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Summary 
 

Liang Dong 

 

Functional validation of human rare missense variants associated with body fat 

distribution and cardiometabolic risk 

 

Body fat distribution is a predictor of metabolic and cardiovascular disease independent of 

body mass index (BMI) and is heritable. To understand the genetic determinants of the 

differences observed in fat distribution in the general population, genome-wide association 

studies (GWAS) have emerged as an extremely useful approach and have convincingly 

associated many single nucleotide polymorphisms (SNPs) with body fat distribution. 

Unfortunately, it has proven very difficult to link specific genes or genetic variants with these 

findings, reducing their translational impact. However, massive increases in the size of human 

genetic studies have increased the power of studies to confidently link rare missense (coding) 

variants with a range of phenotypes. In collaboration with colleagues in the MRC 

Epidemiology Unit in Cambridge, we recently identified rare missense variants in ALK7 

(p.I195T and p.N150H), CALCRL (p.L87P), PLIN1 (p.L90P) and PDE3B (p.R783X) which were 

associated with a favourable body fat distribution and with protection from cardiometabolic 

disease, while a variant in gene PNPLA2 (p.N252K) was associated with an adverse phenotype 

(1). 

 

To understand the roles of these genes, initial loss-of-function studies were carried out using 

siRNA-mediated knockdown in 3T3-L1 (pre)adipocytes, as all the genes are expressed in 

adipose tissue and have been at least loosely implicated in the regulation of intracellular 

lipolysis. In this cell model, Plin1 depletion resulted in an increase in basal lipolysis while 

isoproterenol stimulated lipolysis was suppressed. Pnpla2 depletion, on the other hand, 

impaired lipolysis under both basal and stimulated conditions. Alk7 or Calcrl knockdown 

resulted in a consistent decrease in lipolysis while the impact on adipogenesis was variable. 

Depletion of Pde3b did not have any impact on adipogenesis or lipolysis.  
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Subsequent studies focussed on functional analysis of a subset of the specific missense 

variants. mRNA expression of the PNPLA2 p.N252K variant was lower in the heterozygous 

carriers of the mutant allele than in homozygous wild-type allele carriers, although notably 

the variant retained its ability to target lipid droplets and also its catalytic activity. Functional 

analysis of the ALK7 variants indicated that the p.I195T variant failed to initiate signal 

transduction upon stimulation with known ligand Nodal, while the impact of the p.N150H 

mutant was far more subtle. Meanwhile, the PLIN1 p.L90P variant seemed to manifest a 

stronger interaction with HSL compared to wild type in the basal state. However, further 

investigation suggested that this variant suppressed stimulated lipolysis while the ability to 

promote lipid accumulation was unaffected.  

 

Collectively, these findings provide some early insights into the potential impact of variants 

convincingly linked with altered body fat distribution and metabolic disease risk, but further 

work is required to more clearly understand exactly how they affect adipogenesis and/or 

lipolysis and thereby modify fat distribution and disease risk in vivo. 
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1 General Introduction 
 

1.1 Obesity and cardiometabolic diseases 

 

Obesity, which is described as excessive accumulation of body fat, has already become a 

global public health problem with the estimated worldwide prevalence having nearly tripled 

(from 15% of adults to almost 40%) between 1975 and 2016, according to the World Health 

Organization (WHO) (2, 3) (https://www.who.int/news-room/fact-sheets/detail/obesity-and-

overweight). The severe health impact of being overweight or obese is indicated in at least 

2.8 million deaths per year worldwide being attributed to these problems based on a WHO 

report in 2017 (https://www.who.int/features/factfiles/obesity/en/). Life expectancy is 

predicted to be shortened by a fifth and a third of a year for females and males, respectively, 

by the middle of the 21st century (4). Based on past and present trends, it is projected that 

more than half of the global population will be obese by 2030 (5). Taking the UK as an example, 

obesity and its related diseases place an enormous financial burden on the National Health 

Service (NHS) which may cost an estimated £22.9 billion per year by 2050 (4). The rise in the 

prevalence of obesity in both children and adults is mainly attributable to technological 

advances which have reduced the prices for food and drink production, especially for less 

nutritious food, and promoted sedentary lifestyles (6).  

