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Chapter I: Introduction to brown adipose tissue development and signaling 
 
The relationship between obesity and fat deposition in adipose tissue 

Adipose tissue (AT) evolved as a survival organ in mammals – storing nutrients when food sources were 

plentiful for later use during periods when food was scarce. Understanding AT function and its regulation has 

become increasingly important as obesity continues to rise in the U.S. and global populations (1). In an obese 

person, adipocyte numbers and volume expand (2-5), but often not in sufficient amounts to accommodate the 

excess calories. This can lead not only to adipocyte cell death and release of triglycerides into the AT milieu and 

circulation (6), but the inappropriate deposition of lipid species in other organs such as liver, skeletal muscle and 

pancreas resulting in significant disturbances of the normal functions of these organs (7-10).  

Obesity is clinically defined by the body mass index (BMI), which is calculated as weight (kg) divided by 

height (m2) (11). Obesity is operationally defined as a BMI value > 30 (12), which now affects at least 1/3 of the 

United States population; another 1/3 of the population is overweight (BMI  > 25-29) (13). The rise of obesity is 

a major contributor to several chronic diseases such as Type II diabetes and cardiovascular disease in the US 

and worldwide (14-16). Obesity and its complications have been attributed to sedentary lifestyle (lack of 

exercise), diet (overconsumption of calories, particularly as unhealthy fats or carbohydrates), and environmental 

factors (13). However, even people adherent to dietary and exercise regimes often have trouble reducing or 

maintaining their body weight. Indeed, in less than 50 years our modern lifestyle has little need for physical 

exertion, and yet we still eat three meals a day. Early efforts to study energy expenditure in humans focused on 

the effects of a variety of physical activities and their duration on oxygen consumption. In fact, in some early 

studies, duration of physical activity was considered a better indicator of expending energy than the activities 

themselves (17). A logical conclusion to be drawn from the aforementioned studies is that longer periods of 

exercise offer more metabolic benefits. While this may be true, recent work has shown that short bursts of 

vigorous physical movement, even in those who don’t exercise, can greatly reduce mortality (which has a strong 

positive correlation with obesity) (18-20). Currently exercise is thought to promote weight loss by redistribution 

of energy stores to energy-expending tissues, thus reducing AT mass (21). 

Additional efforts to curb the increasing population of overweight individuals were therapeutic in nature. 

Behavioral therapy to reduce food consumption was once considered a standard-of-care for individuals carrying 
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excess fat. Psychiatrists posited that dysfunction in the brain led to overeating and encouraged their patients to 

modify their eating habits as a means of both reducing and preventing weight gain (22). Other therapeutic 

interventions included drugs like dinitrophenol, a nonspecific mitochondrial uncoupler that killed many of those 

who ingested it (23), as well as more recently a role for bariatric surgery to reduce the size of the stomach and 

improving insulin sensitivity (24). While therapies (behavioral or pharmacological in nature) aimed to treat obesity 

have been largely unsuccessful, surgical interventions have a demonstrated record of success in producing rapid 

weight loss in the morbidly obese (25). Nonetheless, some individuals undergoing bariatric surgery eventually 

regain much of the weight lost after surgery (24). A key point to make here is that even when BMI remains high 

(>40) in patients having undergone bariatric surgery, insulin sensitivity is still significantly improved relative to 

the pre-surgical state (26). The methods of recourse for weight regain, though, are limited: undergo surgery 

again (27) or rely on diet and exercise to maintain a healthy weight. New therapeutic advances show promise 

as alternatives to bariatric surgery. A new drug class which mimics the actions of glucagon-like peptide 1 (GLP1) 

in vivo has shown great efficacy in improving insulin sensitivity and promoting weight loss (28). Rybelsus and 

Ozempic (semaglutide, administered orally or by injection respectively, Novo Nordisk) are standard examples of 

this drug class. Plenity (an orally administered superabsorbent hydrogel, Gelesis) induces weight loss by 

reducing “available” stomach volume, similar to bariatric surgery (29). Also, a new FDA-approved drug, Mounjaro 

(tirzepatide, an injectable glucagon-like peptide receptor 1/ glucose-dependent insulinotropic polypeptide 

receptor [GLPR1/ GIPR] dual receptor agonist, Eli Lilly), can reduce body weight by over 20% and improve 

insulin sensitivity with greater efficacy than GLPR1 agonists but requires lifelong administration  (30). 

Given the relationship of obesity to high morbidity diseases like Type II diabetes and cardiovascular 

disease, it is crucial to explore additional ways of preventing and reducing fat accumulation. In particular, obesity 

drives whole-body inflammation, leading to increased risk and incidence of the aforementioned co-morbidities 

(31-33). While there will always be an important role for a healthy and moderately portioned diet and physical 

activity, it is important to understand in detail the hormonal signaling pathways that regulate healthy adipose 

tissue physiology and how they go awry in obesity. Understanding the intracellular signaling downstream of 

critical hormonal pathways regulating adipose tissue biology opens the door for the discovery of novel 

therapeutic targets that can be pharmacologically modulated for the benefit of human health – in particular, to 
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eliminate the obesity epidemic and its metabolic consequences. This dissertation research has been intended 

to reveal some of these not yet understood regulatory mechanisms. 

 

What is adipose tissue? 

AT exists in discrete depots throughout the body; collectively, these depots have been referred to as ‘the 

adipose organ’ (34).  The parenchymal cell of the adipose organ is the adipocyte of which there are three types: 

white, brown, and beige (Fig. 1). White and brown adipocytes exist in adipose depots specifically known as white 

adipose tissue (WAT) and brown adipose tissue (BAT) respectively (34). Beige adipocytes represent an 

adipocyte with functional plasticity. These cells are usually found in WAT but relative to white and brown 

adipocytes display an intermediate phenotype. Also, AT secretes adipokines such as leptin and adiponectin 

which regulate whole body metabolic function (35-39). Each adipocyte type possesses distinct features that 

facilitate its unique functions.  

 

 

 

 

White adipose tissue. A key function of WAT is the synthesis and storage of triglycerides, which can 

later be released during periods of nutrient deprivation (40, 41). The parenchymal cells of WAT, called white 

adipocytes, have certain defining characteristics related to their energy-storing function.  White adipocytes are 

unilocular (possess one large, single lipid droplet), a nucleus, and have a modest number of mitochondria. These 

Figure 1: Types of 
adipocytes. White 
adipocytes are unilocular 
(one large lipid droplet), 
lipid storing and non-
thermogenic. Brown 
adipocytes are lipid 
catabolizing (burning) 
cells with multiple small 
lipid droplets. They are 
also thermogenic. Beige 
adipocytes display an 
intermediate phenotype 
between brown and 
white adipocytes.  



 
 

4 

lipid-rich white adipocytes are responsible for the eponymous yellowish-white color of WAT (42, 43). Additionally, 

the expansion of WAT is primarily responsible for the weight gain observed in individuals with obesity, 

particularly, in humans the visceral WAT (44, 45). 

Given the importance of AT as a fuel reserve during periods of nutrient deprivation, it is critical that the 

storage and release of this fuel is tightly controlled. This fuel is stored in the form of triglycerides (TGs) (46). A 

TG consists of a glycerol molecule (propan-1,2,3-triol) with a free fatty acid (FFA) esterified to each of the three 

alcohol groups. Glycerol can be found in the body as a metabolite of glucose (47). FFA molecules that are 

incorporated into TGs can be consumed from the diet or made endogenously via de novo lipogenesis (DNL) (48, 

49). 

DNL can occur in a variety of tissues including adipose, skeletal muscle, and the liver (49-51). The 

primary precursor for DNL is acetyl CoA (49), which is generated from citrate (not pyruvate as is the case for 

acetyl CoAs entering the TCA cycle). Citrate, produced by the TCA cycle, is exported from the mitochondria into  

 

 

 

the cytosol and converted to acetyl CoA by the enzyme ATP citrate lyase (ACLY) for DNL (52). Next, acetyl CoA 

carboxylase 1 (ACC1), using citrate-derived acetyl CoA as a substrate, produces malonyl CoA (53). Finally, fatty 

acid synthase (FASN) catalyzes the conversion of malonyl CoA into palmitate (C16:0) (54), though longer FA 

chains can sometimes be made by FASN and through the action of the elongation of very long chain fatty acids 

(ELOVL) family of enzymes (Fig. 2) (55). These newly made FFA are then used to synthesize TGs for immediate 

energetic use or storage in WAT or BAT. These TGs can later be released under conditions of increased energy 

demand by a tightly controlled process known as lipolysis (56). Lipolysis is the hydrolysis of TGs that release 

Figure 2: De novo lipogenesis pathway. Citrate from 
the TCA cycle can also produce acetyl CoA. 
Nonetheless, ACC1 converts acetyl CoA into malonyl 
CoA, which is then used as a substrate by FASN to make 
palmitate. Palmitate can be used to make longer chain 
fatty acids by the stearoyl coA desaturase (SCD) and 
ELOVL family of enzymes. 
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FFAs from adipocytes as needed during periods of nutrient deprivation or increased energy demand (i.e., 

exercise, starvation).  

 WAT also secretes hormones, known as ‘adipokines’, that play key physiological roles in modulating 

whole organism metabolism (39, 57, 58). Two of the most well-known hormones secreted from WAT are leptin 

and adiponectin (2, 59, 60). Leptin is a satiety hormone that is secreted in proportion to WAT mass (60) and is 

encoded by the ob gene (short for obese) for the early discovery that leptin deficiency results in obesity (36, 61, 

62). In AT, leptin expression is regulated by adipose tissue mass, fasting, and re-feeding (63, 64) and its 

expression can be regulated by C/CAAT enhancer binding proteins (C/EBPs) (65). Leptin has been reported to 

also be expressed in the hypothalamus and pituitary gland (66, 67). Leptin action in the hypothalamus reduces 

food intake and increases sympathetic nervous system tone; loss-of-function animal models for leptin and its 

receptor reveal both diabetic and obesogenic phenotypes (37, 68). Adiponectin (AdipoQ), unlike leptin, is 

secreted in a manner inversely proportional to WAT mass (38). Transcriptionally, its expression is regulated 

primarily by peroxisome proliferator activated receptor  (PPAR) and C/EBP (69). Plasma AdipoQ levels in 

rodents and humans are positively correlated with improved insulin sensitivity and high-density lipoprotein (HDL) 

cholesterol levels, suggesting that AdipoQ protects against both diabetes and heart disease (70). 

WAT also contains other cell types including immune cells, endothelial cells, preadipocytes, neurons, 

and stem cells, which are collectively called the stromal vascular fraction (SVF) of AT (71). These cells play an 

important role in supporting adipose tissue function. Immune cells (T regulatory cells and macrophages) act as 

important modulators of the adipose tissue microenvironment, cleaning up dead adipocytes and cellular debris 

(72, 73). Immune cell migration to adipose tissue is currently seen as a major contributing factor to adipose tissue 

inflammation and fibrosis that are thought to drive many of the negative health effects associated with obesity 

(72-74). 

Brown adipose tissue. The second major adipose type is BAT (75). BAT also has an important 

evolutionary function in mammals, non-shivering thermogenesis (heat production), which helps to maintain 

temperature homeostasis (76, 77). Skeletal muscle also conducts a form of thermogenesis known as shivering 

thermogenesis that is activated during the initial phases of cold exposure (78, 79). Thermogenesis in BAT is 

enhanced as a more effective means secondary response when shivering thermogenesis is insufficient to 
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maintain core body temperature (79). Nonetheless, the amount and activity of BAT in humans and rodents is 

associated with improved metabolic health, namely improved glucose homeostasis and insulin sensitivity (80-

82). These positive metabolic benefits are attributed to the thermogenic function of BAT (81, 83). As an example, 

mice transplanted with mouse BAT had improved glucose homeostasis relative to sham-operated mice (84). 

These observed improvements in glucose handling could be further potentiated by increasing the amount of BAT 

transplanted. Additionally, in humans, where BAT transplantation studies are more difficult to perform, studies in 

which BAT was activated using cold exposure demonstrate that BAT promotes euglycemia and improved insulin 

sensitivity (80, 85). BAT activity also promotes lipid oxidation, suggesting that BAT promotes excess fuel uptake 

from the bloodstream, ultimately preventing the storage of these fuels in WAT. Due to this mechanism of fuel 

disposal, BAT amount and activity, despite its classification as AT, are negatively correlated with obesity risk. In 

aging humans, the amount and activity of BAT are reduced and this decline in BAT function is associated with 

the onset of a variety of metabolic diseases, including Type 2 diabetes, obesity, and their associated co-

morbidities (86-88). There is still much debate as to the number and location of BAT depots in humans, but 

positron emission tomography (PET) imaging studies using radiolabeled glucose have revealed a prominent 

BAT depot in the neck or supraclavicular region (89, 90). However, there are several other “hot spots” in these 

studies, namely along the sternum and spine, that may represent bona fide BAT (91) or “beige” adipocytes, 

which will be discussed in the next section. In rodents, the most commonly studied BAT depot is the interscapular 

BAT (iBAT), though others can exist that can be found around visceral organs (34, 92). Despite the disparity in 

location, murine and human BAT currently appear to function in a similar manner (93), although the study of 

adult human brown adipocytes is only about a decade old.  

Several key physiological features of BAT allow it to carry out its thermogenic function. Unlike white 

adipocytes, brown adipocytes have multiple, small lipid droplets within them (multilocular), hypothesized to 

enhance access to stored lipid for use as fuel during cellular respiration and thermogenesis (94, 95). 

Furthermore, to sustain high levels of thermogenesis, BAT is dense in mitochondria, the cellular “energy factory”. 

Along with a dense mitochondrial network, robust glucose and free fatty acid uptake into BAT, in addition to lipids 

stored intracellularly, enable the high levels of respiration required for thermogenesis (83, 96, 97). This 

mechanism of fuel uptake is thought to contribute to the beneficial metabolic effects of BAT primarily by clearing 
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excess glucose and fatty acids from the blood resulting in improved glucose tolerance and insulin sensitivity (80, 

98).  

Mitochondrial function is crucial to BAT thermogenesis. During brown adipocyte development, increases 

in Pgc1 expression primarily drive mitochondrial biogenesis (99). Given its high respiratory capacity, one might 

assume that the high mitochondrial density of BAT is solely responsible for its thermogenic capacity. However, 

thermogenesis is achieved in BAT not due to standard, electron-coupled respiration, but rather a unique 

mechanism known as “uncoupled respiration”. BAT expresses a unique protein called uncoupling protein 1 

(UCP1), a proton (H+) pump that sits in the inner mitochondrial membrane (100).  

Uncoupled respiration, as the name implies, uncouples proton (H+) movement from ATP production. 

There are 5 mitochondrial protein complexes involved in cellular respiration: Complexes I-V (101). Importantly, 

complexes 1, 3, 4, and 5 act as H+ pumps (Fig. 3) (101).  

Complexes 1,3, and 4, in addition to and coupled with their redox capacities, pump H+ into the inner membrane 

space, which produces a H+ gradient with higher [H+] in the inner membrane space and a lower [H+] in the 

matrix (101).  

 

Of the 5 mitochondrial H+ pumps, ATP synthase is the only pump that moves H+ down their concentration 

gradient across the inner membrane and into the matrix. ATP is subsequently produced, harnessing the chemical 

energy released by H+ moving down their concentration gradient (101, 102). UCP1 dissipates the H+ gradient 

Figure 3. Role of UCP1 as an 
uncoupler of mitochondrial 
respiration. During standard 
(coupled) respiration, the first 4 
mitochondrial complexes pump 
H+ from the matrix to the 
intermembrane space. ATP 
synthase then moves H+ down 
their concentration, harnessing 
this chemical energy to make 
ATP. UCP1 offers an alternative 
path to H+ movement. H+ 
movement through UCP1, as 
indicated in the diagram, is 
released as heat, resulting in 
thermogenesis.  
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by moving H+ down their concentration gradient without synthesizing ATP (Fig. 3) (103). This bypass of the 

normal H+ movement through ATP synthase is called ‘proton leak’.  

The chemical energy produced by H+ movement down its concentration gradient through UCP1 is 

released as heat rather than being used to make ATP (104, 105). This H+ motive force (pmf) is sufficient to 

produce the energy needed to drive ATP synthesis and/or thermogenesis (77, 106).  Brown adipocytes increase 

their mitochondrial oxidation of metabolic substrates (e.g., glucose, fatty acids) to maintain both thermogenesis 

and ATP production in the face of enhanced UCP1-mediated proton leak (107, 108).  

The major physiological regulator of BAT activity is the catecholamine norepinephrine (NE) that is 

released from sympathetic neurons innervating the tissue (109). The heat generated in brown adipocytes can 

then be distributed through the body by the dense vasculature within BAT. NE regulation of brown adipocytes 

occurs via binding with its cognate receptors, β-adrenergic receptors (β-ARs) – of which there are three isoforms, 

β1-AR, β2-AR, β3-AR (110). There is also a small contribution of 1-ARs to the control of thermogenesis (111). 

NE enhances a gene expression program required for the primary function of BAT: thermogenesis (112, 113) 

(discussed in greater detail below in section, -AR signaling in BAT).  This neurotransmitter acts both to 

promote the differentiation (114) and proliferative expansion (115) of brown adipocyte precursors during cold 

exposure. For example, prolonged cold exposure causes BAT hyperplasia (113). NE also increases 

mitochondrial number in BAT by upregulating peroxisome proliferator activated receptor coactivator 1 (Pgc1), 

a master regulator of mitochondrial biogenesis, and estrogen related receptors (ERRs) (116), providing the 

cellular infrastructure to carry out thermogenesis. Uniquely, UCP1 is activated by FFA released during lipolysis 

in BAT (117), indicating that β-AR signaling orchestrates a complex system of processes to drive thermogenesis 

by both regulating the existing brown adipocyte machinery in addition to expanding its overall mass and 

respiratory capacity.  

Another less well-characterized mechanism of BAT activation is mild psychological stress. In one study, 

women were administered a mild stressor (a math test) which elevated levels of cortisol, an endogenous steroid, 

in the saliva (118). This elevation in saliva cortisol levels was associated with enhanced skin temperature in 

anatomical regions believed to house BAT in humans, namely the supraclavicular region, suggesting enhanced 

BAT activity (118). While this study shows association, not causation, between elevated cortisol levels and 



 
 

9 

purported BAT activity, these findings are consistent with years of in vitro brown adipocyte studies wherein 

dexamethasone, a glucocorticoid (steroid), is required for full brown adipocyte differentiation. Additionally, other 

work has confirmed that glucocorticoid administration in humans activates BAT (119). 

