycolytic stress test  

Glycolytic ability was measured using a Seahorse XFe96 analyzer (Agilent 

Technologies). Mouse primary preadipocytes were seeded in a XFe96 cell 

culture microplate (Agilent Technologies) and differentiation was induced as 

previously described. At differentiation day 8, cells were washed and incubated 
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with assay medium for 1 h at 37°C in a CO2-free incubator. Plates were then 

transferred to a Seahorse Bioscience XFe96 analyzer. Extracellular acidification 

rate (ECAR) were measured at baseline, followed by adding 10 mM glucose, 

oligomycin (1.5 M), and 50 mM 2-deoxyglucose. indicates glycolytic capacity. 

The ECAR was normalized to cell number determined by CytationTM 5. 

 

Measurement of lipolysis in adipose tissue 

For measurement of lipolysis, cultured adipocytes or adipose tissues from mice 

were harvested and incubated in DMEM with or without isoproterenol at 10 M 

for 4 or 6 hours and the medium were collected to measure glycerol 

concentration using commercial kit (Free glycerol reagent, Sigma). The glycerol 

level was normalized with protein concentration of the tissue mass. 

Histone extraction 

Cells were washed 2 times with PBS and lysed with Triton extraction buffer (PBS 

containing 0.5% Triton X 100, protease inhibitor and 1 μM TSA) for 10 minutes at 

4°C with gentle swirling. Lysates were pelleted and the pellets were resuspended 

in 0.2N HCl and incubated at 4°C overnight. Centrifugation was done in the next 

day and supernatants were collected for western blots. 

 

Mice and Mice Housing 

Rictor-floxed mice were described previously (Shiota et al. 2006) and were 

crossed with mice expressing either Prx1-Cre (JAK #005584), Adiponectin-Cre 
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(JAK #028020) or Ubc-CreERT2 (JAX #007001) mice to generate conditional or 

inducible KO models. Akt1-floxed mice were kindly provided by Dr. Morris 

Birnbaum in University of Pennsylvania. Floxed Cre-negative mice were used 

as controls. All the mice were in C57BL/6 background. The mice used for all 

studies were between 8–20 weeks old. Mice were housed in the Animal 

Medicine facilities of the UMMS in a clean room set at 22°C and 45% humidity 

under daily 12h light/dark cycles in ventilated racks with cages changed every 

two weeks, and fed a normal chow diet (Prolab® Isopro® RMH 3000) from Lab 

Diet ad libitum. For HFD challenge, diet was switched from normal chow to 

60% HFD (D12492 Harlan Laboratories) when the mice were 8 weeks old. The 

mice were monitored for 12 weeks and the body weight was recorded weekly. All 

animal experiments were approved by Institutional Animal Care and Use 

Committee of University (IACUC) of Massachusetts Medical school (UMMS). 

No animals were excluded from any experiments, unless they displayed 

obvious wounds from fighting as determined by our veterinarians. 

 

Tissue harvest and histology 

Adipose tissue depots and other organs/tissues were carefully dissected to avoid 

contamination from surrounding tissues. Organs/tissues were weighed by a 

microscale (XS105, Mettler Toledo). Samples for RNA or protein were frozen 

down immediately in liquid nitrogen and stored at 80 °C for further analysis. For 

signaling, mice were fasted for 6 hours in the morning without changing other 
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husbandry conditions. The same amount of normal chow diet was provided for 

an hour after fasting period and the indicated tissues were harvested and stored 

as described above. For histology, tissue pieces were fixed by 10% formalin. 

Embedding, sectioning and Hematoxylin & Eosin (H&E) staining were done by 

the UMass Medical School Morphology Core. Liver samples were embedded in 

O.C.T. compound (Tissue-Tek) before sectioning and Oil Red O staining. Images 

were taken by Zeiss Axio microscope. For cell size measurements, tissue slices 

were scanned by Zeiss Axio Scan.Z1 (N = 4 for wild-type and 4 for conditional 

KOs) and the adipocyte size was automatically measured by ImageJ with plug-in 

(Adipose). More than 1000 cells were analyzed for each depot. For estimating 

adipocyte number in a depot, average adipocyte volume was calculated from 

more than 800 cells which were imaged as described above. The adiposity was 

then determined by depot weight-to-average adipocyte volume ratio. 

 

Glucose Tolerance Test / Insulin Tolerance Test 

Animals subjected for glucose tolerance test (GTT) were fasted overnight, 

followed by intraperitoneal glucose (2 g/kg of body weight) injection. For insulin 

tolerance test animals were fasted for 5 hours in the morning without changing 

other husbandry conditions, followed by intraperitoneal insulin (0.75 U/kg of body 

weight, Novolin) injection. Blood glucose levels were measured by tail bleeding 

with a commercially available glucose meter (GE) at indicated time points.  
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Liver TAG measurement 

The protocol is modified from a previously described method (Jouihan 2012). For 

each sample, 100-300mg of liver was taken and lysed in ethanolic KOH (2 parts 

of ethanol and 1 part of 30% KOH) at 55 overnight. Digested lysates were diluted 

with 50% EtOH and centrifuge for 5 minutes. 200 uL of lysate were taken and 

mixed with 215 uL 1M MgCl2, then the mixture was left on ice for 10 minutes and 

followed by centrifugation for 5 minutes. Mixtures were mixed with Free Glycerol 

Reagent (Sigma) and incubated for 15 minutes at 37°C. The samples were 

measured by a microplate reader at 540 nm absorbance. 

 

Serology 

Blood was collected from animals by cardiocentesis. Serum was collected from 

the supernatant after centrifugation. The analysis of insulin, NEFA, leptin and 

adiponectin was performed by National Mouse Metabolic Phenotyping Center 

(MMPC) at UMMS. 

 

Marrow fat quantification by osmium staining and CT 

The protocol was modified from a previously described method (Scheller et al. 

2014). Bones were fixed for 24–48 hours in 10% neutral-buffered formalin (VWR, 

Radnor, PA; cat. no. 16004-128), washed with water and decalcified in 14% 

EDTA, pH 7.4, for 14 days. After washing again with water, 600 μl Sorensen’s 

phosphate buffer (pH 7.4) was added to one bone (tibia) in a 1.5-ml microtube. 
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Four per cent osmium tetroxide (200 μl) solution (Electron Microscopy Services, 

Hatfield, PA; cat.no. 19170) was added to each tube to make a 1% solution. 

Bones were stained in the fume hood 48 hours at room temperature. Osmium 

solution was carefully removed to a small liquid waste container that had been 

filled with corn oil to ∼25% of the volume. Any used pipet tips were ‘rinsed’ of 

active osmium tetroxide by pipeting corn oil. All tips and tubes were discarded as 

osmium solid waste. Bones were washed, in the same tube, by incubating in 1 ml 

of Sorensen’s buffer for 3 h at room temperature. This was repeated twice and 

the last wash was left in the hood overnight. Stained bones were then moved to a 

fresh set of 1.5 ml microtubes containing 1 ml Sorensen’s buffer each. The used 

tubes were discarded as solid osmium waste. At this point, the bones and tubes 

were removed from the fume hood and used for CAT scan. 

 

MicroCT 

Specimens were embedded in 1% agarose and placed in a 19-mm diameter 

tube. The length of the bone was scanned using a μCT system (μCT100 Scanco 

Medical, Bassersdorf, Switzerland). Scan settings are as follows: voxel size 

12 μm, medium resolution, 70 kVp, 114 μA, 0.5 mm AL filter and integration time 

500 ms. Density measurements were calibrated to the manufacturer’s 

hydroxyapatite phantom. Analysis was performed using the manufacturer’s 

evaluation software and a threshold of 400 for MAT. 
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APC quantification 

APCs were isolated as previously described (Rodeheffer, Birsoy, and Friedman 

2008). In brief, stromal-vascular fraction (SVF) was prepared from SWAT by 

collagenase (1.5mg/mL) treatment and the pellets were resuspended in 

erythrocyte lyses buffer (0.15 M NH4Cl and 0.01 M KHCO3 in water). Cells were 

then pelleted and resuspended in staining media (Hanks’ balanced salt solution 

(HBSS) with 2% fetal bovine serum) and labelled with the following primary 

antibodies: PE-Cy7-conjugated anti-CD31, PE-Cy7-conjugated anti-CD45, A700-

conjugated anti-CD29, A647-conjugated anti-CD34 and LybA/E-conjugated anti-

Sca1 Antibodies. After staining, cells were filtered through a 35-μm cell-strainer 

capped tube (#352235, BD Falcon) to ensure single-cell suspension and stained 

with live/dead Blue (L34962, Invitrogen).  Live single cells were gated according 

to the expression of surface markers (CD31−CD45−CD29+CD34+Sca1+) in a BD 

LSRII analyser. Data were analysed with FlowJo. 

 

Quantification and Statistical Analysis 

Data are presented as mean + SEM, unless stated otherwise. Student’s t test, or 

non-parametric Mann-Whitney test, were used to determine statistical 

significance. Statistical analysis was done using GraphPad Prism. The number of 

mice used per experiment is stated in each figure legend. 

 

Data and Code availability 
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Unprocessed data from this manuscript have been deposited to Gene 

Expression Omnibus (GEO; GSE146470). 
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CHAPTER III –The role of mTORC2 in acetyl-CoA metabolism during 
adipocyte development 
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3.1 Introduction 

Adipose tissue stores excess energy in the form of triacylglyceride (TAG). 

TAG is composed of fatty acids and glycerol. Fatty acids can be obtained from 

uptake of extracellular fatty acids or be synthesized de novo through a process 

called de novo lipogenesis (Song, Xiaoli, and Yang 2018; Wong and Sul 2010). 