 

Not only can obesity lead to poor quality of life due to lower earnings and lower probability 

of employment, but it can also contribute to the development of serious chronic diseases, 

such as diabetes, cardiovascular diseases and some cancers (4, 7). Among them all, 

cardiovascular disease is the top single cause of death globally, which ultimately indicates 

obesity as a strong predictor of mortality (3, 4, 8) (https://www.who.int/news-room/fact-

sheets/detail/cardiovascular-diseases-(cvds)). Besides, being obese is also associated with 

greater risk of developing metabolic syndrome, which is defined as a group of conditions that 

co-occur, including diabetes, hypertension, hypertriglyceridemia, hyperglycaemia and 

increased central adiposity (9). Data shows that the incidence of metabolic syndrome often 

runs in parallel with the prevalence of obesity and type 2 diabetes (T2D) (10). Although it is 

difficult to collect global data since the criteria varies slightly between different organizations, 
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metabolic syndrome was estimated to affect one quarter of the global population based on 

the same report published in 2018 (10).  

 

As a widely used measurement for obesity, body mass index (BMI) is calculated as an 

individual’s body weight (kilogram, kg) divided by the square of body height (metre, m). Adult 

subjects with a BMI between 25 and 30 kg/m2 are considered as overweight, while those over 

30 kg/m2 are obese (11). As body composition varies by age and gender, BMI for children and 

teens is often expressed as BMI-for-age in relation to others from the same age and gender 

group. Overweight is therefore defined as BMI between the 85th percentile and the 95th 

percentile, and obesity is above the 95th percentile of the same age and gender (12). Although 

BMI can be used as an indicator for overall adiposity, it does not distinguish between lean 

mass and fat mass, nor does it indicate fat mass distribution. Numerous techniques are 

available for measurement of body fat, dual-energy X-ray absorptiometry (DEXA) is 

particularly useful to determine body fat composition and distribution in large population 

studies (11). Other imaging techniques such as computed tomography (CT) and magnetic 

resonance imaging (MRI) could also provide quantitative information on local fat storage (11, 

13). Several studies have shown that independent of BMI, body fat distribution plays an 

important role in relation to comorbid conditions associated with obesity since it was first 

described in 1956 (14–16). Particularly central adiposity which has been shown to be 

positively associated with incidents of T2D, cardiovascular risk and risk of death, independent 

of general adiposity (17–20). In a longitudinal Swedish population study, the authors have 

found that the ratio of waist to hip circumferences showed a stronger association with 

cardiovascular disease risk than BMI (21, 22). Similar conclusion was drawn from a study in a 

Finnish population (23). Furthermore, large hip and thigh circumferences have been 

implicated in the association with a lower risk of T2D in the Hoorn study based on a Dutch 

population, independently of BMI (24).  

 

1.2 Body fat distribution and cardiometabolic risk 

 

The most popular anthropometric measurement for body fat distribution is the ratio of waist 

to hip circumferences, widely known as the waist-to-hip ratio (WHR), which is specifically 
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designed to focus on intra-abdominal fat (11, 25). The proposed mechanism explaining the 

causality between body fat distribution and cardiometabolic risk is the location and regulation 

of adipose tissue (8). It is well acknowledged that individuals carrying greater upper body fat 

(apple or android body shape – high WHR) have increased cardiometabolic risk, whereas 

subjects with fat stored in the lower body (pear or gynoid body shape – low WHR) have less 

risk (Figure 1.1) (15, 25, 26). Besides the profile of the transcriptome and proteome, the 

secretome response in adipose tissue to environmental signals is largely depot-dependent, 

which could contribute to the risk of disease development (27). 

 

 

 

 

 

1.2.1 Adipose tissue anatomy and distribution 

 

Adipose tissue is the primary site for fat storage that drives lipid distribution, and also a highly 

active metabolic and endocrine/paracrine organ (28–31). The tissue is primarily composed of 

adipocytes but also consists of a stromovascular fraction (SVF) which contains preadipocytes, 

fibroblasts, endothelial cells, as well as macrophages and other immune cells (28–31). A 
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number of cytokines termed adipokines are secreted from the adipose tissue to communicate 

with other distant organs such as the brain, liver, skeletal muscle and pancreas in order to 

modulate systemic metabolism (29, 32, 33). 