Lastly, it’s important to note that changes in circadian rhythm also can modulate BAT function, altering 

metabolic health. Genetic deletion of brain and muscle ARNT-like 1 (Bmal1), a primary regulator of circadian 

rhythm, in BAT mildly reduced thermogenesis, but did not alter core body temperature (120). The authors of this 

study attribute the maintenance of body temperature to sustained shivering thermogenesis. One key observation 

was an increase in weight gain after HFD administration in Bmal1 BAT knockout animals (120), providing 

evidence for an important role for circadian rhythm in metabolic health. In humans, single nucleotide 

polymorphisms (SNPs) in Bmal1 and Clock (circadian locomotor cycles output kaput), a transcriptional partner 

of Bmal1, are associated with increased risk of obesity and Type 2 diabetes (121, 122). 

Beige adipocytes. In many mammals, including rodents and primates, beige adipocytes (BeAs) are 

found in several WAT depots after physiological SNS stimulation, such as cold exposure or after exogenous 

administration of β-AR agonists (123, 124). This phenomenon is known as adipose tissue ‘browning’ or ‘beiging’. 

These stimuli, as previously discussed, also drive BAT activity and expansion (124). Reduced sympathetic tone 

to BAT results in a “whitening” phenotype, wherein UCP1 expression and mitochondrial density are reduced, 

largely by organelle turnover and absence of the NE stimulus to maintain their levels (125). One example of BAT 

“whitening” occurs in mice housed at thermoneutrality (30 C), a temperature at which the body has no need to 

endogenously maintain temperature homeostasis and thereby downregulates the physiological programs that 

promote it (126). 

BeAs display phenotypes associated with both white and brown adipocytes. BeAs, relative to WAT, have 

higher expression of UCP1, mitochondrial genes and other genes characteristic of brown adipocytes, and are 

thermogenic (127). In humans, since no single bona fide BAT depot has been identified as it has in rodents  (92), 

it is postulated that many of depots identified as BAT in humans may actually consist of beige adipocytes (128). 

The presence of UCP1+ adipocytes as well as imaging studies measuring glucose uptake into AT suggest that 

humans have physiologically active brown or beige fat (129-131). Nonetheless, debate still exists as to whether 

this UCP1+ AT is constitutive (as it is in mouse iBAT) or primarily activated by factors such as cold exposure, 
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which explains the lack of consensus as to whether this AT is brown or beige. There is a perception that targeting 

BeAs might represent a strategy for reducing the risk of obesity and Type 2 diabetes (132).  

Two primary theories have been proposed regarding the cellular origins of BeAs primarily using lineage 

tracing studies in mice: 1) that mature white adipocytes undergo transcriptional changes (in response to NE or 

similar stimuli) that increase the expression of genes normally expressed in BAT (transdifferentiation), and 2)  

that BeAs are derived from a unique progenitor cell type that, in response to NE, differentiates de novo into BeAs 

(133). There is evidence supporting both hypotheses and it is possible that the browning phenomenon occurs 

due to contributions from both mechanisms. A key experimental model that provided evidence to support the 

hypothesis for transdifferentiation is a tamoxifen-inducible AdipoQ-Cre tDTomato reporter system in mice (134). 

tdTomato labeled cells in iWAT prior to cold exposure, representing mature white adipocytes, also expressed 

UCP1 after 7 days of cold exposure indicating that mature white adipocytes can upregulate UCP1 and develop 

features of beige adipocytes. These data support the transdifferentiation hypothesis. Another study revealed that 

mice exposed to cold followed by a return to room temperature contained white adipocytes that had once been 

UCP1+ (135). Now these data only suggest that beige adipocyte can return to a white adipocyte phenotype (i.e., 

supporting the notion that the mature white and beige adipocyte phenotype is interconvertible). However, these 

white adipocytes that had once been UCP1+ could have been developed from de novo differentiated adipocytes.  

Other work has supported the de novo differentiation hypothesis. Experiments using the AdipoChaser 

model (a tetracycline-inducible reporter system) showed that newly developed UCP1+ adipocytes in WAT arose 

from both de novo differentiated adipocytes as well as adipocytes that had long been labeled by the AdipoChaser 

system (136). The results of other studies also support these findings (137). Thus, it is likely that a combination 

of both de novo differentiation and mature white adipocyte transdifferentiation contribute to the appearance of 

BeAs in WAT. Importantly, new evidence (132) suggests beige adipocytes are also associated with positive 

metabolic benefits. In my view, the strongest rationale for manipulation of BeA number and function to achieve 

therapeutic benefit is that BeAs can be recruited by pharmacological agonists. Under laboratory conditions, BeAs 

also can be acutely regulated by cold exposure in animal models (133). Removal of these pharmacological or 

environmental stimuli return BeAs to their features of white adipocytes with limited amounts of mitochondria and 

no longer producing UCP1 (133, 135).  
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The conversion of white adipocytes to BeAs is controlled by transcription factors whose expression and 

activity are induced primarily by adrenergic stimulation. As in brown adipocytes, PPAR and Pgc1 are 

upregulated during the white-to-beige adipocyte transition.  One example of a transcription factor that regulates 

white verus beige adipocyte cell identity is zinc finger protein 423 (ZFP423). ZFP423 was identified as a 

transcription factor that is upregulated in adipose stem cells (adipocyte precursors or preadipocytes) versus non-

adipogenic fibroblasts in WAT (138). However, when Zfp423 mRNA expression was assessed in the 3T3-L1 

adipocyte cell line and other known adipocyte cell lines, its expression was not significantly modulated during 

differentiation, indicating that Zfp423 is not a primary driver of adipogenesis (at least in these WAT-derived 

adipocyte cell culture models)(138). Studies in mice showed that Zfp423 mRNA expression is 2-3 fold higher in 

WAT depots than BAT leading to the hypothesis that this transcription factor may have distinct roles in regulating 

the biology of WAT versus BAT depots (139). The use of a doxycycline inducible AdipoQ-Cre Zfp423 KO mouse 

model revealed that loss of Zfp423 in WAT resulted in the recruitment of beige adipocytes as assessed by H & 

E staining and thermogenic gene expression. This result led the authors to ask whether the recruitment of beige 

adipocytes observed upon Zfp423 loss in WAT was driven by de novo beige adipocyte differentiation or 

transdifferentiation of white adipocytes to the beige phenotype? To answer this question, a GFP reporter 

(expressed on a Rosa26 floxed allele) mouse was crossed with the AdipoQ-Cre inducible Zfp423 KO mouse 

such that mature adipocytes were labeled with GFP, while adipose stem cells were GFP-negative. The objective 

was to use a doxycycline pulse-chase approach to detect whether Zfp423 loss induced beiging via de novo 

differentiation or transdifferentiation using a 7-day doxycycline pulse and a 3-week chase period. Since 

doxycycline induces both GFP expression and Zfp423 KO in this model, the appearance of GFP-negative beige 

adipocytes after the chase would indicate that Zfp423 loss in mature adipocytes somehow stimulates de novo 

beige adipocyte differentiation.  If large numbers of GFP-positive beige adipocytes were detected after the chase 

in the GFP reporter AdipoQ-Cre Zfp423 KO model, then this would suggest that Zfp423 loss causes white-to-

beige transdifferentiation as these GFP-positive cells had to be mature adipocytes before the 3-week chase 

period. After 7 days of doxycycline administration at room temperature, quantitative reverse transcriptase 

polymerase chain reaction (qRT-PCR) measurements in isolated mature adipocytes harvested from the iWAT 

revealed that Zfp423 was efficiently deleted in this cell population and GFP immunofluorescence in iWAT showed 
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that nearly all adipocytes were GFP-positive as expected. After the 3-week chase period, large numbers of GFP-

positive multilocular adipocytes were observed in the iWAT of Zfp423 KO mice only (139), suggesting that Zfp423 

specifically regulates the white-to-beige conversion of mature adipocytes and not de novo differentiation. Upon 

cold exposure in this model after the 3-week chase period, both GFP-positive and GFP-negative BeAs were 

observed. This finding is consistent with studies previously discussed in this section establishing that in vivo, 

beige adipocytes are produced by both de novo and transdifferentiation. Lineage tracing assays are a novel and 

powerful tool for studying adipocyte development and differentiation. 

The adipose developmental program: Tough choices for brown fat? 

Developmentally, AT is derived from the mesoderm. Though it was initially thought that brown and white 

adipocytes were derived from a common progenitor (140, 141), it is now known that they originate from distinct 

precursor cell populations (142, 143). For the sake of providing a reasonably complete picture of adipocyte 

differentiation, white adipocyte differentiation is discussed here, though in significantly less detail than brown 

adipocyte differentiation as BAT function served as primary focus of the studies presented in this thesis. Several 

transcription factors and co-regulators – such as the C/EBPs and PPAR – are necessary for the development 

and differentiation of adipocytes into both WAT and BAT. These transcriptional regulators increase adipogenic 

gene expression to allow for complete maturation of adipocyte precursors via a transcriptional positive feedback 

mechanism (144, 145).  

White adipocyte development can be characterized by three stages of differentiation. The first stage is 

represented by 1) an uncommitted adipocyte precursor cell, which has been shown to be multipotent in in vitro 

differentiation experiments. Upon induction of key transcription factors, these precursors become 2) committed 

preadipocytes and eventually 3) mature lipid-containing adipocytes. Studies of white adipocyte differentiation 

have largely been done using stromal vascular fraction (SVF) cells from rodent and human AT and cultured 

adipocyte cell lines. The SVF contains numerous cell types including uncommitted adipocyte precursors (similar 

to mesenchymal stem cells), committed preadipocytes, as well as endothelial and immune cells (146, 147). AT 

SVF served as the first model of adipocyte differentiation in vitro (148, 149). Soon thereafter clonal cell lines 

were developed from rodent AT SVF that could be differentiated in vitro using an adipogenic cocktail: 

thiazolidinediones (TZDs, a family of PPAR agonists), steroid hormones (dexamethasone), phosphodiesterase 
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inhibitors (isobutylmethylxanthine [IBMX]), insulin, and other factors (150-152). Notably, these models were all 

WAT-derived.  Some of the adipocyte cell lines entered the canon of adipocyte biology as key models for studying 

the transcriptional cascades driving adipocyte differentiation. The primary one was the 3T3-L1 line (153). Other 

groups such as Spiegelman and colleagues used primary fibroblasts to study adipogenesis (154, 155).  

These studies have led to the following model of white adipocyte differentiation. In both 3T3-L1 cells and 

primary fibroblasts, PPAR expression is low under non-stimulated conditions (156, 157). While early studies 

revealed that PPAR agonists could stimulate adipogenesis in vitro (158), the mechanisms of endogenous 

PPAR activation in developing adipocytes in vivo remains unclear. Just prior to full PPAR induction, the 

expression of C/EBP- and C/EBP-δ transiently increases, which is hypothesized to further induce PPAR and 

initiate C/EBP expression (159, 160). PPAR also interacts with retinoid X receptor (RXR) to fulfill its 

transcriptional role in adipogenesis (158, 161)  Next, C/EBP and PPAR enter a positive feedback loop whereby 

each factor promotes the expression of the other ultimately leading to complete differentiation of white adipocytes 

(154, 162-164). The key features of full white adipocyte differentiation include 1) the appearance of lipid droplets 

and 2) expression of adipogenic genes including fatty acid binding protein 4 and the insulin receptor among 

others (154-156, 164, 165).   

The identification and use of adipocyte precursor cell markers has provided additional insights into the 

development of ATs. However, WAT SVF contains many cell populations and the ability to distinguish between 

these cell types, particularly adipocyte precursors and committed preadipocytes, is critical to a robust 

understanding of adipocyte differentiation. Determining the role of adipocyte precursors and preadipocytes in 

the development of obesity is, of course, the primary aim of these studies. Initial work seeking to identify 

adipocyte precursors indicated that these cells expressed stem cell markers such as cluster of differentiation 

protein 29 (CD29), PDGFR, and CD24 (3, 166, 167). Adipocyte precursors were also identified by the lack of 

expression of markers associated with other cell lineages, termed lineage-negative (lin-), indicating that the cells 

being identified as adipocyte precursors were a true adipose progenitor cell population and not uncommitted 

precursors of other cell lineages in the SVF such as endothelial cells (168). A key marker that distinguishes 

adipocytes precursors from committed preadipocytes is CD24, which is not expressed in committed 

preadipocytes (3, 169).  More recent work by Hong and colleagues (170) hypothesized that adipocyte precursors 
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and preadipocytes could be detected in developing AT. To test this, embryonic inguinal adipose tissues were 

immunostained with perilipin-1 (PLIN1), a protein that exists within the membranes of lipid droplets within mature 

adipocytes (171). Rapid expansion of PLIN1+ cells was observed at various stages of embryogenesis. While 

these cells initially lacked lipid deposition, boron-dipyrromethane (BODIPY), a molecule used to recognize 

neutral lipids, staining at postnatal day 1 revealed that these rapidly proliferating populations of PLIN1+ cells 

indeed contained lipid droplets. Importantly, AT isn’t fully developed in rodent embryos (172), consistent with the 

hypothesis that these PLIN1+ cells are not mature adipocytes, but adipocyte progenitors in the process of 

differentiation. The eventual co-localization of PLIN1 and BODIPY staining strongly suggested that this 

developing cell population was representative of adipocyte precursors or preadipocytes and positions PLIN1, 

thought to be a mature adipocyte marker (173), as a putative marker of adipocyte precursors and/or 

preadipocytes.  

In brown adipocytes, these factors are regulated in a similar way, but given the differences in gene 

expression between white and brown adipocytes, other transcription factors also regulate the differentiation of 

the brown fat cell. One key difference between brown and white adipocytes is that brown adipocytes and skeletal 

myocytes share a common myogenic factor 5 (Myf5)-expressing progenitor (174, 175). Other defined markers 

of brown adipocyte precursors include the genes Engrailed (Eng) (176) and Paired Box 7 (Pax7) (177). Brown  

Figure 4: Brown adipocytes and skeletal myocytes share a common progenitor while white 
adipocytes develop from a distinct lineage. BAT and skeletal muscle are derived from Myf5+ 
progenitor cells with PRDM16 being the major driver of brown adipocyte cell fate commitment over the 
skeletal myocyte lineage. The reasons why brown adipocyte precursor cells express a myogenic gene 
signature are not known or understood but may offer insights into the differences in function between 
brown and white adipocytes (the latter being derived from different progenitors).   
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adipocyte progenitors transiently express mRNAs for a host of genes that are normally expressed in the skeletal 

muscle (Fig. 4) (142, 175, 178). Since their discovery, key transcription factors that direct Myf5+ progenitors to 

the brown adipocyte lineage (versus the skeletal myocyte lineage) have been identified. One of the first was 

PRDM16.   

PRDM16 was shown to drive the development and differentiation of brown adipocyte progenitor cells into 

mature brown adipocytes by acting as a PPAR co-activator and does not appear to require direct binding of 

PRDM16 to DNA (174, 175).  Reduced expression of PRDM16 in primary brown adipocyte cultures reduces  

adipogenic, but increases myogenic, gene expression. Furthermore, overexpression of PRDM16 in the C2C12 

myoblast cell line leads to increased adipogenic gene expression and lipid droplet deposition in these cells, 

supporting the central role of PRDM16 (in concert with other transcription factors) as a cell fate switch for brown 

adipocyte vs. myocyte differentiation (174). 

Early B cell factor 2 (EBF2) is another transcription factor that regulates brown adipocyte identity and cell 

fate. The primary function of EBF2 is to maintain brown adipocyte identity in mature brown adipocytes, similar to 

PRDM16 (179, 180). However, reports suggest that EBF2 also regulates beige adipocyte progenitor cell fate 

(179). EBF2-expressing adipocyte progenitors harvested from mouse embryonic WAT differentiate almost 

exclusively into brown adipocytes and express PPAR and PRDM16. Non-EBF2 expressing cells from the same 

depot develop features of white adipocytes (179). Since the WAT progenitors expressing higher levels of EBF2 

differentiated almost exclusively into brown adipocytes, these studies establish a critical role for EBF2 as a 

primary regulator of particularly beige, but also brown, adipocyte identity.  

 In adult WAT in mice, EBF2 expression is induced in adipocyte progenitors after 3 days of cold exposure 

(179). Progenitor cells from these cold-exposed mice that had higher EBF2 expression induced a BAT-selective 

gene expression program upon in vitro differentiation while cells with lower EBF2 levels again largely 

differentiated into white adipocytes (179). Like PRDM16, overexpression of EBF2 suppresses myogenic gene 

expression in brown adipocyte progenitor cells and induces adipogenic gene expression in C2C12 myoblasts 

(179). Thus, PRDM16 and EBF2 function to promote and maintain brown adipocyte identity by enhancing BAT-

selective gene expression and reducing myogenic gene expression during critical stages of brown (and beige, 

for EBF2) adipocyte progenitor development.  
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A variety of other transcription factors also regulate brown adipocyte development. One noteworthy 

example is GATA2. GATA-binding protein 2 (GATA2) is established to act as a negative regulator of white 

preadipocyte differentiation to mature white adipocytes (181, 182) and its role is similar during brown adipocyte 

differentiation. Using the HIB-1B brown adipocyte cell line, Tsai and colleagues showed that Gata2 mRNA levels 

are reduced significantly by day 2 of differentiation and remain suppressed through day 6, indicating that GATA2 

likely regulates early adipogenesis (183). Retroviral overexpression of GATA2 in HIB-1B cells led to reduced 

induction of Pgc1 and Ucp1 during differentiation. In fact, ectopic co-expression of Pgc1 in HIB-1B cells 

overexpressing GATA2 did not rescue Ucp1 expression relative to differentiated wild type HIB-1B cells, while 

levels of fatty acid binding protein 4 (Fabp4 or aP2) were not affected by GATA2 overexpression (183). These 

data suggest GATA2 likely negatively regulates the early brown preadipocyte transition to a fully mature brown 

adipocyte. 

The distinct origins of brown and white adipocytes may provide a foundation from which to understand 

their unique functions. However, the ability of these cell types to transdifferentiate (135, 184) in the presence of 

hormonal or environmental stimuli adds complexity to achieving an understanding of how they can be targeted 

pharmacologically to treat diabetes and obesity. Given the high respiratory capacity of BAT and skeletal muscle 

(particularly ‘slow-twitch’ or oxidative muscle), their shared developmental origins make sense. It is essential, 

nonetheless, to understand how BAT and WAT develop and function to identify important pharmacological 

targets. The acute ability of hormones to alter the physiology of these two cell types represents a unique 

opportunity for investigation. While studies investigating the role of selective agonists for the 3-AR have largely 

shown poor efficacy in humans, the intracellular effectors of -AR signaling in adipose tissue should be further 

evaluated for therapeutic potential. 

-AR signaling in BAT 

A variety of signals regulate both BAT function and the expansion of BeAs, including NE, the cardiac 

natriuretic peptides, thyroid hormone (T3), and FGF21 among others (185-188). The molecular signals initiated 

by these hormones ultimately result in transcriptional responses that upregulate thermogenic gene expression 

in white adipocytes, altered adipocyte morphology of brown and beige adipocytes, and enhanced mitochondrial 
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respiration. While regulated by several hormones, BAT and BeA activity are primarily induced and regulated by 

NE (188).  