De novo lipogenesis (DNL) utilizes acetyl-CoA as a building block to generate 

fatty acids. Nutrients such as glucose, glutamine and acetate can be used to 

generate acetyl-CoA through this process. In cultured human white adipocytes, 

glucose is the major source for DNL which is determined by stable isotope 

labeling (~45%), whereas acetate contributes around 35% of carbons for 

lipogenesis (Collins et al. 2011). There is a minor role for glutamine in DNL in 

white adipocytes, which is different from brown adipocytes (Yoo, 

Stephanopoulos, and Kelleher 2004). In contrast, glucose provides most of the 

carbons for glycerogenesis (Collins et al. 2011). Thus, processes altering 

intracellular glucose and acetate flux into acetyl-CoA might affect lipogenesis and 

lipid metabolism in white adipocytes. 

 

The amount of acetyl-CoA is a key dynamic indicator of nutrient availability 

(Shi and Tu 2015; J. V. Lee, Shah, and Wellen 2013). In addition to providing the 

initial two-carbon unit for DNL, nuclear-cytoplasmic acetyl-CoA is the precursor 

for acetylation of lysine residues on histones and non-histone proteins, such as 

transcription factors and metabolic enzymes (Pietrocola et al. 2015). The effect of 
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cellular acetyl-CoA level on histone acetylation profiles has been shown in 

budding yeast, in which decreased intracellular acetyl-CoA levels results in 

downregulation of global histone acetylation and transcription  (Takahashi et al. 

2006; Galdieri and Vancura 2012; Galdieri et al. 2013; 2014). In the context of 

mammalian cells, such as stem cells and cancer cells, altering acetyl-CoA level 

affects metabolism, proliferation, and differentiation by modulating histone 

acetylation (Wellen et al. 2009; Cai et al. 2011; J. V. Lee, Shah, and Wellen 

2013; J. V. Lee et al. 2014; Campbell and Wellen 2018). These studies lead to a 

hypothesis that compartmentalization of acetyl-CoA is linked to nutrient 

availability. For example, in the fed state, the nuclear-cytoplasmic acetyl-CoA 

generated from glycolysis and the mitochondrial export of citrate can alter histone 

acetylation in addition to driving lipid synthesis (Takahashi et al. 2006; Wellen et 

al. 2009). On the other hand, in the fasted state mitochondrial acetyl-CoA is 

generated from the oxidation of pyruvate, lipids, and amino acids and is used for 

ATP synthesis (Shi and Tu 2015). Many studies support a link between histone 

acetylation and insulin sensitivity (Muka et al. 2016; Xiaoqing Wang et al. 2017), 

and there is also a link between acetyl-CoA level and adipocyte function (Oliva-

Olivera et al. 2018). Thus, acetyl-CoA dynamics are likely critical for regulating 

adipocyte gene expression and maintaining metabolic flexibility. 

 

Acetyl-CoA in the cytoplasm and nucleus is generated by the cleavage of 

mitochondrial-exported citrate by ATP-citrate lyase (ACLY) in a reaction that 
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additionally generates oxaloacetate. Another nuclear-cytoplasmic enzyme, called 

Acyl-CoA synthetase short chain family member 2 (ACSS2), can also generate 

acetyl-CoA from an acetate [Figure III-1]. The levels of these acetyl-CoA-

generating enzymes correlate with body adiposity and insulin sensitivity.  For 

example, a recent mouse study suggests that HFD may reduce acetyl-CoA level 

and the acetyl-CoA/CoA ratio in adipose tissue, and this correlates with reduced 

ACLY expression and histone acetylation (Carrer et al. 2017). In obese patients 

with abnormal glucose and lipid profiles, ACLY level is also decreased in 

adipocyte precursors isolated from these individuals (Oliva-Olivera et al. 2018). 

Notably, a recent study in brown adipocytes show that mTORC2/AKT regulates 

ACLY activity through phosphorylation on Serine 455 site, which links to 

intracellular acetyl-CoA level and histone acetylation during brown adipocyte 

development (Calejman et al. 2020). ACSS2, on the other hand, also plays a role 

in lipid synthesis under certain stress conditions. In cancer cells, ACSS2 can 

provide a significant portion of carbon for fatty acid and phospholipid synthesis 

during hypoxic and/or nutrient-deprived conditions (X. Li et al. 2017; Schug et al. 

2015). This is likely because ACSS2 selectively regulates genes involved in lipid 

metabolism (Vysochan et al. 2017; Z. Huang et al. 2018a, 2). The physiological 

role of ACSS2 in adipose tissue is not known. Whole-body Acss2-null mice are 

protected from HFD-induced weight gain. These mice have less liver steatosis, 

smaller adipocytes and decreased whole-body lipid content (Z. Huang et al. 

2018a). More evidence also shows that ACSS2 functions in the nucleus to 
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recapture the nuclear acetate retrieved from HDAC and preserves histone 

acetylation in oxygen and nutrient-deprived conditions in cancer cells (Bulusu et 

al. 2017) [Figure III-1]. These studies support that ACSS2 promotes the systemic 

storage or metabolism of fat according to the fed or fasted state through the 

selective regulation of genes involved in lipid metabolism. The signaling 

upstream of ACSS2 and how it regulates lipogenesis still remain to be 

elucidated.  

 

 
 

In the previous chapter, I showed that mTORC2 is required for maximal 

induction of genes regulating lipid metabolism which might be due to enhancing 

histone acetylation selectively at these genes in early adipogenesis (D0 and D2, 

[Figure II-3B and 3C]). I also revealed that phosphomimetic ACLY at S455 site is 

not sufficient for rescuing the gene expression and lipogenic defects in Rictor-

iKO white adipocytes, suggesting an alternative mechanism exists. Here, I 

explored the possible mechanisms of how mTORC2 regulates lipid filling 

program during white adipocyte differentiation. 

Figure III-1 Pathways for acetyl-CoA metabolism. 
Nuclear-cytoplasmic acetyl-CoA can be generated 
from an ACLY-dependent or an ACSS-dependent 
pathway. 
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3.2 Results 

 

mTORC2 regulates acetyl-CoA level during white adipocyte differentiation 
 

Acetyl-CoA can be derived from glucose metabolites and our previous 

study showed that glucose uptake requires mTORC2 signaling in brown 

preadipocytes and mature white adipocytes (Tang et al. 2016; Calejman et al. 

2020). First, I determined whether glucose uptake is affected by Rictor deletion in 

primary white SVFs (hereinafter Rictor-iKOprimary), which contain preadipocytes. 

Inducible Rictor ablation was achieved by introducing 4-OHT as described in 

[Figure II-1A]. Rictor-iKOprimary cells had ~25% and ~13% reduction in insulin-

stimulated 3H-labled 2-deoxyglucose (3H-2-DG) uptake at day 0 and day 2 of 

differentiation, respectively [Figure III-2A]. This result was consistent with our 

previous finding suggesting that mTORC2 is required for glucose uptake in 

adipocytes. Next, I directly measured the intracellular acetyl-CoA, which reduced 

by 20% in Rictor-iKOprimary preadipocytes (D0), and remains unchanged at 

differentiation day 2 [Figure III-2B]. Since acetyl-CoA is generated mainly at least 

from two nutrient sources: glucose via an ACLY-dependent pathway and acetate 

via an ACSS2-dependent process, I traced which nutrient contributes to the 

acetyl-CoA pool with 13C isotope-labeled acetate and glucose [Figure III-2C]. At 

day 0, the decreased total acetyl-CoA level might be due to decreased glucose 

contribution [Figure III-2D], corresponding with the similar level of glucose uptake 

reduction [Figure III-2A]. At day 2, acetate contributed less to acetyl-CoA level in 

Rictor-iKOprimary cells, with no change in glucose contribution [Figure III-2D]. 
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Interestingly, acetyl-CoA depended approximately 2-fold more on acetate than on 

glucose at day 2 [Figure III-2D], which might suggest a switch in nutrient flux 

during adipogenesis. These data indicated that mTORC2 regulates intracellular 

acetyl-CoA production during adipogenesis. 