 

In general, adipose tissue can be morphologically divided into white adipose tissue (WAT) and 

brown adipose tissue (BAT). In humans, BAT is abundant in newborns and located 

predominantly in the interscapular and supraclavicular area. It decreases in adults and only 

accounts for approximately 4% of total fat mass (27, 32, 33). Brown adipocytes contain 

multiple small lipid droplets and many mitochondria and the main function of BAT is for non-

shivering thermogenesis upon prolonged cold exposure (29, 32). In contrast to adult human 

BAT, rodent BAT depots are well-defined within the interscapular, perirenal, and periaortic 

regions (34). In addition, species-specific differences between human and mouse BAT have 

been noted, such as their responses to b3 adrenergic activation or glucocorticoid stimulation 

(35). Beige or brite adipose tissue is a form of BAT, which is dispersed within WAT (27, 29). It 

has the capability of transforming into brown-like adipocytes when induced by cold exposure 

and/or adrenergic stimulation (27, 29). Consequently, expansion of BAT results in increased 

thermogenesis, lipid oxidation, as well as reduced adiposity, at least in rodent models (36). In 

fact, multiple lines of evidence suggested that human BAT more closely resembles to murine 

beige/brite adipose tissue than to the classic BAT of mice based on gene expression signatures 

(37, 38). 

 

Unlike brown adipocytes, a typical white adipocyte contains a large unilocular lipid droplet in 

the cytoplasm, which occupies most of the cell volume. The size of adipocytes varies between 

25 and 200 µm in diameter, depending on the amount of lipid loaded in the lipid droplet (29). 

WAT represents more than 95% of total body fat and is distributed throughout the whole 

body (27). Broadly speaking, there are two major types of WAT, subcutaneous adipose tissue 

(SAT) can usually be found beneath the skin, and visceral adipose tissue (VAT) which is mostly 

around internal organs (Figure 1.2) (33, 39). In addition, there is bone marrow adipose tissue 

(BMAT) in bone marrow, dermal WAT within the reticular dermis of the skin, and other types 

of WAT that are located in the retro-orbital and periarticular regions (39–41). 
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SAT contributes more than 80% of all adipose tissue and resides in both upper and lower body, 

mostly in the subscapular, abdominal and gluteo-femoral areas (Figure 1.2) (39, 42). It is 

considered as a ‘safe’ site for lipid storage that also secretes anti-inflammatory adipokines to 

exert its protective metabolic effect, although higher upper body SAT mass has been shown 

to be associated with adverse cardiometabolic risk factors (36, 43). In fact, upper body SAT 

can be subdivided into superficial and deep layers, the latter behaves more like VAT and is 

more metabolically active than the former (41). Intra-abdominal fat is considered as VAT, 

including mesenteric, omental and retroperitoneal adipose tissue, which are located around 

the intestines, stomach and kidney, respectively (Figure 1.2) (42). Compared to SAT, VAT is 

known to have an unfavourable effect on metabolic health (36). Additionally, fat can 

accumulate ectopically in intramuscular, pericardial and intrahepatic areas within the visceral 

cavity which are also found to affect the susceptibility to obesity-related comorbidities (39, 

42, 44). The difference between SAT and VAT in terms of their impact on metabolism has 

been tested directly in animals and humans by adipose tissue removal or transplantation. 

Surgically removing the omentum together with adjustable gastric banding, but not 

subcutaneous abdominal adipose tissue, improves long-term glucose and insulin profiles in 

patients with obesity (45, 46). Transplantation of SAT from donor mice to the visceral region 

of recipient mice results in whole-body glucose metabolism improving with decreased body 

weight and fat content, while transplantation of VAT to a subcutaneous region did not seem 

to have a detrimental effect on metabolism in mice (47). 
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1.2.2 White adipose tissue development 

 

The appearance of adipose tissue can be traced back to before birth, starting approximately 

from the 14th week of gestation in a human foetus (48). In the order of the timing of 

appearance, it is first noticeable in the head and neck regions, then in the thorax and 

abdomen, and last in the upper and lower limbs (48). Although no significant difference in 

adipose tissue distribution was observed between genders, fat accumulation in terms of both 

adipocyte size and number seems to be divergent from one depot to another towards the 

end of gestation, indicating prenatal heterogeneity of adipose tissue (48, 49). The size of 

adipocytes increases dramatically during the first year after birth, especially in SAT (49). 