During cold exposure, transient receptor potential melastinin 8 (TRPM8) ion channels in peripheral 

sensory neurons are activated (189); TRPM8 ion channels are calcium-sensitive cation channels.  

TRPM8-mediated activation of peripheral sensory neurons sends signals to the brain via dorsal root ganglia in 

the spinal cord, stimulating hypothalamic function (190, 191). Efferent neurons then activate sympathetic nerves 

innervating skeletal muscle, the vasculature, BAT, and other tissues (192). Brown fat is innervated by 

sympathetic nerves (193) resulting in activation of -AR signaling as shown in Figure 5. This cold-stimulated NE 

release into skeletal muscle, the vasculature and BAT promotes both shivering and non-shivering thermogenesis 

(194). Other mechanisms that activate the SNS can also promote BAT activity (195). 

 

 

 

All three -ARs are G-protein coupled receptors (GPCRs) coupled to a canonical Gs heterotrimeric G-

protein signaling cascade. Each heterotrimeric G-protein, as the name implies, contains three subunits: G, G, 

and G. Upon NE binding, -ARs act as guanine nucleotide exchange factors (GEFs), activating the Gs subunit 

(a weak GTP hydrolyzing protein or GTPase) by exchanging GDP for GTP; G bound to GTP is an active 

signaling effector. The exchange of GDP for GTP leads to dissociation of G from the G/ subunits. Gs then 

Figure 5: NE-activated signaling effectors in 
brown and beige adipocytes. Activation of the SNS 
by either cold or other stimuli enhances NE release 
from sympathetic nerve terminals. NE binds its 

cognate receptors, - and - adrenergic receptors in 

BAT with β-ARs primarily driving the thermogenic 
response. Activation of β-ARs activates the 

canonical Gs signaling pathway leading to enhanced 

activity of protein kinase A (PKA) and 
phosphorylation of effector proteins including p38 
MAPKs and mTORC1. These effectors ultimately 
enhance the activity of transcription factors that 
enhance the expression of thermogenic genes (i.e., 

Ucp1 and Pgc1). Increases in BAT activity or the 

stimulation of adipose tissue browning in WAT are 
the main outcomes. Adapted from Shi and Collins, 
Horm Mol Biol Clin Investig (2017). 
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binds to membrane-bound adenylate cyclase, an enzyme that catalyzes the conversion of ATP to cyclic 

adenosine monophosphate (cAMP), the key second messenger of the Gs signaling cascade. Regulator of G 

protein signaling (RGS) proteins act as GTPase-activating proteins or GAPs which deactivate G by stimulating 

the hydrolysis of GTP into GDP. G bound to GDP is inactive as a signaling effector. cAMP advances Gs signaling 

by binding to the regulatory subunits (of which there are 2) of PKA in 2:1 stoichiometry. Importantly, the regulatory 

subunits of PKA are bound to the plasma membrane by A-kinase anchoring proteins (AKAPs). The two catalytic 

subunits of PKA dissociate from the regulatory subunits after cAMP binding to the latter and phosphorylate and 

activate intracellular substrates, such as iodothyronine deiodinase 2 (DIO2) and cAMP-response element binding 

protein (CREB). The Gs signaling pathway described above is reviewed here (196). DIO2 catalyzes the 

production of T3 from T4, an inactive form of thyroid hormone (197). T3 potentiates the adrenergic induction of 

thermogenesis in BAT (198). CREB is a transcription factor that binds to genomic enhancer elements that 

stimulate the expression of Ucp1 and Pgc1 (199, 200). 

Given the primary role of -ARs in regulating BAT thermogenesis and the positive metabolic benefits 

associated with BAT thermogenesis, these receptors have been pharmacologically targeted for their potential 

therapeutic efficacy. Notably, the 3-AR is highly expressed in rodent and human AT relative to the other two 

subtypes (201-203). Early efforts to pharmacologically activate BAT in rodents used 3-AR selective agonists 

such as CL316, 243 (204) and ICI D7114 (205). It is important to specify that these agonists are only 

representative of many others that were studied (206). In rodent studies, these agonists improved insulin action, 

fatty acid metabolism, and promoted energy expenditure and it was thought that similar effects would be 

observed in humans (207, 208). One clinical trial using CL316,243 in lean men proved that acute administration 

of a 3-AR agonist enhanced insulin-mediated glucose disposal (209). However, after 8 weeks of administration, 

no changes were observed in body weight or composition nor plasma glucose or insulin levels, suggesting that 

CL316,243 did not have long-term efficacy in improving metabolic health. Interestingly, plasma free fatty acid 

levels remained high at the study endpoint, consistent with the role of -ARs in stimulating lipolysis in AT. 

However, it was soon realized that the lack of long-term efficacy of CL316,243 in humans was due to differences 

in human and rodent 3-AR pharmacology (210, 211). Thus, attempts were made to find agonists that were more 
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selective for the human 3-AR and that could recapitulate the positive metabolic benefits observed in rodent 

studies. 

An example of an agonist selective for the human 3-AR is L-796568. In obese men, L-796568 did not 

alter energy expenditure nor glucose tolerance after 28 days of administration (212) despite its demonstrated 

selectivity for the human 3-AR (213). Additional clinical studies using other human 3-AR selective agonists 

produced similar results (206, 214), suggesting that the differences in rodent and human 3-AR pharmacology 

were not the only reason 3-AR agonists lacked therapeutic efficacy in humans. The relative specificity of 3-AR 

expression in AT was hypothesized to allow selective activation of this receptor subtype without off-target effects 

in other tissues expressing -ARs, primarily the heart, lungs, and the vasculature, an important consideration for 

human studies.  Despite this assumption, off-target effects, such as increased heart rate (215) and tremor (216), 

were observed in some studies, highly undesirable outcomes. Due to their lack of long-term efficacy and off-

target effects, 3-AR selective agonists were abandoned as pharmacological tools to promote metabolic health 

(206, 214). Nonetheless, receptors only serve as the initiators of intracellular signaling pathways and activate a 

variety of downstream effector proteins that may themselves serve as viable pharmacological targets for 

harnessing the positive metabolic benefits of BAT. 

 The Collins laboratory has sought to identify the key intracellular effectors of -adrenergic signaling in 

BAT. For example, pharmacological inhibition of p38α MAPK resulted in reduced isoproterenol (iso, a pan -AR 

agonist) stimulated Ucp1 expression in cultured brown adipocytes (217). Similar investigations in the Collins 

laboratory have identified mechanistic target of rapamycin complex 1 (mTORC1) as another central effector of 

-adrenergic signaling in BAT. Both pharmacological inhibition and genetic deletion of Raptor, a defining 

component of mTORC1, resulted in a blunted browning response after both cold exposure and 3-AR agonist 

administration (218). These studies have shown that while we understand that NE regulates BAT function and 

adipose tissue browning, much remains to be discovered about the molecules within brown and beige adipocytes 

that are responsible for its effects. A central aim of this thesis is to characterize a potential novel effector of -

adrenergic signaling in BAT. 
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Rationale for the research undertaken for this dissertation 

Given the prevalence of obesity in the US and worldwide, it is imperative that the mechanisms underlying 

adipose tissue physiology are fully and completely understood, particularly in BAT and BeAs. Again, the ability 

of BeAs to be acutely regulated by drugs or cold exposure makes this cell type an attractive target for in-depth 

study to understand how adipocytes transition from an energy-storing function to an energy burning one given 

the potential broad clinical implications of these insights.  In an obese state, adipocytes store too much lipid and 

lipids are ectopically deposited in other tissues such as skeletal muscle and liver. The key question is: can that 

excess energy (in the form of lipids) be expended in a controlled way? Can we refine our understanding of BAT 

activity and the adipose browning process to develop therapeutics to improve human health? 

The discovery in the Collins laboratory that iso stimulation increased phosphorylation of ribosomal protein 

S6 kinase 1 (S6K1), an established mTORC1 substrate, and its target ribosomal protein S6, in adipocytes (219) 

led to a series of important discoveries in the Collins’ laboratory. Before this discovery, it was considered dogma 

that S6K1 phosphorylation is increased after insulin and growth factor stimulation, but not after exposure to 

catecholamines. The prevailing thought in the field of adipose biology was that insulin and NE have opposing 

effects; insulin inhibits lipolysis, while NE stimulates it (220).  

mTORC1 is canonically activated by growth factors (221-223), the most well-known being insulin (224). 

Insulin binding to its cognate receptor, the insulin receptor (IR), results in IR autophosphorylation and activation 

(225). Activated IR phosphorylates insulin receptor substrate 1 (IRS1) (226). IRS1 then binds and activates 

phosphatidylinositol 3-kinases (PI3Ks) (227) which convert phosphatidylinositol-4,5,-bisphosphate (PIP2) in the 

plasma membrane into phosphatidylinositol-3,4,5-trisphosphate (PIP3) (228, 229). PIP3 then binds to and 

activates phosphoinositide-dependent kinase 1 (PDK1) (230), a kinase that phosphorylates and activates protein 

kinase B or Akt (PKB/Akt) at Thr308 (231), while mTORC2 phosphorylates Akt at Ser473 (232). Akt then 

phosphorylates tuberous sclerosis complex 2 (TSC2), a GAP (233). TSC2 exists in complex with tuberous 

sclerosis complex 1 (TSC1) (234). In the absence insulin (or other activators), the TSC1/2 complex inhibits Rheb 

(235), a small GTPase that ultimately promotes mTORC1 formation and activity (236). In the presence of insulin 

(and activated Akt), TSC1/2 is inactive and Rheb activates mTORC1 (233, 235). The mTORC1 complex consists 

of mTOR kinase, regulatory-associated protein of mTOR (Raptor), proline-rich AKT substrate of 40 kDa 
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(PRAS40), mammalian lethal with Sec13 protein 8 (mLST8), and DEP-domain containing mTOR-interacting 

protein (Deptor) (237). Notably, PRAS40 is an inhibitor of mTORC1 activity (238), but activated Akt 

phosphorylates and inhibits PRAS40, allowing full mTORC1 complex activation (239). mTORC1 via mTOR 

kinase activity then phosphorylates its intracellular substrates, namely S6K1 and eukaryotic translation initiation 

factor 4E (4E-BP1). mTORC1 phosphorylation of S6K1 and 4E-BP1 ultimately stimulate protein translation. 

S6K1 promotes translation and its phosphorylation by mTOR acts to positively regulate its endogenous function, 

while 4E-BP1 is a translation inhibitor and mTOR phosphorylation of 4E-BP1 inhibits this activity. Work from our 

laboratory has confirmed that other insulin-activated effectors such as Akt and extracellular regulated kinases 

(ERKS) are not activated by iso despite mTORC1 activation (240). These data suggest that iso uniquely activates 

mTORC1 without upstream signaling crosstalk. Thus, it is logical to conclude that upstream components of the 

insulin pathway do not affect -AR stimulated mTORC1 activity via their own non-canonical activation by -ARs. 

It was particularly surprising that signals from these two hormones could lead to phosphorylation of S6K1, 

a convergence of two seemingly divergent signaling pathways. Our laboratory established that mTOR kinase 

and Raptor are directly phosphorylated and activated by PKA (218). Adipocyte-specific deletion of Raptor using 

AdipoQ-Cre (Raptor adKO) blocked cold-induced expression of Ucp1 and mitochondrial genes in BAT, inguinal 

WAT, and gonadal WAT. Similarly, control mice administered CL316,243 in the presence of rapamycin (rapa, 

an mTORC1 inhibitor) exhibited reduced Ucp1 expression and had fewer multilocular adipocytes in inguinal WAT 

relative to control mice treated with CL316,243 alone. Furthermore, the Raptor adKO mice had lower core body 

temperature relative to control mice during acute (10 hr) cold exposure (218), suggesting Raptor is essential for 

non-shivering thermogenesis.  

Despite the critical finding that mTORC1 is an essential effector of the -AR-stimulated browning 

response in adipose tissue, there remains a gap in our knowledge as to how PKA-activated mTORC1 

communicates with downstream substrates and ultimately leads to increased adipose tissue browning. Stable 

Isotope Labeling in Cell culture (SILAC) coupled with mass spectrometry (MS) was used to identify substrates 

of PKA-activated mTORC1 in mouse adipocytes. The criteria for being considered a substrate of PKA-activated 

mTORC1 were 1) phosphorylation induced by iso and blocked by rapa and 2) the lack of phosphorylation in 

response to insulin stimulation. This strategy identified several potential substrates correlating with the -AR-
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stimulated browning response in adipose tissue, including phosphorylation of protein kinase D1 (PRKD1) at 

serine 206.  

The potential importance of PRKD1 in adipose browning 

PRKD1 (formerly known as Protein kinase C ) is a serine/threonine kinase whose activity is canonically 

activated downstream of Gq-coupled GPCRs, which activate phospholipase C (PLC), resulting in production of 

diacylglycerol (DAG) and inositol triphosphate (IP3), the latter of which evokes release of calcium (Ca2+)  from 

intracellular stores (241, 242).  Gq-stimulated PKCs then phosphorylate PRKD1 at two key serine residues in 

its activation loop: Ser744 and Ser748 (243). Phosphorylation of these residues in addition to DAG binding to 

PRKD1 results in full PRKD1 activation (244, 245).  

Despite a great deal of experimental data characterizing how PRKD1 is regulated by upstream signals 

(241, 242),  the substrates and physiological effects of PRKD1 have not been fully discovered. One phenotype 

attributed to PRKD1 is vesicle budding from the Golgi apparatus. Overexpression of kinase-dead PRKD1 in 

HeLa cells results in tubulation of the Golgi (246), a phenotype whereby secretory vesicles destined for the 

plasma membrane move away from the Golgi but fail to undergo scission. Other known roles of PRKD1 are 

apparent in a variety of important biological processes. Genetic deletion of Prkd1 from pancreatic -cells results 

in defective insulin secretion in vivo (247). Cardiomyocyte-specific deletion of Prkd1 displayed improved cardiac 

function in response to pressure overload (248). In skeletal muscle, PRKD1 activity promotes muscle 

performance (249). Interestingly, PRKD1 regulates myocyte enhancer factor-2 (MEF2), a transcription factor that 

promotes myocyte differentiation, in both cardiac and skeletal muscle (248, 249). Other work has suggested a 

role for PRKD1 in cancer (250). While PRKD1 is involved in myriad physiological functions, little is known about 

its function in adipose tissue. 

We found a potentially exciting link between our -AR-mediated activation of mTORC1 and -AR- 

mediated phosphorylation of PRKD1. Löffler and colleagues (251) reported that mice lacking Prkd1 expression 

in adipocytes displayed improved insulin sensitivity and glucose tolerance after high-fat diet feeding. Additionally, 

they reported that differentiated inguinal adipose stromal vascular cells lacking Prkd1 had basal increases in 

Ucp1 gene expression that could be further potentiated by stimulation with iso. A second study (252) reported 

that deletion of Prkd1 in mouse adipocytes had reduced expression of enzymes involved in de novo lipogenesis 
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using a Prkd1 floxed mouse model crossed with aP2-Cre mice. Consequently, since this Cre-driver has been 

shown to be expressed in a number of cell types other than adipocyte (253-255), additional confirmatory studies 

would be valuable in confirming the interpretation that lowering PRKD1 expression, or activity, would necessarily 

improve insulin sensitivity and glucose tolerance for those consuming high fat diets, as in the experimental model 

of Löffler (251). 

My studies directly test the hypothesis that Prkd1 deletion in BAT and BeAs increases thermogenesis. 

To explore this question, I generated, using a Cre-loxP system, a Prkd1 brown adipose-specific knockout mouse 

using a Ucp1-Cre mouse, which deletes Prkd1 expression only in BAT and BeAs. I also explored novel PRKD1 

phosphorylation sites and their ability to regulate PRKD1 function. Findings from these studies fill important gaps 

in knowledge in both the BAT and PRKD1 scientific fields. The goal of these studies is to characterize the role 

of Prkd1 in -AR-stimulated adipose tissue browning and BAT function, which will augment our knowledge of 

(and hopefully enhance the potential for therapeutics targeted to) the signaling pathways that regulate these 

important metabolic tissues. 
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Chapter II: Phosphorylation of Protein Kinase D1 (PRKD1) at Ser203 and Ser206 as a Potential 

Regulatory Mechanism for PRKD1 Function 

INTRODUCTION 

Studies from the Collins laboratory that have been aimed at identifying effectors of -AR signaling in BAT 

demonstrated that PKA could directly phosphorylate and activate mechanistic target of rapamycin (mTOR) 

complex-1 (mTORC1). Furthermore, they showed that PKA-activated mTORC1 is required for -AR-stimulated 

BAT activity and adipose tissue browning (218). This work is part of a major goal of the Collins laboratory to 

delineate the complete -AR signaling pathway in BAT from receptor to response. While many components of 

this pathway are known, a review of the literature shows that additional molecules regulating BAT function are 

still being discovered, which tells us that there remains more to learn about -AR signaling in BAT (256). We 

sought to identify effectors of this novel, non-canonically activated mTORC1 in BAT to enhance our 

understanding of BAT physiology, but also with the hope of discovering potential therapeutic targets. One of 

these was protein kinase D1 (PRKD1). 

  PRKD1 was identified in our initial phospho-proteomic screen for substrates of PKA-activated mTORC1 

(described in Chapter 1). Two main criteria were used to classify potential substrates. The first criterion was that 

phosphorylation of a residue in the protein substrate was increased in the presence of iso and blocked by rapa; 

the second was the lack of phosphorylation in response to insulin. Phospho-Ser206 of PRKD1 met these criteria, 

suggesting that further study of PRKD1 as a potential effector of this novel signaling pathway was warranted. 

However, many phosphorylation events were induced by iso, but unaltered by rapamycin. Phospho-Ser203 of 

PRKD1, which is 3 amino acids from Ser206, was one such site. Since the sequence surrounding this site 

(RRRRLS203) contains the canonical PKA phosphorylation site RRXS/T (257), we postulated that PKA activity 

results in PRKD1 Ser203 phosphorylation. This amino acid sequence also represents an Akt phosphorylation 

motif (RXRXXS/T) (258). The studies described in this chapter were designed to 1) demonstrate PRKD1 Ser203 

phosphorylation occurs in response to -AR agonists and 2) determine whether PRKD1 Ser203 phosphorylation 

altered PRKD1 kinase activity. 

Given the close proximity of these two phospho-sites and that they are both induced by -AR agonism, 

we sought to investigate whether these phosphorylation events (PRKD1 phospho-Ser203 and phospho-Ser206) 
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occurred co-operatively and whether either or both phosphorylation events altered PRKD1 activity. Canonically 

at least as far as is known from the literature, PRKD1 is activated by recruitment to the plasma membrane via 

diacylglycerol (DAG) binding and protein kinase C (PKC) phosphorylation of PRKD1 at Ser744 and Ser748 upon 

agonism of Gq-coupled GPCRs (241, 242). Both Ser203 and Ser206 are located between the C1a (CRD1) and 

C1b (CRD2) DAG-binding domains of PRKD1. The location of these sites lends credence to the hypothesis that 

they alter PRKD1-DAG interactions in some way as will be described later in the chapter. Despite many published 

studies on PRKD1 phosphorylation, only two papers discuss PRKD1 Ser203 phosphorylation and its effects on 

PRKD1 function, and only one of these discusses (and briefly at that) PRKD1 Ser206 phosphorylation (259, 

260).  