 
 

Figure III-2 mTORC2 regulates acetyl-CoA level in white adipocytes. A 3H-labled 2-deoxyglucose (2-DG) uptake of 
control and Rictor-iKOprimary cells at D0 and D2 of differentiation. B Intracellular acetyl-CoA level (ac-CoA) in 
control and Rictor-iKOprimary cells at D0 and D2. C Overview of isotope labeling experiment. Red circles indicate 
carbon-13 (13C) in indicated nutrients. Open circles indicate non-labeled (12C) carbons. D. M+2 enrichment of 
acetyl-CoA from isotope-labeled glucose (U-13C-Glucose, as 13C-Glc) or isotope-labeled acetate (1,2-13C-acetate, as 
13C-Ac) in control and Rictor-iKOprimary cells at D0 and D2. -: medium contains non-labeled glucose and acetate. 
Data represent mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Enhancing glucose influx is not sufficient to rescue lipid filling defect in Rictor-iKO 

adipocytes 

Stable isotope tracing with different nutrients revealed that glucose 

contributes the majority of carbons for lipogenesis in cultured white adipocytes 

(Collins et al. 2011). Rictor loss causes glucose transport defect which might lead 

to decreased lipogenesis. To access that, I forced glucose influx by 

overexpressing GLUT1 to test whether glucose uptake defect is the primary 

cause of decreased lipid formation in Rictor-iKO cells. I immortalized SVFs 

isolated from Ubc-CreERT2;Rictorfloxed mice (hereinafter Rictor-iKOimmortal cells) for 

further mechanistic studies (Tang et al. 2016). GLUT1 expression increased 

glucose uptake by 3-5 fold at basal state and by 1.5-2 folds upon insulin 

stimulation [Figure III-3A]. Consistently, overexpressing GLUT1 increased 

glucose incorporation into lipid by 7 fold in control and 3 fold in mature Rictor-

iKOimmortal adipocytes, which was determined by 14C-U-glucose lipogenic assay 

[Figure III-3B]. Although glucose transport and lipogenesis increased in both 

control and Rictor-iKOimmortal cells, there was a 60% reduction in glucose-derived 

lipid formation in GLUT1-overexpressing Rictor-iKO cells, which was even more 

significant when compared to cells without GLUT1 overexpression (~30% 

reduction in Rictor-iKO cells). Moreover, Oil Red O staining showed no 

improvement in lipid filling of Rictor-iKOimmortal cells when GLUT1 was 

overexpressed [Figure III-3C], despite the fact that Rictor-iKOimmortal cells with 

GLUT1 overexpression had similar glucose uptake compared to that in control 
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cells without exogenous GLUT1 [Figure III-3A]. GLUT1 overexpression was 

confirmed by western blot [Figure III-3D]. The DNL pathway (ACC and ACLY 

protein level) and the selective PPAR targets (Cd36 and Lpl as the 

representative) were not rescued, or even down-regulated, in Rictor-iKOimmortal 

cells [Figure III-3D and III-3E]. This suggested that increasing glucose influx is 

not sufficient to restore the lipid filling defect in Rictor-iKOimmortal adipocytes.  

 

Exogenous acetate supplementation is not sufficient to restore lipid filling defect 

in Rictor-iKO adipocytes. 

While glucose provides the majority of acetyl-CoA for lipogenesis and 

protein modification, acetate can also be used to generate acetyl-CoA via an 

ACSS2-dependent pathway for these purposes [Figure III-1]. In brown 

preadipocytes, exogenous acetate partially rescues differentiation and lipid 

accumulation during adipogenesis in the context of Rictor loss (Calejman et al. 

2020). I tested whether acetate supplementation during adipogenic process is 

sufficient to rescue the lipid accumulation defect in Rictor-null white adipocyte. 

Oil Red O staining showed increased neutral lipid accumulation by ~60% in 

primary control cells with 2.5 mM sodium acetate (NaOAc) supplementation. 

Rictor-iKOprimary cells, however, did not respond to NaOAc supplementation in the 

aspect of lipid accumulation [Figure III-3F]. Higher concentration of NaOAc (10 

mM) inhibited lipid content in both control and Rictor-iKOprimary cells [Figure III-

3F]. I chose 5 mM NaOAc supplementation for further analysis since this 
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concentration has been widely utilized for adipogenic assay and histone 

acetylation in many cultured adipocyte systems (Wellen et al. 2009; Calejman et 

al. 2020). I confirmed the exogenous acetate influx and utilization by identifying 

an increase in histone acetylation [Figure III-3G]. Western blot showed 

decreased AKT2 and DNL enzymes such as ACC and FASN protein expression 

without changing in PPAR2, an indicator of adipocyte differentiation, in Rictor-

iKOprimary cells with no acetate supplement [Figure III-3H]. This finding is 

consistent with previously reported data [Figure II-1E]. With the presence of 

acetate, no major protein expression changed in control cells, but the affected 

proteins in Rictor-iKOprimary cells were not rescued. Moreover, PPAR2 was 

decreased in Rictor-iKOprimary cells when compared to the level in control cells 

with NaOAc supplementation [Figure III-3H]. This finding indicated that Rictor-

iKOprimary cells might have an acetate utilizing defect that exogenous acetate 

exposure causes more significant defect in adipogenic protein expression. Thus, 

these data suggested that increasing acetate availability is not sufficient to 

restore the lipid filling defect in Rictor-iKOimmortal adipocytes. 
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Figure III-3 Enhancing glucose or acetate flux is not sufficient for rescuing lipogenic defect in Rictor-
iKO white adipocytes. A 3H-labled 2-deoxyglucose (2-DG) uptake of differentiated control and Rictor-
iKOimmortal cells with GLUT1 or empty vector (vec) expression. Data represent mean ± SEM. 
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mTORC2 regulates ACSS2 expression and localization during adipogenesis 

From our RNA-sequencing analysis (addressed in Chapter 2), I uncovered 

Acyl-CoA synthetase short chain family member 2 (Acss2) as both an adipogenic 

gene and one the most downregulated D8 genes in Rictor-iKOprimary cells 

(FC=2.64, FDR= 4.24419E-12) [Figure III-4A].  I confirmed that Acss2 mRNA and 

protein level increase during differentiation, and were Rictor-dependent—

indicated by a nearly 50% reduction in mRNA expression by D4 in Rictor-

iKOprimary cells [Figure III-4B] and a corresponding decrease in total ACSS2 

protein level by Western blot [Figure III-4C].  ACSS2 was recently linked to fat 

storage (Huang et al. 2018; Vysochan et al. 2017; Xu et al. 2018), and hypoxia or 

glucose deprivation induces ACSS2 nuclear translocation which might be 

required for lipogenic gene expression in cancer cells (Chen et al. 2017; Li et al. 

Figure III-3 (Cont.) B (left panel) Lipogenesis assay measuring D-[U-14C]-glucose labeling of de novo synthesized 
lipids in differentiated control and Rictor-iKOimmortal cells with GLUT1 or empty vector (vec) expression. (right 
panel) Relative 14C-incorporated lipid in Rictor-iKOimmortal cells compared to control cells (set as 100%). Data 
represent mean ± SEM. C Oil Red O staining of differentiated control and Rictor-iKOimmortal cells with GLUT1 or 
empty vector (vec) expression. Scale bar = 100 m. D Representative western blot of lysates from 
differentiated cells with or without GLUT1 (G1) overexpression. N = 3. 4-OHT: hydroxytamoxifen. E Relative 
mRNA expression of indicated genes in differentiated cells with or without GLUT1 (G1) overexpression. Data 
represent mean ± SEM. F (upper panel) Oil Red O staining of differentiated control and Rictor-iKOprimary cells 

with or without sodium acetate (NaOAc) supplement. Scale bar = 50 m. (lower panel) Quantification of Oil 
Red O signals in indicated conditions. Data represent mean ± SEM. a: p < 0.05 compared to control cells with 
same NaOAc supplement; b: p < 0.01 compared to the control; c: p < 0.001. G Western blot of lysates from 
isolated histones of undifferentiated control and Rictor-iKOprimary cells. *: H3 band at the coomassie-stained gel. 
H Representative western blot of lysates from undifferentiated (D0) and differentiated (D8) control and Rictor-

iKOprimary cells with indicated sodium acetate (NaOAc) supplement. PRAS40 as internal control. ∗p < 0.05, ∗∗p < 

0.01, ***p < 0.001. 
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2017). Therefore, I wondered if ACSS2 might promote lipid metabolic gene 

expression downstream of mTORC2 during adipogenesis.     

 

I first examined ACSS2 localization during primary cell differentiation.  By 

immunofluorescence staining using an antibody recognizing endogenous 

ACSS2, I observed a diffuse ACSS2 localization in undifferentiated precursors; 

however, it began accumulating in the nucleus by D2 of differentiation where it 

remained enriched through D8 [Figure III-4D].  I validated the specificity of this 

antibody using ACSS2-deficient cells [Figure III-4E]. In contrast, ACSS2 nuclear 

accumulation was markedly reduced in Rictor-iKOprimary cells [Figure III-4D]. To 

confirm this, I also fractionated the cells into cytoplasmic and nuclear parts and 

performed Western blots for endogenous ACSS2.  Consistently, both ACSS2 

and PPAR accumulated in the nucleus during early differentiation (at day 4); 

however, only nuclear ACSS2 levels were reduced in the Rictor-iKOprimary cells 

[Figure III-4F]. Further analysis showed that the translocation defect occurs as 

early as differentiation day 3 (reduced by 20%), without change in cytoplasmic 

ACSS2 level [Figure III-4G]. Thus, ACSS2 translocated into the nucleus during 

early subcutaneous white adipocyte differentiation and this appeared to be 

regulated by mTORC2.  
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Figure III-4 mTORC2 regulates ACSS2 expression and localization during adipogenesis. A Volcano plot of RNA-
seq transcriptome data displaying the pattern of gene expression values for Rictor-iKO relative to primary 
control differentiated adipocytes (data analyzed from Chapter 2, please see materials and methods for details). 
Significantly differentially expressed genes (FDR<0.05 and |log2FC| >1) are highlighted in red. Selected genes 
which are significantly decreased in Rictor-iKO cells are indicated. B Relative mRNA expression of Acss2 in 
control and Rictor-iKOprimary cells at indicated day during differentiation. Data represent mean ± SEM. C 
Representative western blot of lysates from control and Rictor-iKOprimary cells at indicated day during 
differentiation. N =3. D Immunofluorescence staining of control and Rictor-iKOprimary cells for endogenous 

ACSS2 at indicated day during differentiation. Scale bar = 50 m. 
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ACSS2 promotes lipid accumulation in adipocytes 

To determine whether ACSS2 functions in adipogenesis, I used CRISPR-

Cas9 gene editing to delete Acss2 with two independent guides (hereinafter 

Acss2CrisprKO) in subcutaneous white preadipocytes [Figure III-5A].  When 

differentiated, the Acss2CrisprKO cells showed a 22% reduction in lipid content as 

determine by quantifying Oil Red O staining [Figure III-5B]. Most strikingly, 

deleting Acss2 attenuated expression of Chrebpb, Acaca, Fasn, Scd1, Pparg2, 

Glut4, Cd36 and Fabp4 [Figure III-5D and III-5E].  I further confirmed 

downregulation of ACLY, ACC, and FASN expression by Western blot but did not 

see a detectable difference in PPAR protein by Western blot [Figure III-5F].  