Gender differences in fat content start to show from the second year of puberty, at which 

point substantial SAT is deposited in the upper body in males and in the lower body in females 

(49).  
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Lineage tracing approaches via labelling or transgenic reporter strains has been applied in 

mice in order to provide some insights into the ontogenesis of various fat depots. Most 

adipose tissue in general is thought to be derived from the mesoderm during embryonic 

development, although different layers of mesoderm give rise to different white adipose 

depots (50). Moreover, at least three subpopulations of white preadipocytes in mice have 

been identified with distinct gene expression profiles and unique metabolic properties using 

a combination of clonal analysis and lineage tracing in vivo, suggesting the developmental and 

functional heterogeneity of white adipocytes within the same depot (51).  

 

In both humans and mice, apart from the differences in early embryonic developmental gene 

expression profiles such as genes of the homeobox and forkhead box families between the 

abdominal subcutaneous and visceral fat depots, heterogeneity also exists within VAT 

between mesenteric and omental preadipocytes (52, 53). Although these two depots are 

located in close vicinity, the molecular signature of the former is similar to SAT (53). Similarly, 

at least four subtypes of mesenchymal progenitor cells have been identified from human SAT 

explants using single-cell sequencing (54). It is concluded that these subtypes give rise to 

white and beige adipocytes, as well as subtypes that differ in key adipokine expression, such 

as leptin and adiponectin (54). Taken together, these analyses in both species indicate that 

inherent regional differences in molecular signatures, leading to diverse developmental 

pathways, might contribute differently to fat distribution and cardiometabolic risk (55). 

 

1.2.3 White adipose tissue function 

 

The functions of WAT include lipid synthesis, storage and breakdown, as well as adipokine 

secretion. Excess energy is stored in the form of neutral lipids, primarily triglycerides (TGs), in 

lipid droplets in adipose tissue through lipogenesis. Under conditions of food deprivation or 

high energy demand, TGs are broken down to glycerol and fatty acids (FAs) through lipolysis. 

The released products are carried in the bloodstream and delivered to other tissues that 

utilize FAs as energy substrates for b-oxidation in mitochondria, with glycerol transported to 

the liver for gluconeogenesis (29, 31, 56). Thus, WAT plays a vital role in keeping the balance 

between fatty acid storage and release in response to nutritional status and energy demands. 



 26 

As an endocrine organ, WAT also secrets a range of peptides, termed adipokines, that lead to 

various biological events including the regulation of appetite, insulin sensitivity and 

immunological responses (31, 56, 57). Although WAT in all depots seems to share many 

functions, the depots manifest intrinsic differences in lipid handling and signalling that affect 

metabolic health (58, 59). For example, uptake of dietary FAs is generally more efficient in 

omental than in abdominal SAT (60, 61). Similarly, upper body subcutaneous fat stores FAs 

more efficiently than in lower body SAT (61, 62). Depot specific differences have been 

observed in lipolytic rates which will be discussed further in section 1.2.3.3. 

 

1.2.3.1 Adipogenesis 

 

The expansion of adipose tissue can be achieved either by increasing the size of existing 

adipocytes, termed hypertrophy, or by hyperplasia meaning the formation of new adipocytes 

(63). The differentiation of committed preadipocytes to mature adipocytes is defined as 

adipogenesis (29, 64). This process can be further divided into distinct stages based on in vitro 

studies: mesenchymal precursor, committed preadipocyte, growth-arrested preadipocyte, 

mitotic clonal expansion, terminal differentiation and mature adipocyte (65). Since 

adipogenesis is important in the development of adipose tissue, the regulation of 

adipogenesis on a transcriptional level has been studied intensively. As a result, a number of 

transcription factors involved in the process have been identified with peroxisome 

proliferator-activated receptor g (PPARg) being the master regulator of adipogenesis (63). 

PPARg expression is induced by CCAAT/enhancer binding protein (C/EBP) b and d at an early 

stage of clonal expansion (63). PPARg induces the expression of C/EBPa, which in turn 

promotes the transcription of PPARg (29). Therefore, PPARg and C/EBPa regulate one another 

reciprocally to regulate the expression of numerous additional genes that are involved in the 

development of mature adipocytes (57, 66). 