Work from Hausser et. al. (259) suggested that PRKD1 Ser203 and Ser206 together could form a 14-3-

3 binding site and that 14-3-3 protein binding to PRKD1 is dependent on PRKD1 kinase activity. The authors 

speculated from these results that PRKD1 Ser203 and/or Ser206 could be autophosphorylation sites. 

Importantly, the authors showed that incubation of purified 14-3-3 with PRKD1 in an in vitro kinase assay reduced 

phosphorylation of aldolase, a PRKD1 substrate, which could indicate a negative regulatory effect on PRKD1 

kinase activity by 14-3-3 proteins (259). These data suggest that PRKD1 kinase activity possesses an intrinsic 

negative feedback mechanism by potential autophosphorylation of Ser203 and Ser206, which promotes 14-3-3 

protein binding to PRKD1 to reduce substrate phosphorylation. 

Another study from the Rozengurt laboratory suggested that PRKD1 Ser203 is phosphorylated by class 

I p21-activated kinases (PAKs) in response to agonism of Gq-coupled GPCRs (260), which is of course distinct 

from Gαs-coupled βARs. PAK phosphorylation of PRKD1 Ser203 facilitates PRKD1 dissociation from the plasma 

membrane and subsequent substrate phosphorylation. Pharmacological inhibition of PAKs did not alter PRKD1 

recruitment to the plasma membrane, but rather inhibited its ability to dissociate from the plasma membrane and 

phosphorylate its nuclear targets, class II histone deacetylases (HDACs) (260). In a similar way, a PRKD1 

phospho-null (Ser203Ala) mutant did not dissociate from the plasma membrane as rapidly as the wild-type 

enzyme (260). These data suggest that PRKD1 phosphorylation at Ser203 promotes its dissociation from the 

plasma membrane and thereby facilitates PRKD1-mediated phosphorylation events that can regulate gene 

transcription (i.e., via phosphorylation of class II HDACs). Adding to the complexity of how PRKD1 Ser203 is 
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phosphorylated and its potential impacts on PRKD1 function, our phospho-proteomic data suggest that a kinase 

effector of -AR signaling, PKA, can also phosphorylate this residue. 

While it has been reported that PRKD1 can modulate energy expenditure in mice by suppressing the 

expression of certain thermogenic genes (251), this study was based on adipose-specific gene deletion of 

PRKD1 and did not address how mechanisms of PRKD1 phosphorylation may contribute to the role of PRKD1 

in regulating thermogenic gene expression. The studies presented here aim to address this gap in knowledge. 

MATERIALS AND METHODS 

Cell lines and purified PRKD1: HIB-1B cells (a gift from Spiegelman lab, Harvard) (261) and HEK293 cells 

(ATCC) were used to perform experiments investigating PRKD1 Ser203 phosphorylation. Recombinant PRKD1 

(>99% purity, Invitrogen) was used for mass spectrometry applications. 

Plasmids: Human PRKD1 cDNA was obtained from Addgene plasmid #10808 and subcloned into the p3X-

FLAG-CMV10 mammalian expression plasmid. The p3x-FLAG-CMV10 plasmid contains three (3) FLAG epitope 

tags 5’ of the multiple cloning site, resulting in expression of 3x N-terminally FLAG-tagged PRKD1 in mammalian 

cells. Ser203Ala PRKD1 was generated from the p3x-FLAG-CMV10 plasmid using site directed mutagenesis 

(QuikChange II site-directed mutagenesis kit, Agilent). 

Iso stimulation of cell lines: HIB-1B cells were grown to near (80-90%) confluence in 6-well dishes followed 

by 3-days of differentiation using 1 μM rosiglitazone. HEK293 cells were plated in 6-well dishes and the next day 

were transfected with 1 μg of p3xFLAG-PRKD1 per well. Cells were then stimulated with 1 μM iso for 1 hour 

followed by lysis in 1X radioimmunoprecipitation assay (RIPA) buffer. 

Immunoprecipitation of PRKD1: Five hundred μg of total protein containing-lysate from HEK293 cells 

overexpressing FLAG-PRKD1 was incubated with 25 μL FLAG mAb-agarose conjugated beads with gentle 

mixing overnight at 4 °C. Beads were washed 3x with 1X Tris-buffered saline (TBS-T) at 4 °C followed by elution 

in 4X Laemmli buffer for 5 minutes at 95 °C. The eluate was diluted such that the Laemmli buffer was at 1X 

dilution and resolved by 10 % SDS-PAGE and stained with Coomassie Brilliant Blue (for mass spectrometry 

applications). 

Western Blot: HIB-1B and HEK293 cell lysates were generated using 1X RIPA buffer. Lysates were resolved 

by 8% SDS-PAGE (Tris-glycine, 6 V/cm2) for 2 hours followed by transfer to nitrocellulose for 1.5 hours at 30 V. 
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Membranes were blocked in 5% non-fat milk in 1X TBS-T for 1 hour then incubated with primary antibodies: 

rabbit anti-PRKD1 (MyBioSource, MBS9404610, 1:1000) and rabbit anti-phosphoSer203 of PRKD1 

(ThermoFisher, PA5-40259, 1:1000). Primary antibodies were diluted (according to manufacturer’s protocol) in 

blocking buffer and incubated with membranes overnight at 4 °C. Membranes were washed 3x5 min in 1X TBS-

T. Anti-rabbit IgG secondary antibody was diluted in blocking buffer (Anti-Rabbit IgG HRP conjugate, Cell 

Signaling, 7074S, 1:5000) and incubated with the membrane for 1 hour at room temperature. Membranes were 

washed 3x5 min in 1X TBS-T followed by chemiluminescent visualization.  

 

RESULTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since DAG binding to the C1a/C1b domains recruits PRKD1 to the plasma membrane and enhances its 

kinase activity, an initial hypothesis was that phosphorylation of Ser203 (theoretically by PKA) and Ser206 (by 

mTOR based on mass spectrometry in which the phosphorylation is blocked by rapa) alters DAG binding to 

PRKD1, and thereby its kinase activity. The goal of the initial experiments was to reproduce the increase in 

PRKD1 phospho-Ser203 by a -AR agonist as observed in the phospho-proteomic screen. First, it was 

Figure 6: Validation of PRKD1 phospho-Ser203 antibody. HEK293 cells were transfected with WT 
PRKD1 or S203A or S203D mutants to confirm specific recognition of PRKD1 phospho-Ser203 by the 
antibody. The Western blots above show that the PRKD1 phospho-Ser203 antibody does not 
recognize the two S203 mutants, despite comparable expression of FLAG-tagged PRKD1 (FLAG blot) 

and equal amounts of protein loaded onto the gel (-actin blot). These data confirm the specificity of 

the PRKD1 phospho-Ser203 antibody.  

IB: pSer203 PRKD1  

FLAG-PRKD1: 
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necessary to identify a valid tool to detect PRKD1 Ser203 phosphorylation. A PRKD1 phospho-Ser203 antibody 

was validated (Fig. 6) using whole cell lysates transfected with WT, Ser203Ala, Ser203Asp PRKD1. The lower 

band in the WT lanes in Figure 6 likely indicates a small amount of cross reactivity with unphosphorylated 

PRKD1. 

  

 

 

 

 

 

 

 

 

 

 

 

 

HIB-1B brown adipocyte cells were stimulated with iso and levels of PRKD1 phospho-Ser203 were 

measured by Western blot (Fig. 7). Iso increased PRKD1 phospho-Ser203 levels relative to vehicle-treated 

control cells, demonstrating that iso could enhance PRKD1 Ser203 phosphorylation in cells similar to the SILAC 

studies. HEK293 cells overexpressing PRKD1 were stimulated with iso followed by Western blot to measure 

PRKD1 phospho-Ser203 levels (Fig. 8). Again, iso stimulation enhanced PRKD1 phospho-Ser203 levels relative 

to control cells. The conclusion from these studies is that iso can stimulate PRKD1 Ser203 phosphorylation, 

confirming the findings from the phospho-proteomics studies. 

Mass spectrometry studies were performed to confirm both PRKD1 Ser203 and Ser206 phosphorylation 

in response to iso. Using FLAG-tagged PRKD1 immunoprecipitated from HEK293 cells (either with or without 

iso stimulation) and resolved by SDS-PAGE, mass spectrometry studies confirmed that levels of both PRKD1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Iso stimulates PRKD1 Ser203 phosphorylation in HIB-1B cells. After 3 days of 
differentiation, HIB-1B cells were stimulated with either 1 or 10 μM iso for 1 hour. Vehicle was distilled 
H2O. The Western blot shows that both 1 and 10 uM iso robustly increased the density of the PRKD1 
phospho-Ser203 band over vehicle controls. Total PRKD1 is included to demonstrate that the increase in 
PRKD1 phospho-Ser203 levels is not the result of increased total PRKD1 protein levels due to iso 

stimulation. We conclude that -AR activation results in PRKD1 Ser203 phosphorylation in a mouse brown 

adipocyte model. 
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Ser203 and 206 were detected in response to iso stimulation (Fig. 9). However, absolute quantitation was 

technically difficult (and expensive) due to varied cleavage patterns in the detected tryptic peptides containing 

PRKD1 phospho-Ser203 and phospho-Ser206. 

 

 

 

The next goal was to identify which kinase(s) mediated PRKD1 Ser203 phosphorylation. The data 

indicated this kinase was most likely a kinase effector of the -AR signaling pathway. However, the published 

studies discussed earlier suggested a complex regulation of PRKD1 Ser203 phosphorylation, including 

autophosphorylation or phosphorylation by PAKs. To test the hypothesis that PRKD1 Ser203 is an 

autophosphorylation site (as suggested by Hausser et. al. (259)), commercially available pure PRKD1 was used 

in an in vitro kinase assay in the presence or absence of ATP (data not shown). Without any experimental 

manipulation, MS confirmed that the commercially obtained pure PRKD1 (> 99%) was phosphorylated at Ser203. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Iso stimulates PRKD1 Ser203 phosphorylation in HEK293 cells overexpressing PRKD1. 
HEK293 cells were transfected with p3x-FLAG-PRKD1. The following day, cells were stimulated with 

10 M iso for 1 hour. Control cells (-/-) were incubated with distilled H2O. Here, expression of PRKD1 

(second lane) was not sufficient to observe PRKD1 phospho-Ser203 signal. However, the addition of 

10 M iso in the presence of PRKD1 resulted in a robust increase in PRKD1 phospho-Ser203 signal. 

These data support our initial finding that activation of -ARs stimulates PRKD1 Ser203 phosphorylation 

using a PRKD1 in vitro overexpression model. 
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MS confirmed that pure PRKD1 Ser206 was likewise constitutively phosphorylated (Fig. 10) – at present there 

are no available phospho-specific antibodies to PRKD1 phospho-Ser206.  

 

 

 

 

 

 

DISCUSSION and CONCLUSIONS 

The results of WBs using either endogenous or overexpressed PRKD1 from cells stimulated with iso 

showed that PRKD1 Ser203 phosphorylation can be induced by -AR activation above the basal phosphorylation 

detected. MS studies using immunoprecipitated PRKD1 from HEK293 cells stimulated with iso also confirmed 

-AR stimulation induces PRKD1 Ser203 phosphorylation. These studies reached an impasse during the effort 

to identify which kinase(s) phosphorylated PRKD1 Ser203 mainly due to technical limitations with MS, but also 

because it appeared that phosphorylation of Ser203 resulted from several different kinases. Although our studies 

Figure 9: Mass spectrometry (MS) peptides showing PRKD1 Ser203 and Ser206 phosphorylation after iso 
stimulation in HEK293 cells. HEK203 cells were transfected with WT PRKD1 and stimulated with iso for 1 hour.  Whole 
cell lysates were collected for PRKD1 IP. After resolution of PRKD1 IP eluate by SDS-PAGE, gels were stained with 
Coomasie Blue and bands corresponding to PRKD1 molecular weight were isolated for MS analysis. The “Sequence” 
column displays tryptic peptides identified in the MS analysis. Highlighted in green are the serine residues whose 
phosphorylation was detected. Notice that there are peptides with 1) Ser203 phosphorylation alone and 2) Ser203 and 
Ser206 phosphorylation (doubly phosphorylated). 

Figure 10: Mass spectrometry (MS) peptides showing PRKD1 Ser203 and Ser206 phosphorylation from purified 
PRKD1. Purified PRKD1 was purchased and submitted for MS analysis. The “Sequence” column displays tryptic 
peptides identified in the MS analysis. Highlighted in green are the serine residues whose phosphorylation was detected. 
Notice that there are peptides with 1) Ser203 phosphorylation alone, 2) Ser206 phosphorylation alone, and 3) Ser203 
and Ser206 phosphorylation (doubly phosphorylated). 
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remain inconclusive, we were able to confirm our own key finding that activation of -ARs stimulates PRKD1 

Ser203 phosphorylation using two independent methodologies. Other than the published studies, which suggest 

that PRKD1 Ser203 phosphorylation can act as either a negative or positive regulator of PRKD1 function, the 

role of PRKD1 Ser203 in regulating PRKD1 function remains unclear. Our work opens a new avenue of discovery 

for this unique phosphorylation event and will hopefully lead to increased clarity about both how PRKD1 Ser203 

is phosphorylated and its effects on PRKD1 function.  
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Chapter III: PRKD1 in brown adipose tissue thermogenesis 
 
 

This chapter is adapted from “Protein Kinase D1 (Prkd1) deletion in brown adipose tissue leads to altered 
myogenic gene expression after cold exposure, while thermogenesis remains intact” published in Physiological 

Reports and has been reproduced with the permission of the publisher and my co-authors Shristi Shrestha, 
Jean-Phillipe Cartailler, and Sheila Collins  

 
 

INTRODUCTION 
 

The study of brown adipose tissue (BAT) has consistently revealed its beneficial metabolic effects both 

in rodents and humans. The high levels of respiration that occur in BAT provide a mechanism by which it carries 

out its principal function: thermogenesis or heat production. In fact, the improved insulin sensitivity and reduced 

percent body fat observed with increased BAT mass or activity are attributed to the high basal respiratory 

capacity of BAT (80, 97, 262). Research efforts focused on BAT physiology have led to many discoveries from 

the positive regulation of BAT activity by adrenaline and other hormones to the intracellular signaling effectors 

that ultimately drive enhanced BAT respiration (188, 263, 264). Work from our laboratory has shown that p38 

MAPK and mechanistic target of rapamycin complex 1 (mTORC1) are key intracellular mediators of -adrenergic 

receptor-stimulated BAT activity (217, 240, 265)  However, the additional downstream effectors of these central 

signaling mediators in -AR-stimulated BAT activity are unknown. We sought to identify these downstream 

effectors using phosphoproteomics in cultured brown adipocytes. Proteins with phosphorylation events that were 

enhanced after stimulation with isoproterenol (a pan -AR agonist) and then reduced after rapamycin (an 

mTORC1 inhibitor) treatment were considered potential substrates of -AR-stimulated mTORC1; insulin +/- 

rapamycin-stimulated cells were used to control for canonical mTORC1 activation. These studies showed that 

Protein Kinase D 1 (PRKD1) was a potential downstream mediator of -AR-stimulated mTORC1 signaling in 

brown adipocytes. 

Work from Löffler et al. (251) suggested a role for Protein Kinase D1 (PRKD1) in regulating energy 

expenditure in mouse adipose tissue. Using a Prkd1 floxed mouse model crossed with AdipoQ-Cre mice, they 

reported that mice lacking Prkd1 in adipocytes displayed improved insulin sensitivity and glucose tolerance after 

high-fat diet feeding. Additionally, they reported that differentiated inguinal adipose stromal vascular cells lacking 

Prkd1 had basal increases in Ucp1 expression that could be further potentiated by stimulation with the pan β-
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AR agonist isoproterenol. A second study (252) reported that deletion of Prkd1 in mouse adipocytes had reduced 

expression of enzymes in the de novo lipogenesis pathway.  However, since they used Fabp4-Cre (aP2-Cre) to 

delete Prkd1, and this Cre-driver has been shown to be expressed in a number of cell types other than adipocytes 

(253-255), results using this model must be treated with caution.   

PRKD1 is member of the Protein Kinase D subfamily of calcium/calmodulin-dependent protein kinase 

(CaMK) family of kinases (242). Originally named protein kinase Cμ, there are three members of the Protein 

Kinase D subfamily: PRKD1, 2, and 3. Regulation of catalytic activity and subcellular localization of PRKD1 has 

been widely studied in cell culture models and more recently, albeit to a lesser extent, in animal models that 

have demonstrated a role for PRKD1 in a variety of physiological processes including responses to cardiac 

remodeling after injury (248), skeletal muscle endurance (249), and insulin secretion (247) (see (266) for review).  

Many studies on PRKD1 have been focused on how the enzyme itself is regulated (phosphorylation, kinase 

activity, etc.) (241) but there is still much to be understood about the role of PRKD1 in a variety of physiological 

processes, including in brown/beige adipocytes. In the few papers examining a role for PRKD1 in adipocyte 

biology (251, 252), important standard maneuvers to study BAT thermogenesis and adipose ‘browning’, such as 

cold exposure or treatment with a selective β3-AR agonist were not performed. This gap in knowledge, coupled 

with the relatively high expression of Prkd1 in mouse iBAT (http://biogps.org/#goto=genereport&id=18760), led 

us to ask whether loss of Prkd1 specifically in brown and beige adipocytes (i.e., UCP1-expressing cells) would 

modulate -AR-stimulated brown adipose tissue thermogenesis. 

Much of the published work in this unique tissue has thus been appropriately focused on efforts to 

modulate the function of mature brown adipocytes, the parenchymal cell of BAT. However, BAT is composed of 

numerous cell types including immune cells (macrophages, T cells, etc.), fibroblasts, adipocyte stem cells, and 

the cells composing its dense vascular and neural networks (endothelial, smooth muscle, and nerve cells among 

others) (267, 268). While most experiments performed in this study measured phenotypes classically attributed 

to mature brown adipocytes, RNA-sequencing studies in cold-exposed mice revealed Prkd1-dependent changes 

in myogenic gene expression in BAT. The only cell type in BAT known to possess a myogenic gene signature is 

the adipocyte precursor, a stem cell (142, 174, 269). 

http://biogps.org/#goto=genereport&id=18760
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While the results of this study show that Prkd1 deletion in BAT does not modulate phenotypes classically 

attributed to mature brown adipocytes, our data suggest that mature brown adipocytes lacking Prkd1 may 

regulate brown adipocyte precursor cell function in a non cell-autonomous way. 