 

Figure III-4 (Cont.) E Validation of anti-ACSS2 antibody with immunofluorescence staining. KO: ACSS2 KO. 
F Representative western blot analysis of the nuclear and cytoplasmic (cyto) fractions of control and Rictor-
iKOprimary cells at indicated day during differentiation. N = 3. G (left panel) Western blot analysis of the nuclear 
and cytoplasmic (cyto) fractions of control and Rictor-iKOprimary cells at day 3 during differentiation. N = 3. (right 
panel) Quantitative measurement of ACSS2 levels relative to internal controls shown in left panel (Lamin A/C as 

nuclear protein loading control and GAPDH as cytoplasmic loading control). Data represent mean ± SEM. ∗p < 

0.05, ∗∗p < 0.01, ***p < 0.001. 
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Nuclear-localizing ACSS2 is not sufficient to rescue lipid filling defect in the Rictor-

iKO white adipocytes. 

Finally, to test the hypothesis that ACSS2 functions downstream of 

mTORC2 during adipogenesis, I expressed in Rictor-iKOimmortal cells either empty 

Figure III-5 ACSS2 promotes lipid accumulation in adipocytes. A Confirmation of ACSS2 KO by CRISPR/Cas9. 
Western blot of lysates from preadipocytes containing a guide targeting Acss2 (2 distinc guides) or Gfp 
(control).  B ORO staining of differentiated control and ACSS2-KO adipocytes (Acss2CrisprKO). C Quantification of 

ORO staining determined by isopropanol extraction. Data represent mean ± SEM. ∗∗p < 0.01. D-E Relative 
mRNA expression of indicated genes in differentiated control and Acss2CrisprKO cells. Data represent mean ± 

SEM. ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001. F Western blot of lysates from differentiated (D8) control and 
Acss2CrisprKO cells. N = 2. 
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vector, HA-ACSS2, HA- ACSS2-NLS containing a nuclear targeting sequence, or 

cytoplasm-localizing ACSS2 (HA-ACSS2-Cyto) with S659A mutation (X. Li et al. 

2017) and asked if this could rescue lipid accumulation and gene expression. I 

confirmed the localization of these recombinant ACSS2 under glucose-rich (25 

mM) and glucose-deficient conditions (1 mM) by immunofluorescence. Wildtype 

ACSS2 protein was present in both cytoplasm and nucleus under high glucose 

condition, and was enriched in nucleus when the glucose was deprived [Figure 

III-6A]. This translocation was consistent with the result described previously (Li 

et al. 2017; Chen et al. 2017). ACSS2-NLS recombinant protein was distributed 

mainly in the nucleus when the cells were exposed to either high or low glucose 

[Figure III-6A]. ACSS2-Cyto protein could still be present in the nucleus under 

glucose-rich condition, which was not seen in the previous study in cancer cells 

(X. Li et al. 2017). Interestingly, ACSS2-Cyto was not further enriched in the 

nucleus under low glucose condition [Figure III-6A], suggesting that this mutation 

blunted the nuclear translocation effect in response to glucose deprivation. Next, 

I stably expressed these constructs into immortalized preadipocytes with or 

without Rictor deletion. In control cells, expressing any of the ACSS2 constructs 

decreased lipid accumulation determined by Oil Red O staining, and none of the 

constructs rescued lipid filling defect in Rictor-iKOimmortal cells [Figure III-6A]. I 

confirmed the expression of these recombinant ACSS2 constructs and Rictor 

deletion by western blot [Figure III-5B]. 
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Since Acss2 is an adipogenic gene which is induced during differentiation, 

stable ACSS2 overexpression in preadipocytes might be not be physiological. To 

address this, I modified the rescue experiment by transiently transduced these 

ACSS2 constructs into preadipocytes one day prior to the initiation of 

differentiation. The transduced construct was significantly expressed 48 hours 

after transduction, and the level increased thereafter [Figure III-6C]. By this 

strategy, overexpressing either ACSS2, ACSS2-NLS or ACSS2-cyto partially 

rescued lipid accumulation in Rictor-iKOimmortal cells compared to vector-

expression cells [Figure III-6D]. Interestingly, cells expressing ACSS2-NLS 

protein accumulated slightly more lipid when compared to other Rictor-iKOimmortal 

cells [Figure III-6D]. I confirmed the ACSS2 expression and Rictor deletion by 

western blot. ACC and FASN in the DNL pathway were increased in cells 

expressing ACSS2, ACSS2-NLS or ACSS2-cyto [Figure III-6E]. However, the 

mRNA expression did not have corresponding changes in these cells [Figure III-

6F]. The Pparg2 and PPAR targets such as Cd36, Fabp4 and Scd1 were not 

sufficiently rescued by ACSS2 overexpression [Figure III-6F]. Thus, despite 

having a positive role downstream of mTORC2 in adipogenesis, restoring ACSS2 

expression and nuclear localization in Rictor-deficient cells was also insufficient 

to rescue them.  
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Figure III-6 Nuclear-localizing ACSS2 is not sufficient to rescue lipid accumulation defect in Rictor-
iKO white adipocytes. A Immunofluorescence staining of undifferentiated control and Rictor-
iKOimmortal cells expressing empty vector (vec), ACSS2-WT, ACSS2-NLS or ACSS2-Cyto constructs. 
Antibody targeting HA was used to recognize these HA-tagged recombinant proteins. Scale bar = 50 

m. right side of the panel: ORO staining of differentiated control and Rictor-iKOimmortal cells stably 

expressing indicated constructs. Scale bar = 50 m. B Western blot of lysates from differentiated 
control and Rictor-iKOimmortal cells stably expressing empty vector (vec), HA-ACSS2-WT, HA-ACSS2-NLS 
or HA-ACSS2-Cyto constructs. C Western blot of lysates from control and Rictor-iKOimmortal cells at 
indicated time points after transient transduction (transd.) of HA-ACSS2 construct. D ORO staining of 
differentiated control and Rictor-iKOimmortal cells with transiently expression of indicated constructs. 

Scale bar = 50 m.  
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3.3 Discussion 

In this chapter, I uncovered the role of mTORC2 in regulating intracellular 

acetyl-CoA flux in white adipocytes. Based on the RNA-seq transcriptome 

analysis performed in Chapter 2 [Figure III-4A], I identified that ACSS2 requires 

mTORC2 for maximal induction during adipocyte development. Moreover, 

ACSS2 was enriched in the nucleus during adipogenesis and knocking out Rictor 

ablates this phenomenon. These results showed the link between mTORC2 and 

Acss2 at transcriptional level and/or protein nuclear localization during 

adipogenesis. Although the mechanism of how mTORC2 regulates ACSS2 

expression and function remains unclear, I provided a new evidence of acetyl-

CoA regulatory function of mTORC2 and a promising target in this pathway. 

   

Emerging evidence highlights the role of ACSS2 in maintaining 

intracellular acetyl-CoA pool during metabolic stress. Many cancer cells, which 

have high biosynthetic demands due to rapid cell growth, depend on cytosolic 

ACSS2 to provide sufficient carbons for generating fatty acid and phospholipid 

(Schug et al. 2015; Mashimo et al. 2014). These cancer cells have up-regulated 

ACSS2 expression and the level correlates with disease progression in some 

Figure III-6 (Cont.) E Western blot of lysates from differentiated control and Rictor-iKOimmortal cells with 
transient expression of indicated constructs. F-G Relative mRNA expression of indicated genes in control and 

Rictor-iKOimmortal cells with transient expression of indicated ACSS2 constructs. Data represent mean ± SEM. ∗p < 

0.05, ∗∗p < 0.01, ***p < 0.001. a: p < 0.05 when compared to control group; b: p < 0.01; c: p < 0.001. 
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types of cancer (Schug et al. 2015; Comerford et al. 2014; Mashimo et al. 2014). 

In addition to the role in the cytosol, recent studies show that ACSS2 

translocates to the nucleus under hypoxia or glucose deprivation. The nuclear 

ACSS2 utilizes nuclear acetate, which is produced by HDAC from histone 

deacetylation, to generate acetyl-CoA for histone modification which alters gene 

expression under these stress conditions (Li et al. 2017; Chen et al. 2017; 

Zlotorynski 2017). The role of ACSS2 in adipocytes is not well understood. 

Whole-body Acss2 KO mice showed that ACSS2 might be required for lipogenic 

gene expression (Huang et al. 2018). Knocking-down ACSS2 in human 

preadipocytes diminished lipogenesis (Oliva-Olivera et al. 2018). Another model 

using cytomegalovirus-infected human fibroblasts, which have increased 

lipogenic capacity, also showed that ACSS2 is required for lipogenic gene 

expression (Vysochan et al. 2017). However, more careful investigation is 

required to understand how ACSS2 regulates adipocyte differentiation and 

function. I hypothesize that adipogenesis in white preadipocytes has higher 

glucose demand for turning on lipogenic programs, which might create a similar 

stress conditions seen in cancer or virus-infected cells and requires ACSS2. A 

study in cultured 3T3-L1 adipocytes supports this hypothesis: the demand for 

glucose increases by 4-5 folds during early differentiation (Jackson et al. 2017). 