 

Adipocyte hypertrophy, independent of BMI, is ultimately associated with insulin resistance 

(67). Enlarged adipocytes are reported to become hypoxic which triggers a proinflammatory 

response, ultimately leading to adipose tissue dysfunction (68, 69). The size of adipocytes is 

depot-dependent, and it is key in responding to lipid storage capacity, which subsequently 
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has an impact on metabolic health (8, 63). As indicated in in vitro studies, enlargement of 

subcutaneous abdominal adipocytes is associated with increased systematic insulin 

resistance and inflammation, whereas small adipocytes are important in preventing obesity-

related metabolic syndromes (67, 70, 71). In the context of obesity, the size of adipocytes 

from subcutaneous, omental and mesenteric adipose tissue are all enlarged, and 

subcutaneous adipocytes are larger than omental adipocytes in women (72).  

 

It is believed that the total number of adipocytes is determined by the number of 

preadipocytes in early life and is not likely to change in adulthood but about 10% of 

adipocytes are renewed annually (73). However, hyperplasia happens when growth in 

adipocyte size reaches a plateau and may largely be limited by availability of preadipocytes 

to undergo differentiation or by the number of mesenchymal cells available for trans-

differentiation into preadipocytes (57, 74). Studies of adipocyte development suggest that 

there are regional differences in the capacity of preadipocytes to proliferate between SAT 

and omental VAT in obese subjects, which may influence depot-specific fat accumulation (75). 

Recruitment of new preadipocytes to differentiate in SAT can have a protective effect against 

metabolic syndrome by taking up excess lipid thereby limiting ectopic fat deposition (31, 41, 

74, 76). Moreover, a larger proportion of small adipocytes and lower level of PPARG gene 

expression is observed in SAT from insulin-resistant than insulin-sensitive obese subjects, 

indicating that an impairment in differentiation could associate with obesity-related insulin 

resistance (77). In fact, activation of PPARg by agonists (such as thiazolidinediones) promotes 

differentiation of preadipocytes in abdominal subcutaneous fat but not omental adipose 

tissue, despite similar expression of PPARg in both depots (78). This results in an increment in 

adiposity in subcutaneous regions, leading to an improvement in insulin sensitivity in type 2 

diabetic patients despite a reduction in WHR (79, 80). 

 

1.2.3.2 Lipogenesis 

 

Besides energy storage, an important purpose of TG synthesis in adipose tissue is to avoid 

ectopic fat accumulation so that the body can be protected from peripheral insulin resistance 

(9, 29). TG stored in adipocytes is synthesized by esterification of three FAs to a glycerol 
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backbone. After a meal, circulating TGs incorporated within chylomicrons or very low-density 

lipoproteins (VLDLs) are hydrolysed by lipoprotein lipase (LPL) to release FAs for uptake into 

adipocytes (Figure 1.3) (29). FA uptake is facilitated mainly by FA translocase (FAT, also known 

as CD36), FA transport proteins (FATPs) and FA-binding protein 4 (FABP4) (81–83). Glycerol is 

either produced by glycolysis from glucose that is transported via glucose transporters 

(GLUT1 and GLUT4, synonyms are SLC2A1 and SLC2A4, respectively), or glyceroneogenesis 

(Figure 1.3) (84–86). The biochemical process of TG synthesis involves stepwise acylation 

reactions catalysed by different enzymes after FAs and glycerol are converted to FA acyl-CoAs 

and glycerol 3-phosphate, respectively (Figure 1.3) (87). This process starts with addition of 

the first FA by glycerol-3-phosphate acyltransferase (GPAT) to form lysophosphatidic acid, the 

second FA is then added by 1-acylglycerol-3-phosphate acyltransferase (AGPAT) to form 

phosphatidic acid, which is subsequently converted to diglyceride (DG) by phosphatidic acid 

phosphatase (PAP). TG is finally made by addition of the last FA to DG through diacylglycerol 

acyltransferase (DGAT) (88). 

 

Another pathway for TG synthesis is de novo lipogenesis whereby surplus dietary 

carbohydrate not stored as glycogen can be converted to fat, albeit this is relatively less 

frequent compared to the dietary fat driven pathway described above (Figure 1.3) (58, 89). 