MATERIALS AND METHODS 

Animal experiments: Prkd1fl/fl mice were obtained from Eric Olson (UT Southwestern) and Jens Fielitz (MDC 

for Molecular Medicine in the Helmholtz Association, Berlin, Germany) and were crossed to mice expressing an 

uncoupling protein 1 (Ucp1)-driven Cre recombinase (JAX stock no. 024670), resulting in Prkd1 deletion only in 

brown and beige adipocytes in these animals (Prkd1BKO). All mice used for experiments were males between 

12-14 weeks of age.  See Fig S1 for validation of Prkd1 deletion in whole iBAT. 

Cold exposure: Prkd1fl/fl and Prkd1BKO mice were housed at thermoneutrality (30 C) in a temperature-controlled 

chamber (Powers Scientific) for 2 days, whereupon the temperature was lowered to 6 C for 8 hours. This 

protocol was developed to reduce adrenergic signaling thus minimizing kinase activation prior to cold exposure 

(217).A control group for each genotype was acclimated at 30 C for 2 days without cold exposure. At the end 

of the study, the iBAT was dissected and immediately placed in Trizol (ThermoFisher). For the 4-day cold 

exposure experiment, mice were housed at thermoneutrality for 2 days followed by 4 days of cold (6 C) 

exposure. Controls were acclimated at 30 C without cold exposure.  

3-AR agonist (CL316, 243) administration: Prkd1fl/fl and Prkd1BKO mice were administered 0.3 mg/kg BW 

CL316,243 (Tocris) intraperitoneally once daily for 4 days. On day 5, iBAT and iWAT were dissected and 

immediately placed in Trizol (ThermoFisher). Similar CL316.243 treatments in mice have been performed in the 

lab (218, 270).  

Body temperature: Prkd1fl/fl and Prkd1BKO mice were acclimated at thermoneutrality for 2 days followed by 4 days 

of cold (6 C) exposure. Rectal temperatures were taken every day (including during thermoneutral acclimation) 

using the PhysiTemp TH-5 Thermalert thermometer and RET-3 rectal probe for mice. Temperature 

measurements were made between 12-2 PM each day. 

 

RNA isolation and quantitative PCR: Total RNA was extracted from adipose tissues using Trizol followed by 

purification on Qiagen RNA mini-columns. For qPCR, reverse transcription (High Capacity cDNA reverse 
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transcription kit, ThermoFisher) and cDNA amplification detected by SYBR Green (PowerUp SYBR Green 

Master Mix, Applied Biosystems) were performed according to manufacturer protocols. qPCR primer sequences 

are shown in Table 1. qPCR data were analyzed in consult with the Vanderbilt Biostatistics Clinic using a modified 

Livak method (271). Ct values for target genes were normalized to Ct values for 36B4 (reference gene) to obtain 

a Ct value. Ct values were plotted as relative fold change values. A two-way analysis of variance (ANOVA) + 

Tukey’s honestly significant difference test were used for statistical analysis. The number of asterisks (*) shown 

in each graph indicates level of significance. 

Table 1  qRT-PCR primers 

 

Forward (5' to 3') Reverse (5' to 3’) 

mPrkd1 AAAATGTGGATATCAGCACAG ACGATGTTTACCTCCATAAAC 

mUcp1 GGCCTCTACGACTCAGTCCA TAAGCCGGCTGAGATCTTGT 

mPgc1⍺ GAAAGGGCCAAACAGAGAGA GTAAATCACACGGCGCTCTT 

mCidea GTCTGCAAGCAACCAAAGAT ATTGAGACAGCCGAGGAAGT 

mElovl3 ACTTCGAGACGTTTCAGGACTTA  GACGACCACTATGAGAAATGAGC 

mNdufa5 (C1) GCGGAGCCAGATGTTAAAAA CCATCCACCATCTGACACTG 

mSdhb (CII) CTGGTGGAACGGAGACAAGT GTTAAGCCAATGCTCGCTTC 

mUqcrb (CIII) GGGGTGACCCTGAGTATTGA ATGTAAGGCACCCAGTCCAG 

mCox5b (CIV) CAGAAGGGACTGGACCCATA ATAACACAGGGGCTCAGTGG 

mAtp5k (CV) CGGTTCAGGTCTCTCCACTC TGACGCCTCACTTGAGAATG 

 

RNA-Seq: Another cohort of Prkd1fl/fl and Prkd1BKO mice were housed at thermoneutrality (30 C) for 2 days +/- 

8 hours or 4 days cold (6 C) exposure. iBAT RNA was isolated by Trizol (ThermoFisher) and Qiagen RNA 

extraction kit and sent to Vanderbilt Technologies for Advanced Genomics (VANTAGE) for RNA quality control 

assessment, library preparation, and next-generation sequencing. Only high integrity (RIN>7) poly-A selected 

RNA was used as input.  Data analysis (including differential gene expression and pathway analyses) were 

performed by Creative Data Solutions, a Vanderbilt shared resource. An Illumina NovaSeq 6000 was used to 

produce paired-end, 150-bp reads yielding 35-45 million reads per sample. Three replicates for each genotype 
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in both thermoneutral and cold exposure states were included. Principal component and distance matrix 

analyses are shown Fig. S3 and S4, respectively.  

 

Bioinformatics analysis of RNA-seq: Paired end raw fastq files were assessed for quality by FASTQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)  

and TrimGalore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) respectively. Reads were 

aligned to the reference mouse genome mm10 (GRCm38)  using The Spliced Transcripts Alignment to a 

Reference (STAR) version 2.6 (272). Approximately 70% of the raw reads were uniquely mapped to the 

reference genome. Raw read counts were obtained from STAR followed by pairwise differential gene expression 

analysis performed using DESeq2 (273). Genes with adjusted p-value <0.05 were considered significant. Gene 

Ontology analysis and visuals were performed using clusterProfiler R package (274). Metascape network 

visualizations of statistically enriched GO terms were performed as previously described (275). 

Histology: Adipose tissues were fixed in 10% buffered formalin, embedded in paraffin, and sectioned (5-m 

thickness). Slides were subjected to either UCP1 immunohistochemistry (IHC) or hematoxylin and eosin (H&E) 

staining. Images were captured using an Aperio AT2 digital slide scanner (20X magnification). 

 

RESULTS 

The primary goal of these studies was to determine whether loss of PRKD1 in UCP1-expressing adipocytes 

altered -AR-stimulated BAT thermogenesis. Since mice are typically housed at 22-25 C, which is a moderate 

thermal stress for a mouse, we chose to first acclimate Prkd1fl/fl and Prkd1BKO mice at thermoneutrality (30 C) 

for 2 days to minimize catecholaminergic tone. In the first study this was followed by 8 hours at 6 C.  A control 

group of both genotypes was housed at 30 C only. As shown in Fig. 11A, RT-PCR analysis showed that cold 

exposure led to similar increases in the expression of Ucp1 and Pgc1, key genes involved in the thermogenic 

response in adipose tissue, in iBAT of both both Prkd1fl/fl and Prkd1BKO mice. Also, the expression of 

mitochondrial complex genes was similar between genotypes after cold exposure (Fig. 11B), suggesting that the 

loss of PRKD1 in brown adipocytes does not affect the acute thermogenic response to cold. H&E staining of 

iBAT from mice either housed at thermoneutrality or after 8-hour cold exposure revealed no PRKD1-dependent 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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Figure 11: 8-hour cold exposure reveals similar thermogenic gene induction in iBAT between Prkd1fl/fl and 
Prkd1BKO mice. Prkd1fl/fl and Prkd1BKO mice were acclimated at 30 ℃ (thermoneutrality) for 2 days with or without an 

additional 8 hours at 6 ℃ (cold). A) Ucp1 and Pgc1⍺ expression in iBAT. B) Expression of subunits of mitochondrial 

complexes I-V in iBAT. n = 6-11 mice. Data are presented as mean ± s.e.m. (two-way ANOVA with Tukey’s honestly 

significant difference test). C) Prkd1fl/fl and Prkd1BKO mice were housed at 30 C for 2 days followed by 8 hours at 6 C. 

iBAT was dissected for hematoxylin and eosin (H & E) staining. n = 5 mice per genotype. 
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differences in adipocyte morphology (Fig. 11C). Taken together with the gene expression analysis, these data 

suggest that PRKD1 is not a key regulator of the acute thermogenic response in iBAT. 

We next performed a longer 4-day cold exposure in Prkd1fl/fl and Prkd1BKO mice, since more chronic 

stimulation will further promote brown and beige fat gene expression and thermogenesis.  Similar to the results 

from the 8-hr cold exposure when comparing genotypes, we did not observe PRKD1-dependent changes in 

thermogenic gene induction after 4 days at 6°C in either iBAT (Fig. 12A) or iWAT (Fig. 12B), nor was there any 

difference in core body temperature between genotypes (Fig. 13). In addition, both H&E staining and UCP1 IHC 

for iBAT were similar between Prkd1fl/fl and Prkd1BKO mice (Fig. 14A and 14B).   In the iWAT, while we observed 

for the most part the expected increases in gene expression in response to cold, Pgc1α expression in the Prkd1fl/fl 

mice did not reach significance (Fig. 14B), perhaps due to the variation observed between mice.  

As a companion experiment to the cold exposure, we took a pharmacological approach using the β3-AR 

agonist, CL316,243 (CL) to assess effects of Prkd1 loss on thermogenic gene induction in iBAT and iWAT. In 

iBAT, there was no significant increase in thermogenic gene expression (Ucp1, Pgc1, Cidea, and Elovl3) (Fig. 

Figure 12: 4-day cold-exposed Prkd1fl/fl and Prkd1BKO mice have no significant differences in thermogenic gene 
induction in either iBAT or iWAT. Prkd1fl/fl and Prkd1BKO mice were acclimated at 30 ℃ (thermoneutrality) for 2 days 

with or without an additional 4 days at 6 ℃ (cold). A) Ucp1, Pgc1⍺, Cidea and Elvol3 expression in iBAT. B) Ucp1, 

Pgc1⍺, Cidea and Elvol3 expression in iWAT. n = 4 mice/group. Data are presented as mean ± s.e.m. (two-way ANOVA 

with Tukey’s honestly significant difference test). 
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15A), nor was mitochondrial gene expression altered in iBAT between genotypes (Fig. 15B). We attribute this 

result to the very high baseline expression of these genes in iBAT since BAT is densely innervated and tonically 

stimulated by endogenous NE. However, in iWAT, thermogenic gene expression (Fig. 15C), and some 

mitochondrial complex genes (Fig. 15D), were robustly induced by CL in both genotypes, but Prkd1 deficiency 

did not alter the induction of these genes. These data are consistent with our observations from the acute and 

4-day cold exposure studies, strongly suggesting that Prkd1 is not a regulator of -AR-stimulated thermogenic 

gene expression in UCP1-expressing adipocytes. Nevertheless, since in iWAT the expression of Cre 

recombinase endogenous Ucp1 is induced, we did not observe deletion of Prkd1 in iWAT in our experimental 

paradigm. It is possible that a longer period of cold or CL treatment may be needed to see changes in iWAT. 

 

Figure 13: Core body temperature of 
Prkd1fl/fl and Prkd1BKO mice during the 4-day 
cold exposure.  Prkd1fl/fl and Prkd1BKO mice 
were acclimated at 30 ℃ for 2 days followed by 

an additional 4 days at 6 ℃ (cold).  Core body 

temperature was recorded each day as 
detailed in Methods. n = 4 mice/group. 
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Figure 14: H & E staining and UCP1 immunohistochemistry of iBAT and iWAT after 4-day cold exposure. 

Prkd1fl/fl and Prkd1BKO mice were housed at 30 C for 2 days +/- 4 days at 6 C. iBAT and iWAT were dissected 

for fixation and paraffin embedding followed by hematoxylin and eosin (H & E) staining and UCP1 IHC. A) iBAT 
H&E staining. B) iBAT UCP1 IHC. C) iWAT H & E. D) iWAT UCP1 IHC. n = 3 mice per group.  
 



 
 

41 

 

  

C 

D 

Figure 15: Loss of Prkd1 in Ucp1-expressing adipocytes does not alter 3-AR agonist stimulated thermogenic 

gene expression in iBAT or iWAT. Prkd1fl/fl and Prkd1BKO mice were intraperitoneally injected with 0.3 mg/kg 
CL316,243 (CL) once daily for 4 days before harvesting iBAT and iWAT for qRT-PCR. A) Expression of thermogenic 

genes in iBAT. B) Expression of subunits of mitochondrial complexes I-V in iBAT. C) Expression of thermogenic 
genes in iWAT. D) Expression of subunits of mitochondrial complexes I-V in iWAT. n = 5-9 mice. Data are 
presented as mean ± s.e.m. (two-way ANOVA with Tukey’s honestly significant difference test). 
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Since based on prior literature (251) we provisionally expected to see heightened thermogenic gene 

expression in Prkd1BKO mice, we next performed RNA-Seq to assess whether other transcriptional changes  

resulted from Prkd1 deficiency in iBAT, first using the 8-hour cold exposure paradigm. For both genotypes, we 

observed comparable increases in expression of key thermogenic genes (e.g., Ucp1, Pgc1α, Dio2, Cidea) in 

response to the 8-hr cold relative to thermoneutrality (see Fig. S2). Thus, as in Fig. 11, there were no differences 

in cold-induced thermogenic gene induction between genotypes.  Instead, what we did observe was a 

significantly increased myogenic gene signature in the Prkd1BKO vs. Prkd1fl/fl mice after cold exposure (Fig. 16). 

However, there were no differences in this myogenic expression profile between genotypes at the thermoneutral 

temperature.  For a more complete view of the genes and gene families that were changed in this experiment 

please see Fig. S5. This myogenic signature is interesting given that brown adipocytes and skeletal myocytes 

arise from a common progenitor that expresses Myf5 (142, 174). The transcriptional regulator PRDM16 has 

been shown to drive the brown adipocyte differentiation pathway versus skeletal muscle (174, 276). In our 

dataset there were no differences in the levels of Prdm16 between Prkd1fl/fl and Prkd1BKO under any condition 

(see data availability). Moreover, since we used bulk RNA-Seq, these data cannot inform us about the cell type(s) 

in which these transcript changes are occurring.   

Since the data from 8-hr cold exposure provides a snapshot of what may be occurring during this acute 

time frame, we next employed the longer 4-day cold exposure paradigm to determine whether other changes 

may be occurring during the sustained thermogenic stimulus when non-shivering thermogenesis is further 

established.  In both genotypes we observed equally robust increases in expression of the canonical genes 

involved in non-shivering thermogenesis after cold exposure compared to their thermoneutral controls (see Fig. 

S2). These results again independently support the data in Fig. 12.  Based on our 8-hr cold exposure data, we 

speculated that perhaps the myogenic gene signature in the iBAT of the Prkd1BKO would persist and perhaps be 

amplified. However, as shown in Fig. 17, compared to Prkd1fl/fl mice, the Prkd1BKO mice in fact displayed a 

suppressed myogenic gene signature after the 4-day cold exposure, suggesting that Prkd1 loss in iBAT has 

different effects that are dependent on the length of cold exposure.  

Another interesting finding from the RNA-Seq study (8-hour in particular) is that Prkd1-deficient iBAT has 

reduced lipogenic gene expression after 2-day acclimation at thermoneutrality. These findings are consistent 



 
 

43 

with other publications (45, 46) showing that adipose-specific deletion of Prkd1 in mice reduces the expression 

of genes involved in de novo lipogenesis. The raw data for these studies is available here: 

https://figshare.com/projects/Bulk_RNAseq_of_Protein_Kinase_D1_Prkd1_knockout_in_thermoneutral_and_cold_exposure/148228. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Gene ontology (GO) 
analysis of iBAT RNAs from 
Prkd1fl/fl and Prkd1BKO mice after 8-
hr cold exposure. GO plots show 
biological processes (BP), cellular 
components (CC), and molecular 
functions (MF) changed between the 
two groups being compared. The 
GeneRatio indicates the percentage 
of total differentially expressed genes 
(DEGs) in each GO term.  A) Volcano 
plot of DEGs between both 
genotypes after cold exposure. B) 
GO terms for DEGs. 
 

https://figshare.com/projects/Bulk_RNAseq_of_Protein_Kinase_D1_Prkd1_knockout_in_thermoneutral_and_cold_exposure/148228
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Figure 17: Gene ontology (GO) analysis of iBAT RNAs from Prkd1fl/fl and Prkd1BKO mice after 4-day cold 
exposure. GO plots show biological processes (BP), cellular components (CC), and molecular functions (MF) 
changed between the two groups being compared. The GeneRatio indicates the percentage of total differentially 
expressed genes (DEGs) in each GO term.  A) Volcano plot of DEGs between both genotypes after cold exposure. 
B) GO terms for DEGs. 
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DISCUSSION and CONCLUSIONS 

 While many similarities exist between mouse and human BAT, there are distinctions. For example, in 

mice, the primary bona fide depot is located between the shoulders (i.e., interscapular BAT) and its cross-

transplantation resulted in improved glucose metabolism (97). However, in humans, BAT exists in discretely 

distributed depots along the neck and spine (130) nor have studies been done testing the effects of BAT 

transplantation. Also, the lack of 3-AR agonist efficacy in human clinical trials suggest that the 3-AR is 

differentially expressed and/or regulated in humans versus mice (204, 211, 214). Thus, these data should be 

considered with these differences in mind. Our initial hypothesis in these studies, which was based upon prior 

literature showing that loss of Prkd1 in adipose tissue enhanced energy expenditure (251), was that Prkd1 loss 

in iBAT would similarly enhance thermogenesis. However, the data presented here show no difference in 

thermogenic gene expression, histological features or body temperature between Prkd1fl/fl and Prkd1BKO mice 

after either cold exposure or 3-AR agonist administration. Despite findings from Löffler et. al. that loss of Prkd1 

in adipose tissue (both white and brown) improved insulin sensitivity and glucose tolerance as well as potentiated 

isoproterenol stimulated Ucp1 expression in cultured adipocytes, our data show that Prkd1 is not a regulator of 

iBAT thermogenesis. One potential explanation for this discrepancy is that our animal model (Prkd1BKO) only 

deleted Prkd1 in Ucp1-expressing adipocytes, while the model used by Löffler et. al. (251) resulted in Prkd1 

deficiency in all adipose tissue depots. Importantly, Löffler et. al. did not examine BAT function in their study.  

Thus, the difference in model systems may explain why we failed to observe Prkd1-dependent differences in 

thermogenesis.  

Loss of Prkd1 in BAT did alter myogenic gene expression after both 8 hours and 4 days of cold exposure. 