In line with this finding, it might explain the observation in this dissertation: 

ACSS2 is enriched in the nucleus during differentiation [Figure III-4]. Although 

nuclear-localizing ACSS2 was not sufficient to rescue the lipogenic defect in 
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Rictor-deficient adipocytes, it suggested that mTORC2 might regulate ACSS2 

through mechanisms other than translocation such as post-translational 

modification, protein stability, or other factors that affect the protein activity. 

Further investigation in vivo can be done by generating APCs-specific Acss2 KO 

using the Prx1-Cre reported here to address the role in adipose tissue 

development and function. 

 

In summary, altering acetyl-coA production closely correlates with glucose 

and lipid metabolism in adipocytes, and mTORC2 potentially contributes to this 

process through regulating acetyl-CoA-producing enzymes. 

 

Materials and Methods 

Acetyl-CoA labeling 
 
Cells were fasted for 12 h and then incubated in DMEM without glucose plus 

5mM of non-labeled or 13C-6-glucose and 100 μM non-labeled or 13C-2-acetate 

at 37 °C for 1 h. Samples were harvested in cold PBS, centrifuged at 1000  g for 

5 min, and the pellet was quenched in 10% (w/v) ice cold trichloroacetic acid in 

water, and then frozen at −80 °C until extraction and analysis on a QExactive 

Plus (Thermo) mass spectrometer coupled to an Ultimate 3000 high-performance 

LC. For quantitation, the abundance of acyl-CoA species was determined by 

interpolation to a linear standard curve. For isotopic tracer analysis, isotopic 
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enrichment was calculated to compensate for the non-linearity of isotopic 

enrichment using the FluxFix calculator (Trefely, Ashwell, and Snyder 2016). 

 

 

Construction of small guide RNAs and lentiviral infection 

Gene-specific custom designed single guide RNAs were cloned into the 

lentiCRISPRv2 vector (Addgene). The sgRNA sequences 

were determined by an online CRISPR Design Tool 

(http://chopchop.rc.fas.harvard.edu/) and sequences for sgRNAs targeting Acss2 

genes are shown in Appendix II. To generate lentiviruses, HEK293T cells were 

transfected with lentiviral vectors expressing the sgRNA of interest in 

combination with VSV-G envelope plasmid and Delta-Vpr packing plasmid. 

Culture media was changed 12 hours after transfection and the virus-containing 

supernatant was collected 48 hours after transfection and passed through a 0.45 

mm filter to remove host cells. White preadipocytes were transduced in medium 

containing 4 mg/mL of polybrene (Sigma) by centrifugation at 1800 RPM for 30 

min. 24 hours after the infection, cells were trypsinized and subjected to antibiotic 

(puromycin) selection. 

 

 

The followings methods have been mentioned in Chapter 2 

Cell culture 

Immunofluorescence staining 
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Oil Red O staining 

Construction of overexpression by retroviral infection 

Gene expression analysis by RT-PCR 

Western immunoblot analysis 

Histone extraction and Western immunoblot analysis 
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CHAPTER IV - General Discussion and Future Directions 

 

 

 

 

 

 

 

 

 

 

 

This chapter contains materials published in Current Diabetes Reports from 

Springer: 

Hsiao, W.-Y., Guertin, D.A., 2019. De Novo Lipogenesis as a Source of Second 
Messengers in Adipocytes. Curr. Diab. Rep. 19, 138. 
https://doi.org/10.1007/s11892-019-1264-9  

https://doi.org/10.1007/s11892-019-1264-9
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4.1 Metabolic signals and metabolic reprogramming 

Abnormal nutrient fluxes in metabolic pathways have been detected in 

cancer and insulin resistance, but it is still unclear that whether these fluxes are 

the causes or the consequences. In the field of cancer research in the past, it 

had been proposed that aberrant metabolism in cancer cells is a passive 

response to rapid cell growth caused by up-regulation of oncogenes and/or 

down-regulation of tumor suppressor genes (Hanahan and Weinberg 2011). 

Evidence for an alternative concept has been built up in the past several years: 

these gene expression changes are secondary to an upstream signaling, which 

alters metabolic influx and triggers metabolic reprogramming to meet the 

requirements of increasing biosynthesis (Ward and Thompson 2012). Recent 

studies support that altered metabolic influx can provide signals to the cells. For 

example, the level of nuclear-cytoplasmic acetyl-CoA, which is at the center of 

many biosynthetic pathways, reflects the nutrient status of the environment and 

regulates gene expression and protein activity by histone and non-histone protein 

acetylation, respectively (Shi and Tu 2015; Wellen and Thompson 2012; Kaelin 

and McKnight 2013). Protein acetylation is modulated by lysine 

acetyltransferases (KATs) and deacetylases (DACs), which are sensitive to 

intracellular acetyl-CoA level (Sivanand, Viney, and Wellen 2018). It has been 

proposed that increased acetyl-CoA level promotes protein acetylation by 

activating KATs (Daitoku, Sakamaki, and Fukamizu 2011; J. V. Lee et al. 2014; 
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Pietrocola et al. 2015). Thus, factors that alter intracellular acetyl-CoA might 

change gene expression and protein activities which reprogram metabolism. 

 

In the context of adipocytes, emerging evidence shows that 

protein/histone acetylation correlates with systemic insulin resistance. For 

example, forkhead box 1 (FoxO1) is one of the transcription factors which senses 

nutrient status and its activity is regulated by acetylation in addition to its classic 

regulation by insulin-stimulated phosphorylation. Acetylation, like 

phosphorylation, promotes FoxO1 accumulation in the cytoplasm thereby 

preventing FoxO1-driven catabolic activity (Perrot and Rechler 2005; Jing, Gesta, 

and Kahn 2007, 2; Gonzalez et al. 2011; Jung et al. 2019). Another example is 

CIDEC, which is required for forming lipid droplets. Deacetylation of CIDEC by 

HDAC6 inhibits its activity and destabilizes lipid droplets in adipocytes (Qian et 

al. 2017). The same study showed that HDAC6 is down-regulated in adipocytes 

from obese mice and adipocyte-specific HDAC6 KO mice have increased lipid 

accumulation and reduced insulin sensitivity (Qian et al. 2017). Thus, acetylation 

of non-histone proteins may also be related to nutrient status and can modulate 

metabolism to fit environmental demands. Many studies suggest that altering 

KAT or DAC activity may affect insulin sensitivity by regulating protein and/or 

histone acetylation in liver and adipose tissue. Several histone deacetylase 

inhibitors (or  HDAC inhibitors) have been shown to improve insulin sensitivity in 

mouse models (Sharma and Taliyan 2016; Ye 2013). Moreover, a recent study 
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links diets and intracellular acetyl-CoA level and histone modification. HFD-fed 

mice have a decreased nuclear-cytosolic acetyl-CoA level and a global reduction 

in histone acetylation in adipose tissue and pancreas (Carrer et al. 2017). These 

studies support that the acetyl-CoA pool in adipocytes tightly links to cell 

metabolism.   

 

4.2 The role of mTORC2 in sensing metabolic signals and metabolic 

reprogramming 

Based on the results in this dissertation, I concluded that mTORC2 

regulates lipid metabolic gene expression by an AKT1-dependent and possibly 

by regulating intracellular acetyl-CoA flux and histone acetylation in white 

adipocytes. First, I showed in Chapter II that acetylation of H3K9 sites at 

selective PPAR target gene promoters was decreased in Rictor-deficient 

preadipocytes during differentiation [Figure II-3 and II-S4]. Second, I provided the 

evidence showing that there might be changes in glucose/acetyl-CoA influx in 

differentiating white preadipocytes [Figure III-2]. Last but not least, I identified an 

acetyl-CoA generating enzyme, ACSS2, as a possible target of mTORC2 which 

regulates its gene expression and/or protein translocation during differentiation 

[Figure III-4]. These results are in line with our recent findings in brown 

preadipocytes: mTORC2 is required for intracellular acetyl-CoA production and 

proper histone acetylation (Calejman et al. 2020). However, there are several 

distinct features between brown and white preadipocytes. First, in brown 
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preadipocytes, the authors detected a global reduction histone acetylation 

especially at H3K27 site (Calejman et al. 2020). These authors also detected a 

decreased H3K27 acetylation at the promoter of Pparg2 during earlier 

differentiation, which may contribute to the Pparg2 induction defect. In my white 

preadipocyte differentiation model, I did not detect significant changes in global 

histone acetylation [Figure II-S4D] or Pparg2 induction defect in differentiating 

adipocytes. However, I identified changes in H3K9 acetylation at selective 

PPAR targets regulating lipid metabolism [Figure II-3B]. Second, mTORC2 

regulates acetyl-CoA production and lipogenesis via an AKT-ACLY-dependent 

pathway in brown preadipocytes (Calejman et al. 2020). However, the 

phosphomimetic ACLY mutant (S455D, an AKT-sensitive site) was not sufficient 

to rescue lipid accumulation defect in white adipocytes [Figure S4E-4G]. 

Interestingly, I detected a significant reduction in Acss2 gene expression in 

Rictor-iKO white adipocytes. A similar finding has also been seen in brown 

preadipcytes, in which Rictor deletion blunts the compensatory ACSS2 

expression upon ACLY loss (Calejman et al. 2020; Wellen et al. 2009). These 

differences suggest that mTORC2 regulates acetyl-CoA possibly by multiple 

pathways [Figure IV-1]. 
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4.3 How does mTORC2 regulate PPAR activity?  