FAs can be synthesized de novo from glucose via acetyl-CoA (87, 89). This process involves 

several enzymes, such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN) and 

stearoyl-CoA desaturase (SCD), to generate a diverse FA pool (Figure 1.3) (90). Since both TG 

synthesis pathways employ glucose-derived elements, they are influenced by elevated 

glucose in the bloodstream and glucose-induced insulin action as well as lipogenic gene 

expression (87, 89, 91). Thus, glucose uptake plays a pivotal role in determining TG storage. 
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TG synthesis is also depot dependent due to differences in glucose and FA uptake in different 

depots. When expressing regional glucose uptake per kilogram fat mass, the rate of glucose 

uptake is higher in VAT than SAT in vivo (92). In vitro study also shows that glucose uptake, as 

well as the GLUT4 protein level, is greater in omental adipose tissue than SAT (93, 94). On the 

contrary, insulin-stimulated glucose uptake is reduced in omental adipose tissue from 

individuals with central obesity compared with the ones with peripheral obesity owing to 

their reduced insulin sensitivity (93). Similarly, FA uptake studies using radiolabelled tracers 

followed by adipose tissue biopsy also demonstrate the differences between SAT and VAT in 

relation to body fat distribution. Direct uptake of circulating FAs is greater in SAT in the 

postabsorptive state, whereas postprandial FA uptake is higher in intra-abdominal VAT (60, 

95). Besides, the activity of proteins facilitating FA uptake also contributes to depot-

dependent TG storage. For example, studies have shown that increased LPL activity positively 

correlates with SAT TG storage and expansion to reduce lipid accumulation in VAT and ectopic 

tissues, and thus lower cardiometabolic risk (96, 97). 
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1.2.3.3 Lipolysis 

 

Intracellular lipolysis occurs on the surface of the lipid droplet within the cytoplasm of the 

adipocyte, whereas intravascular lipolysis leads to the hydrolysis of vascular TG by LPL (98–

100). During increased energy demand, TG is hydrolysed with liberated FAs and glycerol 

available for release into the circulation. The newly released FAs can be taken up by peripheral 

organs and used as an energy source and oxidised (101). FAs can also be used as a substrate 

for lipid synthesis and act as cell signalling intermediates (101). Meanwhile, circulating 

glycerol is utilised by the liver and participates in processes of glucose utilisation or 

production (101). 

 

In WAT, lipolysis is controlled through a series of events including the engagement of 

receptor-mediated signal transduction, enzymatic activation and protein translocation for 

lipid mobilisation from lipid droplets. Furthermore, it is a dynamic process that is highly 

regulated by neuroendocrine signals, positively by catecholamine and negatively by insulin 

signalling, and is under tight nutritional control (Figure 1.4) (98). This thereby controls the flux 

of FAs in the circulation as dysregulation of lipolysis can lead to the accumulation of excessive 

FAs in non-adipose tissue such as liver and skeletal muscle, which is likely to cause lipotoxicity 

and promote insulin resistance (102). Therefore, lipolytic regulation is of great importance in 

the maintenance of FA storage and release (98). 

 

As shown in Figure 1.4, catecholamines stimulate lipolysis via the second messenger cyclic 

adenosine monophosphate (cAMP) and protein kinase A (PKA) pathway. Catecholamine binds 

to b-adrenergic receptors (b-ARs) located on the plasma membrane. The b-ARs are coupled 

to stimulatory G-proteins (Gs) that activate adenylyl cyclase (AC) which leads to increased 

intracellular levels of cAMP, thereby promoting PKA activity (100, 102, 103). PKA 

phosphorylates perilipin-1 (PLIN1), a lipid droplet-associated protein, to release a/b 

hydrolase domain-containing protein 5 (ABHD5), which binds to adipose triglyceride lipase 

(ATGL). ATGL is the rate-limiting enzyme that initiates lipolysis and hydrolyses TG into DG and 

a FA. PKA also phosphorylates hormone sensitive lipase (HSL) to promote its translocation 
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from the cytosol to the surface of the lipid droplet and its interaction with PLIN1. It then 

catalyses the hydrolysis of DG into monoglyceride (MG) and produces the second FA. 