The 8-hour cold-exposed Prkd1BKO mice had elevated myogenic gene expression relative to 8-hour cold-exposed 

Prkd1fl/fl mice, while after 4 days of cold exposure, the trend tended to be reversed.  Timmons and Seale showed 

that myogenic gene expression in BAT arises from early adipocyte progenitor cells before their commitment to 

the adipocyte lineage (142, 174). Additionally, Seale and colleagues demonstrated that this myogenic signature 

was inhibited by EBF2 (180) and PRDM16 (174), two transcription factors that promote brown and beige 

adipogenesis, allowing adipocyte progenitors to differentiate into mature brown and beige adipocytes.  Other 

than this critical finding, there are no data to explain the expression of a myogenic signature in BAT.  
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Thus, we hypothesize that during acute (8-hour) cold exposure, loss of Prkd1 promotes a transcriptional 

response in BAT that elevates myogenic gene expression, which could be generated by an increase in the 

number or transcriptional activity of early adipocyte progenitors. After 4 days in the cold, the cold-exposed 

Prkd1BKO mice have reduced myogenic gene expression relative to Prkd1fl/fl cold-exposed mice. When comparing 

these changes in myogenic gene expression between the 8-hour and 4-day cold exposure studies, one 

reasonable hypothesis is that at the 4-day time point, a factor (i.e., enzyme, receptor, etc) compensating for the 

loss of Prkd1 in mature brown adipocytes has suppressed the myogenic gene expression. Another possibility is 

that the differences in myogenic gene expression between 8-hrs and 4-days cold exposure could be related to 

enhanced differentiation of progenitors in the Prkd1fl/fl mice in chronic cold (Fig. 18) due to some factor released 

by the mature brown adipocyte. However, additional in vivo and in vitro experiments are needed to test these 

hypotheses to confirm both the cell type(s) of origin for the observed myogenic gene signature and its functional 

relevance in BAT.  

 

 

 

 

 

 

 

Figure 18: Hypothetical model of Prkd1 effects on myogenic gene expression after cold exposure. After 
8 hours of cold exposure, Prkd1 loss in BAT enhances myogenic gene expression. Given that the only cell type 
in BAT known to express a myogenic gene signature is the brown adipocyte precursor, I hypothesize that loss 
of Prkd1 results in enhanced brown adipocyte precursor cell proliferation after 8 hours of cold exposure. After 4 
days of cold exposure, Prkd1 loss resulted in reduced myogenic gene expression, though still higher than the 
thermoneutral baseline. Thus, I further hypothesize that Prkd1 loss after 4 days of cold exposure promotes brown 
adipocyte precursor cell differentiation, reducing the number of brown adipocyte precursor cells that could 
contribute to a myogenic gene signature. 



 
 

47 

Chapter IV: Conclusions and Future Directions 

 
 Brown adipose tissue thermogenesis, as studied in this thesis, is not regulated by PRKD1. Given the 

compelling data from Löffler et. al. (251), the data presented here were surprising and a bit confusing. 

Nonetheless, using established methods for interrogating adaptive thermogenesis in adipose tissue, I found that 

deletion of PRKD1 in UCP1-expressing adipocytes did not alter 1) thermogenic gene expression, 2) adipocyte 

morphology, or 3) body temperature. There is not a significant body of literature examining the role of PRKD1 in 

adipose tissue biology. In fact, my publication is only one of three on this topic (277). What remains unresolved 

among the previously published reports is whether PRKD1 differentially regulates AT thermogenesis in BAT 

versus WAT, particularly the inguinal WAT. Additionally, an understanding of the functional role and mechanism 

of PRKD1 regulation of myogenic gene expression needs additional investigation. 

 Despite our unique findings, some of my data are consistent with published studies. First, in my studies, 

I observed that loss of Prkd1 in BAT reduced the expression of lipogenic genes in the iBAT of mice acclimated 

at thermoneutrality for 2 days. Similarly, Löffler et. al. found that shRNA knockdown of Prkd1 in 3T3-L1 

adipocytes – admittedly an immortalized cell line – reduced the rate of lipogenesis (incorporation of tritiated 

glucose to palmitate) (251). Both white and brown adipocytes increase the expression of lipogenic genes during 

differentiation to facilitate their function as energy reserves (278), whether to meet whole organism nutrient 

demand or thermogenic demand, respectively. Another similarity is the finding that SVF differentiated in vitro 

from the inguinal WAT of Prkd1 adKO mice published by Löffler and colleagues (251) had higher expression of 

myogenic genes after 24 hours of iso stimulation than cells expressing Prkd1. This result is consistent with results 

presented in this thesis; Prkd1 deletion in brown adipocytes enhances myogenic gene expression in BAT after 

acute (8 hour) exposure to cold (which can be mimicked by iso stimulation in vitro). Myf5+ progenitors constitute 

a small percentage (~11%) of adipocyte progenitors in the inguinal WAT and have the capacity to differentiate 

into both white and beige adipocytes (279). The presence of these “canonically BAT” progenitors may explain 

why changes in myogenic gene expression could be detected in cells from an established WAT depot.  

Specifically, my data, taken together with those of Löffler and colleagues, are consistent with the interpretation 

that PRKD1 acts to suppress myogenic gene expression during the initial phases (8-24 hours) of -AR 

stimulation of both BAT and WAT. The significance of this conclusion will be discussed later in this chapter. So, 
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it appears that regardless of the depot, Prkd1 modulates transcriptional changes (i.e., lipogenic and myogenic) 

associated with adipocyte differentiation, albeit in opposite directions.  

 However, I observed no effect of Prkd1 loss in UCP1-expressing brown adipocytes on thermogenesis 

(i.e., thermogenic gene expression, body temperature, and adipocyte morphology), while Löffler and colleagues 

(251) observed significant differences in thermogenesis in WAT depots expressing or lacking Prkd1. As this was 

discussed primarily in Chapter 3, it is sufficient to say that the differences in model systems used and AT depots 

examined likely accounts for these differences. Furthermore, comprehensive studies examining all AT depots 

using both the Prkd1fl/fl; AdipoQ-Cre and Ucp1-Cre models would serve to clarify any differences observed 

between these two studies. Based on available data, it would be logical to conclude that Prkd1 regulates energy 

expenditure in WAT, but not in BAT. Investigating how such a change in energy expenditure occurs – whether 

due to uncoupled respiration in mitochondria, or due to mitophagy, which is associated with mitochondrial 

fragmentation; a significant feature of the Löffler model, or other futile metabolic cycle such as simultaneous 

lipogenesis/lipolysis would be interesting to further explore. 

 My results indicate that Prkd1 does regulate myogenic gene expression in BAT and WAT (data presented 

in this thesis [Chapter 3] and (251)). The primary source of myogenic gene expression in BAT is Myf5+ brown 

adipocyte progenitor cells (142, 175), which can, upon in vitro differentiation, become either brown adipocytes 

or skeletal myocytes (174, 180). This was discussed in Chapter 1, with the brown adipocyte differentiation 

pathway being driven by PRDM16. Though WAT has significantly fewer of these Myf5+ cells (279, 280), they 

seem to produce a detectable myogenic gene signature in cells derived from WAT also (251). In my experimental 

model, I used a Prkd1fl/fl; Ucp1-Cre model, so Prkd1 is only deleted in mature brown and beige adipocytes. From 

this, a central hypothesis arises: that Prkd1 suppresses myogenic gene expression to promote the differentiation 

of brown and beige adipocytes. However, my data do not provide clarity as to whether this myogenic gene 

signature is derived from mature UCP1-expressing adipocytes or other cell types in BAT that may be non-cell 

autonomously regulated by mature brown adipocytes lacking Prkd1. So, a primary objective of any further 

investigation into the data presented in this thesis should include identifying the cell type of origin for the observed 

changes in myogenic gene expression.  
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First, single cell RNA-Seq would determine how the number and type of cells that constitute BAT and/or 

WAT changes after Prkd1 loss; my studies used bulk RNA-Seq methods. Also, mature brown and white 

adipocytes should be harvested from Prkd1-expressing and deficient mice to examine their myogenic gene 

expression, particularly in the context of -AR stimulation (i.e., iso) to discover whether the Prkd1-dependent 

changes in myogenic gene expression originate in mature brown or white adipocytes. Another way to test this 

hypothesis is to isolate adipocyte progenitors from Prkd1-expressing and knockout BAT and WAT using flow 

cytometry. Markers such as PREF1 and PDGFR are validated markers for distinguishing adipocyte progenitor 

populations from other cell types in AT (134, 281). For this experiment, there should be 2 cell populations and 2 

experimental ones. The control cells would be Prkd1-expressing progenitors from BAT or WAT (namely the 

inguinal depot), while the experimental cell populations are Prkd1-deficient/null progenitors from BAT or WAT 

and all would be differentiated in vitro. Myogenic gene expression would then be measured throughout the 

differentiation process to assess the effects of both Prkd1 deficiency and differences between Prkd1 effects in 

BAT and WAT. These studies would determine whether the myogenic gene expression changes I observed are 

produced by adipocyte progenitors and if yes, indicate at what stage of differentiation Prkd1 begins to alter 

myogenic gene expression.  

 The hypothesis described in the previous paragraph is based on the assumption that altered myogenic 

gene transcription alone is responsible for the signature observed in the RNA-Seq data presented in this thesis. 

Another hypothesis is that adipocyte progenitor number is altered upon deletion of Prkd1 from mature brown and 

beige adipocytes. The same flow cytometry strategy described above could be used to answer this question, 

except that cells would be counted rather than subjected to differentiation protocols. If loss of PRKD1 results in 

enhanced brown and beige adipocyte precursor number in these studies, such a result would be consistent with 

the findings of Löffler et. al. (251) as well as my 8-hour cold exposure data. Even when interpreting these data, 

caution must be taken due to the varied experimental conditions between my studies and those of Löffler and 

colleagues. A great deal more work must be performed at different temperature conditions to confirm how PRKD1 

functions to modulate this unique, yet seemingly important gene signature in AT. 

 Several genome-wide association studies have identified Prkd1 is an obesity risk allele in humans (282-

285). Additionally, in rodents, Prkd1 expression (mRNA) is highest in BAT and WAT relative to all other rodent 
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tissues (Novartis BioGPS). Taken together, these findings would lead an investigator to logically conclude that 

PRKD1 plays an important functional role in AT; however, our data demonstrate that such a conclusion does not 

include thermogenesis in BAT (i.e., adipocyte morphology, thermogenic gene expression, and body 

temperature). Examining other processes in BAT, including brown adipocyte development and differentiation, 

may provide a deeper understanding of how PRKD1 affects BAT physiology. 

 In most of the studies examining the physiology of BAT, the mature brown adipocyte has been the main 

focus. These studies are, thus, consistent with the prevailing evidence: that mature brown adipocyte number and 

activity are responsible for the beneficial effects of BAT on insulin sensitivity and fat mass in both rodents in 

humans. However, until the cell type of origin for the altered myogenic gene signature is confirmed, the adipocyte 

precursor is a viable target for investigation as it relates to the role of PRKD1 in BAT. In fact, the ability of these 

cells to acutely proliferate and differentiate in response to hormonal or environmental (namely cold) stimuli 

positions them as potential key modulators of BAT function and may help investigators to increase their 

understanding of this complex tissue.  

 Given the prior failure of agents such as selective β3-AR agonists directly targeting the mature brown 

adipocytes in clinical trials, other avenues of experimentation are appropriate as scientists continue to 

understand both how BAT functions as a tissue and its contributions to whole body metabolism. These studies 

suggest that other cell types in BAT should be studied with greater intensity in order for society to harness the 

power of BAT for therapeutic benefit and work towards ending the obesity epidemic, once and for all.  
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Appendix A: Supplemental Figures for Chapter 3  

Figure S1: Prkd1 mRNA expression in iBAT of Prkd1fl/fl and Prkd1BKO mice. Prkd1 
mRNA was measured using q-RT-PCR from total iBAT RNAs. N = 9-10. Statistics are paired 
t-test (p= 0.006). 
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4-day cold RNA-Seq 

8 hour cold RNA-Seq 

Figure S2: Heatmaps showing log2 
normalized counts of selected 
thermogenic genes in 
Prkd1BKO(KO) and Prkd1fl/fl (WT) 
samples in cold exposure. 
Selected thermogenic gene 
expression in 8-hour and 4-day cold 
exposed iBAT from WT and KO mice. 
Names listed on X-axis represent 
individual mouse iBAT RNAs after 
cold exposure. As show to the left of 
each heatmap, the color of each box 
indicates the relative change in 
normalized gene expression on a 
log2 scale. Genotype is denoted by 
colored bands above each heatmap. 
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4-day cold RNA-Seq 

8 hour cold RNA-Seq 

Figure S3: Principal-component 
analyses (PCA) plot shows 
clustering of samples from 
Prkd1BKO(KO) and Prkd1fl/fl (WT) 
samples in cold exposure. PCA 
plots showing the similarity in gene 
expression changes within and 
between each genotype after either 
8-hour or 4-day cold exposure. 
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Euclidean 
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Euclidean 
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4-day cold RNA-Seq 

8 hour cold RNA-Seq 

Figure S4: Heatmaps of sample-
to-sample distance matrix 
showing overview of clustering 
between samples. 
Similar to PCA analysis in Fig. S3, 
these heatmaps are used to show 
the sample-to-sample variability. 
The branch-like structures show 
associations between samples 
similar to an evolutionary tree. The 
color of each box represents the 
degree of hierarchical clustering 
between samples in arbitrary units.  
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Metascape analysis – 8 hour cold RNA-Seq 
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Figure S5: Metascape network visualizations of statistically enriched gene ontology terms between 
thermoneutral and cold-exposure condition of Prkd1BKO (KO) vs Prkd1fl/fl (WT) for 8 hour cold exposure RNA-
Seq experiment. The network has its nodes displayed as pies.  Each pie sector is proportional to the number of 
differentially expressed genes originated from PRKD1-KO vs wild type in cold exposure (red) or thermoneutral condition 
(blue). p-values are calculated based on the accumulative hypergeometric distribution. Kappa-statistical similarities 
among their gene memberships are used as the similarity metric when performing hierarchical clustering on the enriched 
terms. 
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Metascape analysis – 4 day cold RNA-Seq 

Figure S6: Metascape network visualizations of statistically enriched gene ontology terms between 
thermoneutral and cold-exposure condition of Prkd1BKO (KO) vs Prkd1fl/fl (WT) for 4-day cold exposure RNA-
Seq experiment. The network has its nodes displayed as pies.  Each pie sector is proportional to the number of 
differentially expressed genes originated from PRKD1-KO vs wild type in cold exposure(red) or thermoneutral 
condition(blue). p-values are calculated based on the accumulative hypergeometric distribution. Kappa-statistical 
similarities among their gene memberships are used as the similarity metric when performing hierarchical clustering 
on the enriched terms. 
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Appendix B. RNA-Seq normalized counts for 8-hour cold exposure (Prkd1BKO cold v. Prkd1fl/fl cold) 
(significantly changed genes only: padj<0.05) 
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ENSMUSG000

00021536.7 
Adcy2 4.9110

37729 
2.13E-

07 
3.95E-

05 
66 117 222 5 3 16 

ENSMUSG00
000027107 

ENSMUSG000

00027107.3 
Chrna1 8.0775

20373 
2.27E-

07 
4.06E-

05 
21 64 32 0 0 1 
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ENSMUSG00
000027510 

ENSMUSG000

00027510.17 
Rbm38 1.9164

77336 
2.26E-

07 
4.06E-

05 
326 711 870 250 101 232 

ENSMUSG00
000078532 

ENSMUSG000

00078532.9 
Nkain1 3.1779

88398 
2.24E-

07 
4.06E-

05 
17 40 60 5 4 10 

ENSMUSG00
000041695 

ENSMUSG000

00041695.2 
Kcnj2 3.7844

56996 
2.45E-

07 
4.33E-

05 
174 366 253 20 18 76 

ENSMUSG00
000028017 

ENSMUSG000

00028017.7 
Egf 3.7150

88698 
2.53E-

07 
4.4E-

05 
31 116 98 2 16 13 

ENSMUSG00
000021200 

ENSMUSG000

00021200.14 
Asb2 3.5892

75022 
2.55E-

07 
4.4E-

05 
378 749 741 61 58 149 

ENSMUSG00
000021373 

ENSMUSG000

00021373.16 
Cap2 2.9747

59785 
2.84E-

07 
4.85E-

05 
420 619 709 99 85 195 

ENSMUSG00
000040118 

ENSMUSG000

00040118.15 
Cacna2d
1 

2.6704
74192 

3.03E-
07 

5.1E-
05 

623 1006 1095 164 144 303 

ENSMUSG00
000010064 

ENSMUSG000

00010064.15 
Slc38a3 4.0117

23698 
3.36E-

07 
5.6E-

05 
71 138 101 4 13 16 

ENSMUSG00
000060180 

ENSMUSG000

00060180.12 
Myh13 7.7002

28233 
3.4E-

07 
5.6E-

05 
8 33 24 0 0 0 

ENSMUSG00
000047591 

ENSMUSG000

00047591.5 
Mafa 3.3198

66058 
3.59E-

07 
5.84E-

05 
68 175 230 24 14 32 

ENSMUSG00
000006221 

ENSMUSG000

00006221.7 
Hspb7 5.5352

88185 
3.78E-

07 
6.09E-

05 
604 1478 1728 46 44 155 

ENSMUSG00
000032845 

ENSMUSG000

00032845.15 
Alpk2 7.0564

43014 
4.1E-

07 
6.53E-

05 
121 243 256 1 0 13 

ENSMUSG00
000024210 

ENSMUSG000

00024210.2 
Ip6k3 4.7942

59105 
4.26E-

07 
6.71E-

05 
171 391 182 3 4 43 

ENSMUSG00
000031636 

ENSMUSG000

00031636.7 
Pdlim3 3.3684

36867 
4.34E-

07 
6.77E-

05 
406 881 806 67 78 258 

ENSMUSG00
000021061 

ENSMUSG000

00021061.15 
Sptb 4.4772

22791 
4.42E-

07 
6.82E-

05 
540 915 1486 57 65 112 

ENSMUSG00
000026100 

ENSMUSG000

00026100.6 
Mstn 4.9147

95098 
4.49E-

07 
6.84E-

05 
32 77 74 0 0 10 

ENSMUSG00
000110547 

ENSMUSG000

00110547.1 
Gm2977
3 

5.7931
80119 

4.53E-
07 

6.84E-
05 

13 43 24 0 2 1 
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ENSMUSG00
000085348 