In this dissertation, I uncovered that ablation of mTORC2 signaling in 

precursors decreased PPAR activity without affecting PPAR2 induction, 

expression and translocation in primary cultured white adipocytes and white 

adipose tissues. I also correlated the histone acetylation of PPRE regions of 

selective PPAR targets and PPAR activity toward lipid metabolic genes. The 

mechanisms of how mTORC2 regulates PPAR activity still require further 

investigation. Here, I propose a possible explanation [Figure IV-2]. First, PPAR 

can be post-translationally modified and these modifications can regulate its 

activity. One of the well-known modifications is phosphorylation at S112, which 

can either up- or down-regulate PPAR activity depending the upstream signals 

(Compe et al., 2005; Helenius et al., 2009; Hu et al., 1996; Iankova et al., 2006). 

Figure IV-1 The working model of how 
mTORC2 regulates acetyl-CoA flux and 
lipid handling gene expression during 
adipocyte differentiation. 
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Another phosphorylation site is at serine S273, which is phosphorylated by Cdk5 

and has inhibitory effect (Choi et al. 2010; 2014). Other modifications such as 

acetylation and sumoylation have also been reported and might regulate its 

activity (Brunmeir and Xu 2018; Tian et al. 2014; Floyd and Stephens 2004). As 

discussed above, these modifications and the upstream signals are tightly related 

to the metabolic status of cells and might be regulated by mTORC2. Second, 

PPAR binds with several co-factors (Viswakarma et al. 2010; Powell, Kuhn, and 

Xu 2007). These co-factors include HAT (CBP, PCAF) and HDACs/Sirtuins 

which can alter the acetylation status of nearby histones and/or protein partners. 

As mentioned above, these HAT/HDACs are sensitive to nuclear-cytoplasmic 

acetyl-CoA level, so mTORC2 might regulate the co-factor binding and/or activity 

by changing acetyl-CoA metabolism. Other chromatin-remodeling mechanisms 

for regulating PPAR expression and activity during adipogenesis. For example, 

the mammalian SWI/SNF family of ATP-dependent chromatin remodeler can 

interact with transcriptional regulatory proteins and previous studies show that 

SWI/SNF enzymes are required for the induction of differentiation genes 

including Pparg2 during adipogenesis (Armstrong, Bieker, and Emerson 1998; 

Salma et al. 2004). Of noted, several members in SWI/SNF family and their 

associated proteins are identified as AKT substrates (K. S. J. Foster et al. 2006; 

Sif et al. 1998). Moreover, histone acetylation also depends directly on acetyl-

CoA availability and mTORC2 might also contribute to acetyl-CoA flux. Other 

than co-factor binding, PPAR also orchestrates with C/EBP to regulate gene 
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expression during differentiation. These two transcription factors share common 

target genes, bind to adjacent sites and mutually regulate their expression and 

activity (Lefterova et al. 2014). Whether the PPAR activity defect is primary or 

secondary to C/EBP activity is remained elusive. Finally, there might be a 

mTORC2-dependent hormonal signal which might reprogram cell metabolism by 

concurrently regulating these mechanisms.  

 

 

 

Figure IV-2 The possible mechanisms of how mTORC2 regulates 

PPAR activity. 
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4.4 Genetic tools for studying white adipose tissue development in vivo 

In this dissertation, I presented a white adipocyte precursor (APC)-

targeting Prx1-Cre and successfully deleted Rictor and Akt1 in the APC pool of 

SWAT with this approach. However, there might be some caveats with this Cre 

driver. Since Prx1 expresses in mesenchyme during embryogenesis, we as well 

as other groups observed that Prx1-Cre targets bone mesenchymal stem cells 

which give rise to bone and bone marrow adipose tissue (MATs) (Sanchez-

Gurmaches, Hsiao, and Guertin 2015; Krueger et al. 2014). It has been shown 

that MATs contribute to nearly 10% of whole-body adiposity and secrete 

adiponectin (Scheller et al. 2016; Cawthorn et al. 2014). MATs are also highly 

regulated depending on whole-body energy status (Q. Li, Wu, and Kang 2018). 

In RictorPrx1-Cre mice, the adiposity in MAT is slightly decreased and long bones 

are significantly shorter [Table II-2 and II-3].  But how it contributes to the 

lipodystrophy phenotypes in other depots and systemic insulin sensitivity is 

unclear. Moreover, decreased bone length is also correlated with reduced 

muscle volume in these mice, which might also affect systemic metabolism. As 

mentioned in Chapter I, other APC-targeting Cre drivers are available but have 

limitations due to profound off-target effects to other organs [Table I-2]. More 

advances are required in this field for elucidating how white adipose tissue 

develops in vivo. 
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4.5 Sex differences in adipose tissue 

A growing body of evidence suggests that adipose tissue distribution and 

metabolic functions are distinct between sexes in human and mouse models 

(Valencak, Osterrieder, and Schulz 2017; Fitzgerald et al. 2018). In general, 

women before puberty and in reproductive years accumulate more SWAT (e.g. 

gluteal-femoral fat) compared to the age-matched men. This fat distribution 

pattern gives rise to pear-like or gynoid body shape (Björntorp 1991). Men, on 

the hand, tend to store fat in VWAT and have so called apple shape or android 

type obesity (Karastergiou et al. 2012). These sex-specific fat distribution 

patterns are in part due to the number of X and Y chromosomes (X. Chen et al. 

2013) and circulating sex steroids (Fuente-Martín et al. 2013). Sex steroids also 

regulate adipose tissue functions. For example, estrogens improve metabolic 

health by favoring fat deposition in SWAT, reducing inflammatory signals and 

improving systemic action in post-menopausal women (Brussaard et al. 1997; C. 

C. Lee, Kasa-Vubu, and Supiano 2003). On the contrary, androgens have 

negative effects on systemic metabolism by increasing VWAT size, reducing 

adiponectin production and impairing insulin sensitivity and are associated with a 

higher risk of developing cardiovascular disease (Zhao et al. 2018; Elbers et al. 

1999; Evans et al. 1983; A. Tchernof and Després 2000; Nishizawa et al. 2002). 

Moreover, adipose tissue in females have more plasticity than that in males. In 

both human and mouse models, adipose tissue in females are more responsive 

to browning signals, which might be due to higher estrogen-induced sympathetic 
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innervation (S.-N. Kim et al. 2016; Quarta et al. 2012). Notably, a female-specific 

adipocyte, called pink adipocyte which is trans-differentiated from white 

adipocyte in SWAT, transiently arises during pregnancy through lactation in 

response to hormonal changes and has milk-secreting function (Giordano et al. 

2014; Cinti 2017).  How androgens and estrogens mechanistically contribute to 

these sex-specific observations is still unclear and requires more investigation. 

 

In the past, the majority of studies mainly focused on male animals due to 

potentially higher metabolic variabilities related to hormonal fluctuations in female 

mice (Zucker and Beery 2010). An increasing number of studies has appreciated 

the differential metabolic phenotypes between sexes in many mouse models. For 

example, knocking out Noggin, a gene encoding an extracellular bone 

morphogenetic proteins (BMPs) which are essential regulators for adipocyte 

differentiation and function, in mature adipocytes shows that both male and 

females mice became obese, with reduced thermogenic gene expression 

significantly in females and impaired adipogenic and lipid metabolic gene 

expression in males (Blázquez-Medela et al. 2019). Conditional heme 

oxygenase-1 (OH-1, responsible for the recycling of heme) ablation in adipocytes 

increased adiposity selectively in females fed with HFD, and only female mice 

developed hyperglycemia and hyperinsulinemia (Hosick et al. 2017). Genetic 

deletion of Acly in mature adipocytes causes lipodystrophy with hepatic lipid 

accumulation and insulin resistance particularly in females fed with high sucrose 
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diet (Fernandez et al. 2019). These animal studies suggest that females might 

depend more on certain mechanisms, such as DNL, than males for regulating 

glucose and lipid metabolism. Similarly, I observed that only male RictorPrx1-Cre 

mice developed insulin resistance and sex differences exist in bone phenotypes 

[Figure II-S5 and S6, Table II-2 and II-3]. Whether males are more dependent on 

mTORC2-PPAR during adipose tissue development and function remains 

unclear, and more careful characterization and comparisons between sexes are 

required to uncover other potential differences in RictorPrx1-Cre mice. To further 

explore the mechanisms of sexual dimorphism, sex hormone supplement in 

combination of ovariectomy/orchidectomy could be considered.  

 

4.6 mTORC2-AKT signaling in adipose tissue development and function 

In this dissertation, I conclude that mTORC2 is required for white adipose 

tissue development and function in vivo by selectively deleting Rictor in APCs of 

SWAT using Rictorprx1cKO mouse model. The RictorPrx1-Cre mice develop 

lipodystrophy in SAT, redistribution of body fat to other depots, and systemic 

insulin resistance in males. Mechanistically, the Rictor-null depots have down-

regulation of DNL and PPAR-targeting lipid metabolism genes with normal 

PPAR expression and preserved adipocyte morphology [Figure II-6 and II-7]. 

These in vivo observations are consistent with the findings in vitro. I further 

explored the role of AKT1 in adipose tissue development by generating Akt1Prx1-

Cre mice. Interestingly, these mice have slightly reduced adiposity in AKT1-null 
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SWAT [Figure II-10] and decreased DNL gene expression selectively in females. 

Figure IV-3 summarizes the working model based on the in vivo findings in this 

thesis. It is the first time the role of mTORC2 and AKT1 in white adipocyte 

precursors has been addressed in vivo. Rictor deletion in mature adipocytes 

under standard chow do not have a lipodystrophy phenotype, but have liver 

steatosis which contributes in part to the systemic insulin resistance (Tang et al. 