Monoglyceride lipase (MGL) hydrolyses MG to produce glycerol and the third and final FA 

(Figure 1.4) (102). In addition, AC activity can also be induced by protein kinase C (PKC), which 

may in turn promote lipolysis via subsequent elevation of cAMP levels (104, 105). Other 

evidence shows that PKC activates the mitogen-activated protein kinase (MAPK) pathway, in 

particular via extracellular signal-regulated kinases (ERKs) to increase the lipolytic activity of 

HSL by phosphorylation (105, 106). Phosphorylation of HSL and PLIN1 can also be activated 

via the cyclic guanosine monophosphate (cGMP) and protein kinase G (PKG) pathway 

mediated by atrial natriuretic peptide (ANP) through binding with the atrial natriuretic 

peptide receptor 1 (NPR-A), leading to stimulated lipolysis (Figure 1.4) (102, 107). 

 

Insulin, an anabolic hormone, is a well-known negative regulator of intracellular lipolysis 

(Figure 1.4). Insulin binds and triggers the autophosphorylation of the insulin receptor (IR) 

which is located on the plasma membrane (108). Phosphorylated IR subsequently activates 

insulin receptor substrates (IRSs) via phosphorylation to initiate phosphoinositol-3 kinase 

(PI3K) signalling (108). PI3K catalyses the production of the second messenger 

phosphatidylinositol-3,4,5-triphosphate (PIP3), which in turn activates protein kinase B (PKB, 

also known as AKT). It is thought that PKB phosphorylates and activates phosphodiesterase 

3B (PDE3B) to degrade cellular cAMP leading to reduced activity of PKA, thus inhibiting 

lipolysis (Figure 1.4) (102, 105, 109–111). An alternative pathway sensing lactate derived from 

glucose was proposed a decade ago, implying a less direct approach to mediate insulin-

induced inhibition of lipolysis. Lactate activates an inhibitory G-protein (Gi) -coupled receptor 

81 (GPR81) to inhibit AC thus reducing cAMP production to suppress lipolysis eventually (112). 

Activation of AMP-activated protein kinase (AMPK) also shows anti-lipolytic activity, yet it 

remains controversial (113–115). AMPK is a widely expressed serine/threonine kinase that 

responds to regulatory signals (114). It has been reported that activation of PKA promotes 

the phosphorylation of AMPK to increase lipolysis in vitro (116). On the other hand, AMPK has 

been shown to have opposing effects on ATGL and HSL activity (114). 
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Regional variation in lipolytic activity is widely acknowledged. VAT possesses a higher lipolytic 

response to catecholamine stimulation, and weaker anti-lipolytic action to insulin compared 

to SAT (98, 117, 118). Similarly, visceral and subcutaneous abdominal fat depots are more 

responsive to lipolytic stimuli than the subcutaneous gluteo-femoral fat depot, the latter 

offers protection against cardiometabolic disease (119, 120). Large hypertrophic 

subcutaneous adipocytes, which are associated with greater metabolic risk, also display 

increased lipolytic activity (121). As a combined consequence of greater FA incorporation, 

elevated lipolysis, decreased anti-lipolytic effect of insulin, intra-abdominal adipose tissue has 

a higher turnover of FAs than lower body adipose tissue (8, 122). One contributor to the 

regional differences is the difference in the expression and activity of many proteins involved 

in the lipolytic machinery and signalling pathways. For instance, it has been reported that the 

expression of perilipin-1 protein is higher in omental than abdominal subcutaneous AT (123). 

Depending on their anatomic position, FAs released from SAT are drained through systemic 

veins, whereas those from VAT are exported straight to the portal circulation, ultimately 
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leading to insulin resistance, thus linking VAT to the risk of developing the metabolic 

syndrome (26, 39, 98, 124).  

 

1.2.3.4 Adipokines 

 

As part of the endocrine system, adipose tissue synthesizes and secretes a wide range of 

biologically active compounds that participate in the modulation of systemic metabolism and 

inflammation by regulating appetite, lipid metabolism, glucose homeostasis, insulin 

sensitivity and vascular integrity in different organs (29, 33, 125). Regional difference in the 

pattern of peptide secretion exists to exert various paracrine and autocrine roles in specific 

depots. In general, VAT expresses higher level of cytokines than SAT in obese patients (126). 

Furthermore, the size of adipocytes is an important determinant for secretion of several 

adipokines (127). Very large hypertrophic adipocytes are dysregulated and often associated 

with impaired cytokine secretion shifting towards proinflammatory adipokines (127). This 

could be one explanation for the correlation of body fat distribution to the pathophysiological 

outcome and development of cardiometabolic diseases (128). 