ENSMUSG000

00085348.1 
Myhas 5.0406

39645 
5.04E-

07 
7.53E-

05 
30 150 113 0 1 12 

ENSMUSG00
000026308 

ENSMUSG000

00026308.8 
Klhl30 3.8955

62299 
5.4E-

07 
7.98E-

05 
118 206 204 12 19 34 

ENSMUSG00
000061462 

ENSMUSG000

00061462.17 
Obscn 6.2350

84794 
5.58E-

07 
8.17E-

05 
2151 4491 6715 12 52 306 

ENSMUSG00
000034055 

ENSMUSG000

00034055.16 
Phka1 2.3561

89719 
6.61E-

07 
9.57E-

05 
562 870 1107 165 153 353 

ENSMUSG00
000021579 

ENSMUSG000

00021579.4 
Lrrc14b 3.6616

05064 
7.13E-

07 
0.000

10226 
193 368 340 16 15 81 

ENSMUSG00
000030554 

ENSMUSG000

00030554.16 
Synm 1.8853

95875 
7.62E-

07 
0.000

10725 
2426 4811 4947 1280 1178 2008 

ENSMUSG00
000025754 

ENSMUSG000

00025754.11 
Agbl1 8.0693

1816 
7.55E-

07 
0.000

10725 
11 21 39 0 0 0 

ENSMUSG00
000025241 

ENSMUSG000

00025241.16 
Fyco1 1.5455

51591 
8.08E-

07 
0.000
1126 

769 1075 1383 484 330 586 

ENSMUSG00
000086298 

ENSMUSG000

00086298.1 
Gm1171
6 

3.6758
65171 

8.23E-
07 

0.000
11357 

29 58 70 2 5 10 

ENSMUSG0000

0028464 

ENSMUSG000

00028464.16 

Tpm2 4.112577

848 

8.37E-

07 

0.00011

438 

12597 22476 24672 939 1177 3763 

ENSMUSG00
000070424 

ENSMUSG000

00070424.12 
Art5 5.5809

92102 
8.57E-

07 
0.000

11609 
33 52 84 1 0 7 

ENSMUSG00
000034353 

ENSMUSG000

00034353.14 
Ramp1 2.9969

64908 
9.04E-

07 
0.000

12019 
165 243 289 16 24 64 

ENSMUSG00
000104453 

ENSMUSG000

00104453.1 
Gm3782
9 

3.5618
10064 

9.03E-
07 

0.000
12019 

105 202 155 6 27 23 

ENSMUSG00
000071342 

ENSMUSG000

00071342.5 
Lsmem1 4.6594

80505 
9.32E-

07 
0.000
1228 

39 106 115 0 4 13 

ENSMUSG00
000038777 

ENSMUSG000

00038777.19 
Sema6c 3.5148

41091 
9.55E-

07 
0.000

12468 
85 160 255 17 12 33 

ENSMUSG00
000027805 

ENSMUSG000

00027805.16 
Pfn2 2.1934

77606 
1.02E-

06 
0.000

13159 
283 491 555 113 101 178 

ENSMUSG00
000048416 

ENSMUSG000

00048416.15 
Mlf1 5.1074

12622 
1.03E-

06 
0.000

13159 
337 671 509 2 20 49 
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ENSMUSG00
000032816 

ENSMUSG000

00032816.15 
Igdcc4 3.8511

26472 
1.09E-

06 
0.000

13859 
46 106 156 13 8 15 

ENSMUSG00
000053025 

ENSMUSG000

00053025.13 
Sv2b 8.3877

82481 
1.22E-

06 
0.000
1539 

10 67 53 0 0 1 

ENSMUSG00
000069372 

ENSMUSG000

00069372.3 
Ctxn3 5.1159

0608 
1.23E-

06 
0.000
1539 

36 36 96 1 0 5 

ENSMUSG00
000087410 

ENSMUSG000

00087410.7 
2310065
F04Rik 

4.4813
59091 

1.31E-
06 

0.000
16237 

50 29 52 0 1 3 

ENSMUSG00
000029066 

ENSMUSG000

00029066.12 
Mrpl20 -

0.7304
15209 

1.41E-
06 

0.000
17024 

4988 5102 6025 7726 6166 8711 

ENSMUSG00
000039661 

ENSMUSG000

00039661.14 
Dusp26 2.1324

37342 
1.4E-

06 
0.000

17024 
113 150 276 42 35 72 

ENSMUSG00
000032648 

ENSMUSG000

00032648.14 
Pygm 4.7581

52298 
1.39E-

06 
0.000

17024 
5625 9663 10108 148 241 1251 

ENSMUSG00
000068699 

ENSMUSG000

00068699.12 
Flnc 4.2325

59982 
1.53E-

06 
0.000

18352 
706 1617 2201 150 123 285 

ENSMUSG00
000044086 

ENSMUSG000

00044086.8 
Lmod3 5.3277

88673 
1.62E-

06 
0.000

18908 
191 597 639 10 5 58 

ENSMUSG00
000052374 

ENSMUSG000

00052374.15 
Actn2 4.9883

38959 
1.62E-

06 
0.000

18908 
1298 2465 3830 176 124 301 

ENSMUSG00
000034295 

ENSMUSG000

00034295.9 
Fhod3 2.4354

93256 
1.62E-

06 
0.000

18908 
112 247 151 60 42 82 

ENSMUSG00
000024617 

ENSMUSG000

00024617.16 
Camk2a 5.0632

2839 
1.63E-

06 
0.000

18908 
223 554 481 3 11 50 

ENSMUSG00
000079428 

ENSMUSG000

00079428.8 
Tceal7 5.8435

75318 
1.75E-

06 
0.000

20086 
10 53 6 0 0 3 

ENSMUSG00
000019933 

ENSMUSG000

00019933.7 
Mrln 4.1370

22564 
1.79E-

06 
0.000

20374 
44 66 77 0 4 12 

ENSMUSG00
000038205 

ENSMUSG000

00038205.12 
Prkab2 2.0573

50454 
1.9E-

06 
0.000

21165 
333 483 591 117 105 173 

ENSMUSG00
000045667 

ENSMUSG000

00045667.14 
Smtnl2 3.1169

88322 
1.89E-

06 
0.000

21165 
142 407 620 43 24 133 
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ENSMUSG00
000047419 

ENSMUSG000

00047419.5 
Cmya5 5.7868

65609 
1.89E-

06 
0.000

21165 
2984 5802 7909 33 65 524 

ENSMUSG00
000027010 

ENSMUSG000

00027010.16 
Slc25a12 2.3074

80108 
1.92E-

06 
0.000

21225 
544 960 854 224 227 263 

ENSMUSG00
000041329 

ENSMUSG000

00041329.13 
Atp1b2 1.2467

79913 
1.95E-

06 
0.000

21466 
342 810 479 265 270 405 

ENSMUSG00
000024049 

ENSMUSG000

00024049.14 
Myom1 4.2759

6099 
2.03E-

06 
0.000

22092 
1611 2802 3132 136 137 483 

ENSMUSG00
000071317 

ENSMUSG000

00071317.4 
Bves 3.4509

64786 
2.14E-

06 
0.000

23168 
77 136 120 6 13 35 

ENSMUSG00
000006542 

ENSMUSG000

00006542.13 
Prkag3 4.6662

0635 
2.33E-

06 
0.000

24903 
39 75 105 0 2 9 

ENSMUSG00
000017817 

ENSMUSG000

00017817.11 
Jph2 2.9516

32923 
2.34E-

06 
0.000

24903 
947 2577 2764 307 296 664 

ENSMUSG00
000031972 

ENSMUSG000

00031972.5 
Acta1 5.5423

13682 
2.36E-

06 
0.000

25012 
31934 66872 46841 43 983 5451 

ENSMUSG00
000074001 

ENSMUSG000

00074001.3 
Klhl40 5.6574

00338 
2.44E-

06 
0.000

25627 
151 493 476 1 9 34 

ENSMUSG00
000062694 

ENSMUSG000

00062694.7 
Cav3 4.1750

77479 
2.48E-

06 
0.000

25893 
39 124 109 1 5 18 

ENSMUSG00
000021589 

ENSMUSG000

00021589.13 
Rhobtb3 1.1455

19159 
2.66E-

06 
0.000

27499 
188 251 173 97 75 143 

ENSMUSG00
000037989 

ENSMUSG000

00037989.15 
Wnk2 3.8899

68407 
2.7E-

06 
0.000

27752 
111 292 274 8 14 72 

ENSMUSG00
000026950 

ENSMUSG000

00026950.17 
Neb 5.9344

92024 
2.77E-

06 
0.000

28255 
3981 7249 8323 14 115 571 

ENSMUSG00
000038170 

ENSMUSG000

00038170.15 
Pde4dip 3.7991

66413 
2.87E-

06 
0.000

29082 
3556 5895 9261 583 442 1072 

ENSMUSG00
000022441 

ENSMUSG000

00022441.17 
Efcab6 7.7658

70065 
2.93E-

06 
0.000

29539 
21 25 71 0 0 0 

ENSMUSG00
000107585 

ENSMUSG000

00107585.1 
3300002
P13Rik 

5.5148
18943 

3.01E-
06 

0.000
30116 

11 33 44 0 0 3 

ENSMUSG00
000026062 

ENSMUSG000

00026062.12 
Slc9a2 3.7914

926 
3.07E-

06 
0.000

30461 
68 138 168 3 11 29 
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ENSMUSG00
000109237 

ENSMUSG000

00109237.1 
9130214
F15Rik 

-
2.1255
82668 

3.19E-
06 

0.000
31496 

144 49 140 125 211 380 

ENSMUSG00
000021798 

ENSMUSG000

00021798.14 
Ldb3 4.5110

08879 
3.49E-

06 
0.000

34133 
1438 3402 3250 115 118 549 

ENSMUSG00
000056900 

ENSMUSG000

00056900.13 
Usp13 4.9323

90884 
3.53E-

06 
0.000

34341 
589 1055 1017 10 24 132 

ENSMUSG00
000013936 

ENSMUSG000

00013936.12 
Myl2 7.3497

01283 
3.87E-

06 
0.000

37421 
150 521 1264 11 5 19 

ENSMUSG00
000026817 

ENSMUSG000

00026817.14 
Ak1 1.8526

75843 
4.07E-

06 
0.000

38686 
2012 3355 3272 1159 826 969 

ENSMUSG00
000038764 

ENSMUSG000

00038764.14 
Ptpn3 2.5806

92454 
4.08E-

06 
0.000

38686 
118 239 287 50 51 51 

ENSMUSG00
000057280 

ENSMUSG000

00057280.15 
Musk 5.0500

89562 
4.11E-

06 
0.000

38686 
46 45 26 0 0 6 

ENSMUSG00
000002007 

ENSMUSG000

00002007.5 
Srpk3 3.9232

16243 
4.09E-

06 
0.000

38686 
31 53 100 7 3 11 

ENSMUSG00
000028023 

ENSMUSG000

00028023.16 
Pitx2 4.9866

23664 
4.27E-

06 
0.000

39946 
37 98 138 0 2 14 

ENSMUSG00
000031543 

ENSMUSG000

00031543.18 
Ank1 4.5487

60904 
4.45E-

06 
0.000

41345 
416 959 1057 27 26 141 

ENSMUSG00
000091712 

ENSMUSG000

00091712.2 
Sec14l5 3.7423

74885 
4.53E-

06 
0.000

41831 
18 66 86 5 3 12 

ENSMUSG00
000002500 

ENSMUSG000

00002500.15 
Rpl3l 5.2425

42603 
4.8E-

06 
0.000

43835 
623 1128 1334 5 22 115 

ENSMUSG00
000054034 

ENSMUSG000

00054034.10 
Tceal5 3.7174

71853 
4.81E-

06 
0.000

43835 
19 61 33 6 3 8 

ENSMUSG00
000019848 

ENSMUSG000

00019848.14 
Popdc3 4.7120

24592 
5.06E-

06 
0.000

45851 
39 71 150 0 2 14 

ENSMUSG00
000051890 

ENSMUSG000

00051890.13 
Klhdc1 1.5787

50596 
5.42E-

06 
0.000

48789 
52 94 122 32 25 40 

ENSMUSG00
000022525 

ENSMUSG000

00022525.13 
Plaat1 4.4101

64085 
5.94E-

06 
0.000

53154 
61 121 106 0 2 21 
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ENSMUSG00
000026418 

ENSMUSG000

00026418.16 
Tnni1 8.1962

23125 
6.38E-

06 
0.000

56735 
261 890 1753 0 7 16 

ENSMUSG00
000035934 

ENSMUSG000

00035934.16 
Pknox2 2.6110

66608 
6.56E-

06 
0.000

57672 
72 130 141 18 16 47 

ENSMUSG00
000031312 

ENSMUSG000

00031312.5 
Itgb1bp2 5.2375

74616 
6.57E-

06 
0.000

57672 
147 231 208 1 8 22 

ENSMUSG00
000049134 

ENSMUSG000

00049134.15 
Nrap 5.9627

06242 
6.65E-

06 
0.000

58096 
1378 3040 4427 11 46 269 

ENSMUSG00
000071540 

ENSMUSG000

00071540.4 
3425401
B19Rik 

6.5837
13954 

6.82E-
06 

0.000
59192 

324 1009 1250 0 13 42 

ENSMUSG00
000025429 

ENSMUSG000

00025429.8 
Pstpip2 3.2736

70783 
6.91E-

06 
0.000

59614 
26 25 28 3 3 3 

ENSMUSG00
000029685 

ENSMUSG000

00029685.15 
Asb15 5.4964

49299 
7.01E-

06 
0.000

60099 
185 265 206 0 6 20 

ENSMUSG00
000025932 

ENSMUSG000

00025932.14 
Eya1 3.1653

59263 
7.11E-

06 
0.000

60644 
50 108 73 10 2 28 

ENSMUSG00
000031204 

ENSMUSG000

00031204.3 
Asb12 4.6374

82476 
7.29E-

06 
0.000

61807 
20 43 49 0 2 5 

ENSMUSG00
000030672 

ENSMUSG000

00030672.12 
Mylpf 5.4134

31213 
7.47E-

06 
0.000

62942 
2746 5146 3669 11 71 417 

ENSMUSG00
000025537 

ENSMUSG000

00025537.12 
Phkg1 4.3452

4471 
7.86E-

06 
0.000

65812 
359 696 703 9 19 103 

ENSMUSG00
000040350 

ENSMUSG000

00040350.16 
Trim7 3.2263

68162 
7.97E-

06 
0.000
6643 

42 101 95 11 6 29 

ENSMUSG00
000091898 

ENSMUSG000

00091898.8 
Tnnc1 7.1456

57569 
8.5E-

06 
0.000

70372 
357 1067 2141 8 29 19 

ENSMUSG00
000042717 

ENSMUSG000

00042717.5 
Ppp1r3a 5.4544

38762 
8.62E-

06 
0.000

71012 
296 556 551 2 5 53 

ENSMUSG00
000023153 

ENSMUSG000

00023153.9 
Tmem52 3.3135

77844 
8.97E-

06 
0.000

73269 
91 132 118 10 9 30 

ENSMUSG00
000038763 

ENSMUSG000

00038763.12 
Alpk3 5.0015

10141 
9E-06 0.000

73269 
368 856 1372 11 38 109 

ENSMUSG00
000003476 

ENSMUSG000

00003476.16 
Crhr2 3.9669

04058 
9.58E-

06 
0.000

77567 
24 54 75 2 3 10 
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ENSMUSG00
000053093 

ENSMUSG000

00053093.16 
Myh7 8.0984

17297 
9.68E-

06 
0.000
7798 

1789 6012 10678 2 76 84 

ENSMUSG00
000051747 

ENSMUSG000

00051747.14 
Ttn 6.0003

02383 
1.01E-

05 
0.000

81041 
9701 16118 24083 15 221 1647 

ENSMUSG00
000001027 

ENSMUSG000

00001027.7 
Scn4a 6.0755

33192 
1.02E-

05 
0.000

81485 
488 1032 1241 1 10 72 

ENSMUSG00
000051910 

ENSMUSG000

00051910.13 
Sox6 0.9673

47294 
1.07E-

05 
0.000

84813 
454 425 663 250 187 317 

ENSMUSG00
000021451 

ENSMUSG000

00021451.16 
Sema4d 2.7058

2275 
1.09E-

05 
0.000

85805 
121 254 302 48 35 86 

ENSMUSG00
000040666 

ENSMUSG000

00040666.18 
Sh3bgr 4.2106

24182 
1.13E-

05 
0.000

88507 
385 742 924 18 31 116 

ENSMUSG00
000013419 

ENSMUSG000

00013419.7 
Zfp651 1.4071

22307 
1.19E-

05 
0.000

92555 
284 553 706 206 208 276 

ENSMUSG00
000031461 

ENSMUSG000

00031461.4 
Myom2 5.8723

81887 
1.2E-

05 
0.000

93135 
1587 3026 2640 6 29 290 

ENSMUSG00
000032495 

ENSMUSG000

00032495.8 
Lrrc2 5.4130

25874 
1.21E-

05 
0.000
9339 

287 371 464 4 6 53 

ENSMUSG00
000042404 

ENSMUSG000

00042404.16 
Dennd4b 1.4525

83113 
1.25E-

05 
0.000
9585 

239 415 521 146 146 224 

ENSMUSG00
000043154 

ENSMUSG000

00043154.15 
Ppp2r3a 1.4342

29524 
1.26E-

05 
0.000
9585 

1134 1366 1481 640 480 682 

ENSMUSG00
000060600 

ENSMUSG000

00060600.15 
Eno3 4.9003

9787 
1.26E-

05 
0.000
9585 

4043 9798 8779 68 185 1181 

ENSMUSG00
000044461 

ENSMUSG000

00044461.6 
Shisa2 2.9071

63262 
1.29E-

05 
0.000

97231 
103 202 183 19 28 63 

ENSMUSG00
000061603 

ENSMUSG000

00061603.8 
Akap6 2.4774

756 
1.35E-

05 
0.001

00616 
87 184 188 43 24 62 

ENSMUSG00
000031376 

ENSMUSG000

00031376.15 
Atp2b3 6.7799

97207 
1.35E-

05 
0.001

00616 
21 14 23 0 0 1 

ENSMUSG00
000024924 

ENSMUSG000

00024924.14 
Vldlr 1.2263

89917 
1.36E-

05 
0.001

01424 
1470 1672 2843 956 462 971 

ENSMUSG00
000050211 

ENSMUSG000
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21797 37798 39359 12 658 4278 

ENSMUSG00
000059734 

ENSMUSG000

00059734.6 
Ndufs8 -

0.5780
95816 

0.001
106 

0.036
84818 

4004 4787 5710 5993 5628 7002 

ENSMUSG00
000048277 

ENSMUSG000

00048277.15 
Syngr2 0.7187

85384 
0.001

14432 
0.037

95354 
563 846 895 483 472 632 
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ENSMUSG00
000044433 