2016). This phenotype is not detected in the RictorPrx1-Cre model. Deleting Rictor 

in brown adipocyte precursors also develop lipodystrophy in targeted depots 

(Hung et al. 2014a). Notably, these mice are protected from diet-induced obesity 

at thermoneutrality (at 30 °C, without cold stress) and the Rictor-null depots are 

more thermogenic (Hung et al. 2014a). Consistently, Rictorprx1-Cre mice fed with 

HFD are also protected from diet-induced weight gain, less glucose intolerance, 

and the Rictor-null SWAT also have higher UCP1 expression, which suggests 

the depot might be more thermogenic [Figure II-8 and II-9]. More analyses are 

required to determine the whole-body metabolic status of these mice, e.g. 

metabolic cage study in response to special diet condition or temperature 

changes. More mechanistic studies also need to be addressed, such as 

complete profiles of mTORC2 and AKT signaling as well as mTORC1 signaling, 

the DNL pathway, lipid metabolism inflammation profiles in these depots. 

Besides, I observed the link between histone acetylation and PPAR gene 

expression in vitro. To confirm this in vivo, we could utilize NuTRAP to unbiased 
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approach to correlate the histone modification change and transcriptome profiles 

simultaneously in adipocytes (Roh et al. 2017). 

 

Whether the phenotypes I detected in Rictor-deficient depots are specific 

AKT isoform-dependent is unclear. Many adipose-specific Rictor deletion models 

do not show significant AKT signaling change determined by immunoblotting for 

phosphorylation signals of canonical downstream targets (Hung et al. 2014a; 

Tang et al. 2016; Calejman et al. 2020). In the RictorPrx1-Cre model, I first identified 

decreases in phosphorylation of some canonical AKT targets as well as 

mTORC1 signaling, and a decrease on AKT at T308/309 site [Figure II-7A]. This 

may be due to reduced total AKT level, especially the AKT2 isoform [Figure II-

7A]. It is also the first time I identified the transcriptional regulation of Akt2 by 

mTORC2 [Figure II-S7A]. Interestingly, ablating AKT1 in subcutaneous APCs 

using Akt1Prx1-Cre model causes slightly decreased adipose tissue size in targeted 

female depot [Figure II-10]. Mechanistically, this Akt1-depleted SWAT shows 

decreased DNL gene and protein expression. These findings provide novel 

insights of how AKT1 regulates white adipose tissue development in vivo 

because this is the first time I have deleted Akt1 in white fat precursors. The 

current understanding is that AKT1 is dispensable for mature white and brown 

adipose tissue functions as well as brown adipose tissue development (Shearin 

et al. 2016; Sanchez-Gurmaches et al. 2019), even though some studies suggest 

AKT1 is required for adipogenesis in vitro as discussed in Chapter 1. Moreover, 
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previous studies mainly focused on male mice, which might overlook the fact that 

metabolism in adipose tissues are distinct between sexes (White and 

Tchoukalova 2014).  

 

In conclusion, this dissertation provides a novel insight of how mTORC2 

regulates white adipocyte differentiation and function using both in vitro and in 

vivo approaches and reveals a potential mechanism of mTORC2 in regulating 

acetyl-CoA metabolism. 

 

  

Figure IV-3 Model of how 
mTORC2 regulates adipose 
tissue development in vivo. 
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Appendix I: Key Resources Table 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

mTOR Cell Signaling 
Technology 

Cat# 2972; 
RRID: AB_330978 

RICTOR Cell Signaling 
Technology 

Cat# 2140; 
RRID: AB_561245 

PPAR (Western blot) Cell Signaling 
Technology 

Cat# 2443;  
RRID: AB_823598 

Perilipin1 (IF staining) Cell Signaling 
Technology 

Cat# 9349;  
RRID: AB_10829911 

C/EBP Santa Cruz 
Biotechnology 

Cat# sc-365318; 
RRID: AB_10846948 

-Tubulin Cell Signaling 
Technology 

Cat# 2125; 
RRID: AB_2619646 

Phospho-S473-AKT Cell Signaling 
Technology 

Cat# 4058; 
RRID: AB_331168 

Phospho-T450-AKT Cell Signaling 
Technology 

Cat# 9267; 
RRID: AB_823676 

Phospho-T308-AKT Cell Signaling 
Technology 

Cat# 4056; 
RRID: AB_331163 

Phospho-S473-AKT1 Cell Signaling 
Technology 

Cat# 9018; 
RRID: AB_2629283 

Phospho-S474-AKT2 Cell Signaling 
Technology 

Cat# 8599; 
RRID: AB_2630347 

AKT1 Cell Signaling 
Technology 

Cat# 2938; 
RRID: AB_915788 

AKT2 Cell Signaling 
Technology 

Cat# 3063; 
RRID: AB_2225186 

AKT Cell Signaling 
Technology 

Cat# 9272; 
RRID: AB_329827 

Phospho-T24-FoxO1 Cell Signaling 
Technology 

Cat# 9464; 
RRID: AB_329842 

FoxO1 Cell Signaling 
Technology 

Cat# 2880; 
RRID: AB_2106495 

Phospho-S9-GSK3 Cell Signaling 
Technology 

Cat# 9322;  
RRID: AB_2115196 

GSK3b Cell Signaling 
Technology 

Cat# 12456; 
RRID: AB_2636978 

Phospho-T246-PRAS40 Cell Signaling 
Technology 

Cat# 2997; 
RRID: AB_2258110 

PRAS40 Cell Signaling 
Technology 

Cat# 2691; 
RRID: AB_2225033 

Phospho-T642-AS160 Cell Signaling 
Technology 

Cat# 8881;  
RRID: AB_2651042 

AS160 EMD Millipore Cat# 07-741; 
RRID: AB_492639 

Phospho-T389-S6K1 Cell Signaling 
Technology 

Cat# 9205;  
RRID: AB_330944 

S6K1 Santa Cruz 
Biotechnology 

Cat# sc8418 

http://antibodyregistry.org/AB_330978
http://antibodyregistry.org/AB_561245
http://antibodyregistry.org/AB_2619646
http://antibodyregistry.org/AB_331168
http://antibodyregistry.org/AB_823676
http://antibodyregistry.org/AB_331163
http://antibodyregistry.org/AB_2629283
http://antibodyregistry.org/AB_2630347
http://antibodyregistry.org/AB_915788
http://antibodyregistry.org/AB_2225186
http://antibodyregistry.org/AB_329827
http://antibodyregistry.org/AB_329842
http://antibodyregistry.org/AB_2106495
http://antibodyregistry.org/AB_2258110
http://antibodyregistry.org/AB_2225033
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Insulin Receptor(IR) Cell Signaling 
Technology 

Cat# 3025;  
RRID: AB_2280448 

ACC Cell Signaling 
Technology 

Cat# 3676; 
RRID: AB_2219397 

ACLY Cell Signaling 
Technology 

Cat# 4332; 
RRID: AB_2223744 

FASN Cell Signaling 
Technology 

Cat# 3180; 
RRID: AB_2100796 

ChREBP Novus Cat# NB400-135; 
RRID: AB_10002435 

SREBP EMD Millipore Cat# 04-469, 
RRID:AB_612072 

HA Cell Signaling 
Technology 

Cat# 2367;  
RRID: AB_10691311 

Histone H3 Cell Signaling 
Technology 

Cat# 4499; 
RRID: AB_10544537 

Acetyl-Histone H3 (lys9) Cell Signaling 
Technology 

Cat# 9649; 
RRID: AB_823528 

PPAR Santa Cruz 
Biotechnology 

Cat# sc-7196; 
RRID: AB_654710 

CD36 NOVUS Cat#: NB400-144SS; 
RRID: AB_920879 

SCD1 Abclonal Cat# A16429 

FABP4 Cell Signaling 
Technology 

Cat# 2120;  
RRID: AB_2102466 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568 

Thermo Fisher 
Scientific 

Cat# A-11011; 
RRID: AB_143157 

PE-Cy7-conjugated anti-CD31 eBioscience Cat# 25-0311-82 

PE-Cy7-conjugated anti-CD45 eBioscience Cat# 25-0451-82 

A700-conjugated anti-CD29 BioLegend Cat# 102218 

A647-conjugated anti-CD34 BioLegend Cat# 119314 

LybA/E-conjugated anti-Sca1 eBioscience Cat# 45-0242-82 

ACSS2 (AceCS1, for western blot) Cell Signaling 
Technology 

Cat# 3658 

ACSS2 (IF staining) GeneTex Cat# GTX#30020 

UCP1 Abcam Cat# ab10983; 
RRID: AB_2241462 

   

Chemicals, Peptides, and Recombinant Proteins 

4-hydroxy Tamoxifen (4-OHT) Toronto research 
chemicals 

H954729 

Rosiglitazone Cayman Chemical 71740 

Oil Red O Sigma-Aldrich O0625 

Human insulin, regular Novo Nordisk #183302 

Insulin Sigma-Aldrich I2643 

3-isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich I5879 

Dexamethasone Sigma-Aldrich D1756 

Osmium tetroxide 2% aqueous solution Polysciences Inc #23311 

HCS LipidTOX™ Deep Red Neutral Lipid Stain Invitrogen H34477 

http://antibodyregistry.org/AB_2219397
http://antibodyregistry.org/AB_2223744
http://antibodyregistry.org/AB_2100796
http://antibodyregistry.org/AB_612072
http://antibodyregistry.org/AB_10544537
http://antibodyregistry.org/AB_823528
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Trichostatin A (TSA) Sigma-Aldrich T1952 

BODIPY FL C16 Invitrogen D3821 

Propidium iodide Invitrogen P3566 

[U-13C] glucose Cambridge Isotope 
Laboratories, Inc. 

CLM-1396-1 

[1,2-13C] acetate Cambridge Isotope 
Laboratories, Inc. 

CLM-440-PK 

Dialyzed fetal bovine serum Gibco A3382001 

   

Critical Commercial Assays 

Dual-Luciferase Reporter assay system Promega E1910 

Free Glycerol Reagent Sigma-Aldrich F6428 

NEBNext® Ultra™ Directional RNA Library Prep Kit for 
Illumina® 

New England 
Biolabs 

E7760 

Seahorse XF Glycolysis stress test kit Agilent 
Technologies 

Cat# 103020-100 

Seahorse XF Palmitate Oxidation stress test kit and 
FAO substrate 

Agilent 
Technologies 

Cat# 103693-100 
Cat# 102720-100 

   

Deposited Data 

Raw and analyzed data This study GSE146470 

   

Experimental Models: Cell Lines 

Immortalized subcutaneous white preadipocytes (Tang et al. 2016) N/A 

Primary subcutaneous white preadipocytes This study N/A 

   

Experimental Models: Organisms/Strains 

Mouse: Prx1-Cre Jackson Labs 005584 

Mouse: Adiponectin-Cre Jackson Labs 028020 

Mouse: Rictorfloxed Jackson Labs 020649 

Mouse: UBC-creERT2 Jackson Labs 007001 

Mouse: Akt1floxed From Morrie 
Birnbaum 

N/A 

   

Oligonucleotides 

Mouse primers IDT See Appendix II 

   

Recombinant DNA 

pMSCV-Puro (Akama-Garren et 
al. 2016)  

RRID: Addgene_68469 

pMSCV-ChREBP-Puro (Witte et al. 2015) N/A 

pMSCV-ChREBP-Puro (Witte et al. 2015) N/A 

pMSCV-HA-PPAR2-Hygro This study N/A 

pMSCV-Myc-ACLY-Puro (Calejman et al. 
2020) 

N/A 

pMSCV-Myc-ACLY-S455D-Puro (Calejman et al. 
2020) 

N/A 
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pMSCV-Myc-ACLY-S455E-Puro This study N/A 

pMSCV-Myc-ACLY-S455A-Puro (Calejman et al. 
2020) 

N/A 

PPRE X3-TK-luc (Kim et al. 1998) RRID: Addgene_1015 

pMSCV-HA-AKT1-Hygro (Calejman et al. 
2020) 

N/A 

pMSCV-HA-AKT1-S473D-Hygro (Calejman et al. 
2020) 

N/A 

pMSCV-HA-AKT1-S473A-Hygro (Calejman et al. 
2020) 

N/A 

pMSCV-HA-AKT2-Hygro (Calejman et al. 
2020) 

N/A 

pMSCV-HA-AKT2-S474D-Hygro (Calejman et al. 
2020) 

N/A 

pMSCV-HA-ACSS2 This study N/A 

pMSCV-HA-ACSS2-NLS This study N/A 

pMSCV-HA-ACSS2-Cyto This study N/A 

pLenti-CRISPR v2-sgACSS2#1 This study N/A 

pLenti-CRISPR v2-sgACSS2#2 This study N/A 

   

Software and Algorithms 

ImageJ (Fiji) (Schindelin et al. 
2012) 

https://imagej.nih.gov/ij/ 

Adiposoft Fiji plugin) (Galarraga et al. 
2012) 

N/A 

star_2.5.3a (Dobin et al. 2013) N/A 

Ensembl annotation GRCm38.94 (Zerbino et al. 
2018) 

N/A 

featureCounts_1.5.2 (Liao, Smyth, and 
Shi 2014) 

N/A 

DESeq2_1.20.0 (Love, Huber, and 
Anders 2014) 

N/A 

   

Other 

ChIP-Atlas (Oki and Ohta 
2016) 

N/A 

DAVID Bioinformatics Resources 6.8 (D. W. Huang, 
Sherman, and 
Lempicki 2009a; 
2009b) 

https://david.ncifcrf.gov/
home.jsp 

CytationTM 5 Image reader Biotek N/A 

LSRII A-5 laser flow cytometer BD Biosciences N/A 

Seahorse XFe96 Analyzer Agilent N/A 
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Appendix II: Primer sequences 
RT-PCR (mouse) 

Site  Sequence (5’-3’)  

TBP Forward ACGGACAACTGCGTTGATTTT  

Reverse ACTTAGCTGGGAAGCCCAAC  

Pparg2 Forward TGGCATCTCTGTGTCAACCATG  

Reverse GCATGGTGCCTTCGCTGA  

Cebpa Forward CAAGAACAGCAACGAGTACCG  

Reverse GTCACTGGTCAACTCCAGCAC  

Cebpb Forward TCGGGACTTGATGCAATCC  

Reverse AAACATCAACAACCCCGC  

Cebpd Forward GCTTTGTGGTTGCTGTTGAA  

Reverse ATCGACTTCAGCGCCTACA  

Akt1 Forward CACGCTACTTCCTCCTCAAG  

Reverse CTCTGTCTTCATCAGCTGGC  

Akt2 Forward CCTTCCATGTAGACTCTCCAG  

Reverse CCTCCATCATCTCAGATGTGG  

Acly Forward CTCACACGGAAGCTCATCAA  

Reverse ACGCCCTCATAGACACCATC  

Acaca Forward GGAGATGTACGCTGACCGAGAA  

Reverse ACCCGACGCATGGTTTTCA  

Fasn Forward GCTGCGGAAACTTCAGGAAAT  

Reverse AGAGACGTGTCACTCCTGGACTT  

Cd36 Forward TGGCCTTACTTGGGATTGG  

Reverse CCAGTGTATATGGCTCATCCA  

Fabp4 Forward GATGCCTTTGTGGGAACCT  

Reverse CTGTCGTCTGCGGTGATTT  

Lpl Forward GGCCAGATTCATCAACTGGAT  

Reverse GCTCCAAGGCTGTACCCTAAG  

Glut4 Forward GTGACTGGAACACTGGTCCTA  

Reverse CCAGCCAGTTGCATTGTAG  

Scd1 Forward CCCTGCGGATCTTCCTTATC  

Reverse TGTGTTTCTGAGAACTTGTGGTG  

Dgat1 Forward GAGGCCTCTCTGCCCCTATG  

Reverse GCCCCTGGACAACACAGACT  

Dgat2 Forward CCGCAAAGGCTTTGTGAAG  

Reverse GGAATAAGTGGGAACCAGATCA  

Hsl Forward CAGTGTGACCGCCAGTTC  

Reverse ACCTCAATCTCAGTGATGTTCC  

Mcad Forward GCCAAGATCTATCAGATTTATGAAGG  

Reverse AGCTATGATCAGCCTCTGAATTTGT  

Perilipin1 Forward CTGTGTGCAATGCCTATGAGA  
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Reverse CTGGAGGGTATTGAAGAGCCG  

Adipoq Forward TGTTCCTCTTAATCCTGCCCA  

Reverse CCAACCTGCACAAGTTCCCTT  

Chrebpa Forward CGACACTCACCCACCTCTTC  

Reverse TTGTTCAGCCGGATCTTGTC  

Chrebpb Forward TCTGCAGATCGCGTGGAG  

Reverse CTTGTCCCGGCATAGCAAC  

Pkm2 Forward TCGCATGCAGCACCTGATT  

Reverse CCTCGAATAGCTGCAAGTGGTA  

Rictor Forward TCGATCTGACCCGAGAACCTT  

Reverse GTTATTCAGATGGCCCAGCTTTT  

Ucp1 Forward CTGCCAGGACAGTACCCAAG   

 Reverse TCAGCTGTTCAAAGCACACA   

Acss2 Forward GGATCACTGGTCATTCCTAC  

 Reverse GTGCTGTGTAGAACTTGGTC  

    

gRNA sequences for CRISPR/Cas9 KO 

ACSS2KO-g1  GCTGCACCGGCGTTCTGTGG   

ACSS2KO-g2  GGTCACCTGTAGTGATGAGC  

    

    

    

ChIP-qPCR primers 

Site  Sequence (5’-> 3’) Reference 

Cd36-PPRE Forward CCAACGGAACTGATTTGAGC (Lefterova et 
al. 2010) Reverse TTGCTGCTACACTCCAGCAT 

Fabp4-PPRE Forward AATGTCAGGCATCTGGGAAC (Lefterova et 
al. 2010) Reverse GACAAAGGCAGAAATGCACA 

H3K9ac-
Cd36-PPRE 

Forward GAGCCGCCCCTTCTATACTT (Lefterova et 
al. 2010) Reverse TGTTGGGACAGACCAATCAG 

H3K9ac-
Fabp4-PPRE 

Forward TTCTGACTCCTGGCCTGAAC (Lefterova et 
al. 2010) Reverse TGCCCTCTCAGGTTTCATTT 

Pkm2-PPRE Forward GCAGCCAGCCTGTAAGGGCA (Panasyuk et 
al. 2012b) Reverse GCGAAGACAGGAAAACAGTGGGT 

Insulin Forward CTTCAGCCCAGTTGACCAAT N/A 

Reverse AGGGAGGAGGAAAGCAGAAC 

Chr. 15 Forward AGCGTGGCCTTGGCAGCAAA (Zhang et al. 
2012) Reverse TGCGATTGGCTTCCTCTCCCC 
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