ENSMUSG000

00044433.16 
Camsap3 -

0.9447
31735 

0.001
14759 

0.037
97526 

107 78 147 168 166 181 

ENSMUSG00
000031239 

ENSMUSG000

00031239.5 
Itm2a 1.4236

73185 
0.001

16203 
0.038

36537 
285 566 245 258 177 164 

ENSMUSG00
000048096 

ENSMUSG000

00048096.7 
Lmod1 1.4517

4582 
0.001

21222 
0.039

84105 
469 938 896 343 282 625 

ENSMUSG00
000056116 

ENSMUSG000

00056116.18 
H2-T22 -

0.6994
05148 

0.001
21066 

0.039
84105 

941 1215 1375 1971 1360 2082 

ENSMUSG00
000061360 

ENSMUSG000

00061360.8 
Phf5a -

0.5219
33027 

0.001
23619 

0.040
4456 

1757 2029 2646 2569 2044 3806 

ENSMUSG00
000023809 

ENSMUSG000

00023809.9 
Rps6ka2 1.1813

36823 
0.001

23486 
0.040
4456 

211 434 473 190 171 241 

ENSMUSG00
000000708 

ENSMUSG000

00000708.14 
Kat2b 0.6177

94523 
0.001

23982 
0.040

47287 
831 887 1229 673 448 739 

ENSMUSG00
000029095 

ENSMUSG000

00029095.17 
Ablim2 1.4586

91541 
0.001

28169 
0.041

46613 
59 106 162 31 41 52 

ENSMUSG00
000002910 

ENSMUSG000

00002910.11 
Arrdc2 1.4436

8776 
0.001

27678 
0.041

46613 
240 202 127 60 88 95 

ENSMUSG00
000037940 

ENSMUSG000

00037940.17 
Inpp4b 1.5581

46142 
0.001

27506 
0.041

46613 
65 170 171 49 45 106 

ENSMUSG00
000000901 

ENSMUSG000

00000901.16 
Mmp11 -

0.7868
57689 

0.001
27938 

0.041
46613 

85 97 137 173 114 219 

ENSMUSG00
000021520 

ENSMUSG000

00021520.4 
Uqcrb -

0.4365
71113 

0.001
29046 

0.041
65682 

8498 8198 9883 10056 8006 12380 

ENSMUSG00
000078716 

ENSMUSG000

00078716.9 
Tmem8b 1.0829

27368 
0.001

29612 
0.041

74656 
86 169 239 74 78 102 

ENSMUSG00
000039474 

ENSMUSG000

00039474.13 
Wfs1 1.1378

7334 
0.001
3181 

0.042
24706 

322 303 521 144 146 250 
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ENSMUSG00
000007030 

ENSMUSG000

00007030.8 
Vwa7 3.2428

95174 
0.001
3204 

0.042
24706 

7 18 28 2 5 1 

ENSMUSG00
000024236 

ENSMUSG000

00024236.18 
Svil 1.4545

75073 
0.001

31727 
0.042

24706 
800 1378 1251 573 508 771 

ENSMUSG00
000038422 

ENSMUSG000

00038422.2 
Hdhd3 -

0.7970
11938 

0.001
33289 

0.042
50462 

322 225 427 350 315 452 

ENSMUSG00
000037443 

ENSMUSG000

00037443.13 
Cep85 0.8898

69923 
0.001

33725 
0.042

50462 
203 290 364 171 159 213 

ENSMUSG00
000097404 

ENSMUSG000

00097404.1 
Gm1081
4 

4.4283
23063 

0.001
33657 

0.042
50462 

4 11 7 1 0 0 

ENSMUSG00
000044177 

ENSMUSG000

00044177.4 
Wfikkn2 2.1174

26986 
0.001

35941 
0.043

11448 
35 63 38 11 14 28 

ENSMUSG00
000028949 

ENSMUSG000

00028949.13 
Smarcd3 1.0166

6097 
0.001

40772 
0.044

54902 
409 572 786 291 247 348 

ENSMUSG00
000004798 

ENSMUSG000

00004798.14 
Ulk2 0.5982

76072 
0.001

41871 
0.044

79892 
863 1042 1265 702 520 940 

ENSMUSG00
000021748 

ENSMUSG000

00021748.9 
Pdhb -

0.6034
07946 

0.001
42529 

0.044
90912 

10471 9812 14254 14328 9755 17157 

ENSMUSG00
000045064 

ENSMUSG000

00045064.4 
Zc2hc1c 2.5234

38892 
0.001

44021 
0.045

28073 
22 24 23 5 1 9 

ENSMUSG00
000034161 

ENSMUSG000

00034161.8 
Scx 4.0486

21379 
0.001

45441 
0.045

62807 
15 22 44 1 0 9 

ENSMUSG00
000063564 

ENSMUSG000

00063564.13 
Col23a1 1.1494

17134 
0.001

48265 
0.046

40036 
45 66 82 18 23 46 

ENSMUSG00
000021069 

ENSMUSG000

00021069.17 
Pygl -

0.9739
4291 

0.001
48543 

0.046
40036 

3240 1760 5461 3420 3324 6608 

ENSMUSG00
000084929 

ENSMUSG000

00084929.1 
Foxo6os 3.9740

77215 
0.001

49678 
0.046

45478 
8 69 40 0 0 12 

ENSMUSG00
000073409 

ENSMUSG000

00073409.12 
H2-Q6 -

1.7274
96924 

0.001
49391 

0.046
45478 

327 216 141 639 670 508 
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ENSMUSG00
000095597 

ENSMUSG000

00095597.2 
Rps7-ps3 -

0.6152
70984 

0.001
4963 

0.046
45478 

2737 3498 3855 4265 3816 5160 

ENSMUSG00
000022450 

ENSMUSG000

00022450.6 
Ndufa6 -

0.5814
32919 

0.001
51562 

0.046
93897 

5917 6837 8451 8284 8403 9972 

ENSMUSG00
000041220 

ENSMUSG000

00041220.10 
Elovl6 -

0.9606
39196 

0.001
52732 

0.047
15677 

12868 12070 22448 18872 16287 26057 

ENSMUSG00
000056228 

ENSMUSG000

00056228.10 
Cars2 -

0.9541
31879 

0.001
52916 

0.047
15677 

11234 12692 8793 18029 19604 23424 

ENSMUSG00
000025141 

ENSMUSG000

00025141.2 
Myadml2 5.4928

95303 
0.001

56073 
0.048

02819 
60 149 201 0 0 20 

ENSMUSG00
000036833 

ENSMUSG000

00036833.16 
Pnpla7 0.7905

77419 
0.001

56695 
0.048

11625 
250 271 368 212 137 201 

ENSMUSG00
000019088 

ENSMUSG000

00019088.13 
Dnase1l1 0.9987

84508 
0.001

57024 
0.048

11625 
227 314 298 112 164 182 

ENSMUSG00
000021838 

ENSMUSG000

00021838.17 
Samd4 1.5190

70105 
0.001

61879 
0.049

49952 
214 384 282 166 150 152 
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Appendix C: RNA-Seq normalized counts for 4-day cold exposure (Prkd1BKO cold v. Prkd1fl/fl cold) 
(significantly changed genes only: padj<0.05) 

 
KO_cold__vs__WT_cold-DESeq2-results-all-data   

ensemblid gene_ 
symbol 

Log 2-
Fold 

Change 

p-
value 

padj KO_cold / 
8047-MC-

0013 

KO_cold / 
8047-MC-

0014 

KO_cold / 
8047-MC-

0015 

KO_cold / 
8047-MC-

0016 

WT_cold / 
8047-MC-

0009 

WT_cold / 
8047-MC-

0010 

WT_cold / 
8047-MC-

0011 

WT_cold / 
8047-MC-

0012 

ENSMUSG00
000035151.
12 

Elmod2 1.0844
66554 

4.177

6E-15 

7.851

8E-11 
1032.561

118 
887.4283

882 
967.8929

8 
847.8859

741 
378.1722

193 
359.0821

45 
509.5480

88 
519.0731

94 

ENSMUSG00
000028328.
13 

Tmod1 -
3.1186
59213 

4.502

94E-

13 

4.231

64E-

09 

135.1791
998 

61.20195
781 

67.87337
9 

40.49861
868 

1296.469
335 

606.1824
87 

465.1476
32 

273.1313
71 

ENSMUSG00
000025216.
9 

Lbx1 -
3.6042
89509 

7.434

74E-

12 

4.657

86E-

08 

4.159359
994 

5.276030
846 

4.648861
576 

1.723345
476 

83.09613
788 

42.57159
45 

42.28614
83 

19.77421
69 

ENSMUSG00
000017817.
11 

Jph2 -
2.4490
85284 

1.437

23E-

11 

6.753

21E-

08 

453.3702
393 

124.5143
28 

235.2323
957 

261.0868
396 

2211.374
771 

1438.179
52 

1434.557
58 

779.8456
79 

ENSMUSG00
000034768.
4 

Asb16 -
3.2412
35226 

3.044

04E-

11 

9.918

68E-

08 

23.91631
996 

9.496855
522 

5.578633
891 

9.478400
117 

232.3300
182 

84.21771
96 

97.25814
12 

39.54843
38 

ENSMUSG00
000037989.
15 

Wnk2 -
2.9598
53652 

3.166

38E-

11 

9.918

68E-

08 

49.91231
993 

9.496855
522 

37.19089
26 

25.85018
214 

488.4017
9 

189.7212
36 

182.8875
92 

90.21986
46 

ENSMUSG00
000032648.
14 

Pygm -
3.4696
27452 

1.078

94E-

10 

2.896

94E-

07 

986.8081
585 

215.2620
585 

254.7576
143 

260.2251
669 

8426.626
717 

4446.880
69 

4134.528
15 

2008.318
9 

ENSMUSG00
000001604.
14 

Tcea3 -
2.7462
72802 

6.253

81E-

10 

1.469

25E-

06 

42.63343
994 

14.77288
637 

17.66567
399 

17.23345
476 

344.2554
284 

92.54694
46 

113.1154
47 

65.50209
35 

ENSMUSG00
000072720.
9 

Myo18
b 

-
4.9816
41971 

1.108

79E-

09 

2.083

97E-

06 

101.9043
198 

8.441649
353 

11.15726
778 

7.755054
641 

2288.535
471 

684.8473
9 

807.6654
33 

292.9055
88 
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ENSMUSG00
000030433.
15 

Sbk2 -
1.9809
70006 

1.016

33E-

09 

2.083

97E-

06 

303.6332
795 

276.4640
163 

148.7635
704 

205.0781
116 

1697.535
388 

726.4935
15 

783.3508
98 

474.5812
06 

ENSMUSG00
000038663.
7 

Fsd2 -
2.0111
19102 

1.431

93E-

09 

2.446

65E-

06 

167.4142
398 

83.36128
736 

107.8535
886 

67.21047
356 

749.5610
805 

304.4794
48 

291.7744
24 

367.0589
01 

ENSMUSG00
000090799.
2 

Klhl33 -
2.1412
17614 

2.150

71E-

09 

3.368

54E-

06 

258.9201
596 

104.4654
107 

166.4292
444 

124.0808
743 

1042.941
322 

708.9095
95 

765.3792
85 

364.5871
24 

ENSMUSG00
000032523.
11 

Hhatl -
4.7865
79648 

2.515

02E-

09 

3.376

41E-

06 

4.159359
994 

0 0 0.861672
738 

59.35438
42 

29.61502
23 

30.65745
76 

13.59477
41 

ENSMUSG00
000079055.
10 

Slc8a3 -
3.4677
83423 

2.508

02E-

09 

3.376

41E-

06 

20.79679
997 

6.331237
015 

10.22749
547 

3.446690
952 

237.4175
368 

91.62147
51 

85.62945
04 

32.13310
25 

ENSMUSG00
000002688.
8 

Prkd1 -
1.3989
53941 

3.077

39E-

09 

3.855

98E-

06 

248.5217
596 

208.9308
215 

245.4598
912 

250.7467
667 

516.3831
425 

636.7229
79 

655.4352
99 

708.1641
43 

ENSMUSG00
000021061.
15 

Sptb -
3.6848
97874 

4.429

76E-

09 

5.203

58E-

06 

169.4939
197 

14.77288
637 

55.78633
891 

43.94530
963 

1757.737
692 

662.6361
23 

831.9799
69 

396.7202
27 

ENSMUSG00
000038201.
10 

Kcna7 -
3.1051
87349 

7.310

41E-

09 

8.082

31E-

06 

17.67727
997 

6.331237
015 

17.66567
399 

3.446690
952 

218.7633
018 

64.78286
12 

70.82929
85 

30.89721
39 

ENSMUSG00
000068699.
12 

Flnc -
4.0176

6588 

9.001

27E-

09 

9.398

83E-

06 

256.8404
796 

68.58840
099 

157.1315
213 

117.1874
924 

5580.160
035 

2079.529
84 

1549.787
34 

503.0066
42 

ENSMUSG00
000039376.
13 

Synpo2
l 

-
4.2355
98738 

1.033

53E-

08 

1.022

38E-

05 

69.66927
99 

6.331237
015 

14.87635
704 

9.478400
117 

1091.272
75 

300.7775
7 

338.2891
87 

154.4860
7 

ENSMUSG00
000031962.
6 

Cdh15 -
6.7895
39423 

1.331

8E-08 

1.251

56E-

05 

1.039839
998 

0 0 0 72.92110
059 

28.68955
28 

21.14307
42 

6.179442
78 
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ENSMUSG00
000024210.
2 

Ip6k3 -
4.5743
27249 

1.402

16E-

08 

1.254

94E-

05 

6.239039
991 

0 5.578633
891 

6.893381
903 

262.0072
103 

98.09976
12 

66.60068
36 

22.24599
4 

ENSMUSG00
000028017.
7 

Egf -
2.0349
42404 

1.903

9E-08 

1.626

54E-

05 

44.71311
993 

15.82809
254 

30.68248
64 

29.29687
309 

229.7862
588 

103.6525
78 

101.4867
56 

56.85087
36 

ENSMUSG00
000029158.
9 

Yipf7 -
6.1058
38918 

2.395

28E-

08 

0.000

01875

8 

1.039839
998 

0 1.859544
63 

0 133.9713
243 

20.36032
78 

37.00037
98 

7.415331
34 

ENSMUSG00
000033182.
12 

Kbtbd1
2 

-
2.5809

4808 

2.389

E-08 

0.000

01875

8 

43.67327
993 

21.10412
338 

26.03362
482 

32.74356
404 

382.4118
182 

156.4043
36 

148.0015
19 

50.67143
08 

ENSMUSG00
000045761.
15 

Togara
m2 

-
4.7018

1935 

2.549

54E-

08 

1.916

74E-

05 

6.239039
991 

0 0.929772
315 

0 115.3170
893 

24.06220
56 

26.42884
27 

13.59477
41 

ENSMUSG00
000006221.
7 

Hspb7 -
5.3100
91394 

2.770

56E-

08 

1.956

07E-

05 

76.94815
989 

15.82809
254 

10.22749
547 

18.09512
75 

3663.013
425 

498.8280
31 

478.8906
3 

156.9578
47 

ENSMUSG00
000049641.
14 

Vgll2 -
5.5043
89247 

2.914

06E-

08 

1.956

07E-

05 

10.39839
998 

0 1.859544
63 

0 366.3013
425 

62.93192
23 

69.77214
48 

48.19965
37 

ENSMUSG00
000033196.
17 

Myh2 -
6.1168
20916 

2.812

43E-

08 

1.956

07E-

05 

726.8481
589 

18.99371
104 

39.98020
955 

8.616727
379 

40122.71
58 

6991.921
66 

5961.289
76 

2041.687
89 

ENSMUSG00
000042529.
14 

Kcnj12 -
2.8053

0491 

4.409

58E-

08 

0.000

02762

6 

18.71711
997 

8.441649
353 

13.94658
473 

5.170036
428 

158.5609
978 

60.15551
4 

63.42922
25 

38.31254
52 

ENSMUSG00
000020882.
17 

Cacnb1 -
1.4124
36739 

4.323

8E-08 

0.000

02762

6 

169.4939
197 

138.2320
082 

204.5499
093 

169.7495
294 

685.9670
974 

379.4424
73 

394.3183
33 

354.7000
16 

ENSMUSG00
000038170.
15 

Pde4di
p 

-
2.0219

1672 

5.450

46E-

08 

3.304

56E-

05 

3009.296
956 

1765.359
921 

2183.105
396 

2046.472
753 

17840.23
205 

6442.192
81 

7719.336
38 

4564.136
44 
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ENSMUSG00
000038763.
12 

Alpk3 -
3.5800
44662 

5.874

6E-08 

3.450

41E-

05 

99.82463
985 

37.98742
209 

61.36497
28 

66.34880
082 

1983.284
352 

448.8526
81 

558.1771
58 

184.1473
95 

ENSMUSG00
000021451.
16 

Sema4
d 

-
1.8124

1386 

6.995

69E-

08 

3.984

36E-

05 

63.43023
991 

33.76659
741 

27.89316
945 

33.60523
678 

167.8881
153 

193.4231
14 

118.4012
15 

74.15331
34 

ENSMUSG00
000026308.
8 

Klhl30 -
3.7650
46415 

7.995

8E-08 

4.368

56E-

05 

23.91631
996 

3.165618
507 

5.578633
891 

3.446690
952 

271.3343
278 

90.69600
57 

83.51514
3 

40.78432
24 

ENSMUSG00
000050211.
14 

Pla2g4e -
4.7583
03238 

8.135

13E-

08 

4.368

56E-

05 

7.278879
989 

0 0 1.723345
476 

142.4505
221 

47.19894
17 

37.00037
98 

12.35888
56 

ENSMUSG00
000104453.
1 

Gm378
29 

-
1.7975
38815 

8.428

5E-08 

4.400

38E-

05 

43.67327
993 

15.82809
254 

26.03362
482 

25.85018
214 

163.6485
164 

62.00645
29 

69.77214
48 

90.21986
46 

ENSMUSG00
000085272.
7 

Sbk3 -
2.2390
82324 

9.575

31E-

08 

4.631

26E-

05 

20.79679
997 

8.441649
353 

18.59544
63 

13.78676
381 

117.0129
289 

94.39788
35 

43.34330
21 

34.60487
96 

ENSMUSG00
000000031.
16 

H19 -
4.2310
30269 

9.412

53E-

08 

4.631

26E-

05 

496.0036
793 

132.9559
773 

72.52224
058 

38.77527
321 

8897.222
192 

2314.599
08 

1759.103
77 

923.2087
52 

ENSMUSG00
000047591.
5 

Mafa -
2.6346
03333 

9.609

96E-

08 

4.631

26E-

05 

46.79279
993 

10.55206
169 

13.94658
473 

4.308363
69 

155.1693
187 

170.2863
78 

99.37244
86 

39.54843
38 

ENSMUSG00
000060913.
6 

Trim55 -
5.0355
92771 

1.293

14E-

07 

5.927

94E-

05 

12.47807
998 

0 0.929772
315 

0 250.9842
532 

72.18661
68 

77.17222
07 

30.89721
39 

ENSMUSG00
000052374.
15 

Actn2 -
4.3590
45024 

1.267

09E-

07 

5.927

94E-

05 

348.3463
995 

137.1768
02 

68.80315
132 

106.8474
195 

9121.073
012 

1872.224
69 

1998.020
51 

572.2164
02 

ENSMUSG00
000026778.
13 

Prkcq -
2.7291
77619 

1.477

79E-

07 

0.000

06206

8 

27.03583
996 

17.93850
488 

20.45499
093 

12.92509
107 

319.6657
549 

78.66490
29 

82.45798
93 

35.84076
81 
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ENSMUSG00
000016349.
10 

Eef1a2 -
4.7322
04405 

1.502

11E-

07 

0.000

06206

8 

307.7926
395 

32.71139
124 

13.94658
473 

7.755054
641 

4960.330
68 

2077.678
91 
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