 

Among all the adipokines, leptin and adiponectin are the most recognised and well-

characterised. Leptin signalling through its leptin receptor primarily acts on the brain to 

control food intake (8, 29). The secretion of leptin is subjected to nutritional and hormonal 

cues, such that circulating levels of leptin rise with weight gain and decline upon prolonged 

starvation (129). There is a strong positive correlation between circulating leptin levels and 

body fat percentage or BMI (130, 131). Particularly when comparing with omental adipose 

tissue, the leptin secretion rate is much higher in SAT because of a combination of larger 

adipocytes and greater gene expression (132, 133).  

 

Unlike leptin, circulating levels of adiponectin show an inverse relationship with BMI or 

visceral adiposity and a positive correlation with insulin sensitivity (134–136). Adiponectin is 

abundantly expressed in mature adipocytes, and its concentration in plasma is extremely high 

compared to other cytokines and hormones (137). Adiponectin forms high molecular weight 

multimers and is reported to signal through adiponectin receptors in the liver to reduce 

hepatic gluconeogenesis, and in muscle to increase FA oxidation, in order to exert its insulin-
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sensitizing effect (138–140). It is also reported to be an anti-inflammatory protein which has 

a protective role against cardiovascular disease (141, 142). 

 

There are many more putative hormones secreted from adipocytes reported to affect insulin 

resistance. For example, resistin which is mainly secreted by visceral macrophages may play 

a role in the pathogenesis of cardiometabolic diseases (41, 143). Retinol-binding protein 4 

(RBP4) is preferentially expressed in VAT, its circulating level positively correlates with intra-

abdominal fat mass as well as adipocyte size and metabolic risk factors (144, 145). Visfatin 

and omentin are both identified as VAT-specific cytokines, although their relationships with 

insulin sensitivity are quite the opposite (134, 146). The expression of visfatin is correlated 

with visceral fat mass and BMI (41, 139). Recently it has been shown to induce chronic 

inflammation in adipocytes and ultimately induce insulin resistance (147). On the contrary, 

plasma omentin levels negatively correlated with metabolic risk factors (146, 148).  

 

Adipose tissue hypertrophy promotes the recruitment of immune cells, as well as the release 

of proinflammatory cytokines, such as tumour necrosis factor-a (TNF-a), interleukin 6 (IL-6), 

monocyte chemoattractant protein 1 (MCP-1, synonym CCL2), among many others (149). 

Increased expression of proinflammatory cytokines increases expression and 

phosphorylation of MAPKs, such as c-Jun N-terminal kinase (JNK), which impairs insulin 

signalling by hindering IRS1 phosphorylation on tyrosine residues to propagate signals to PKB, 

more in omental adipose tissue than SAT (150). In vivo studies have suggested that SAT 

contributes approximately 15-35% of systemic IL-6 concentrations in human, but its release 

from gluteal SAT is significantly less than from abdominal SAT, indicating a regional difference 

in the contribution to secreted proinflammatory cytokines (151, 152). In response to adipose 

tissue expansion and remodelling, macrophages infiltrate adipose tissue and have been 

observed to cluster around dying adipocytes in crown-like structures, which represents 

adipose tissue inflammation – one of the factors linking obesity to insulin resistance (149). 

Macrophage infiltration was detected to a greater extent in omental adipose tissue compared 

to SAT in individuals with central adiposity (153).  

 

Apart from adipokines, other bioactive factors released from adipose tissue also display 

depot-specific features. Lipid mediators such as palmitoleic acid, mostly derived from de novo 
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lipogenesis, is more abundant in the upper arm and thigh than the abdominal region in SAT 

linking a beneficial effect with fat distribution (154). However, the effect of palmitoleic acid 

on cardiovascular disease risk is not clear yet (154).  

 

1.2.4 Lipid droplets 

 

Lipid droplets (LDs) can form in nearly all cell types across species, from bacteria to mammals. 

The number and size of LDs vary among different cell types or even between individual cells 

in the same cell type (155). The diameter of a LD can range from 20 nm in nonadipocytes to 

more than 100 µm in a white adipocyte (156). Discovered in the nineteenth century by light 

microscopy, LDs were originally considered as inactive vesicles for lipid storage (157, 158).  It 

was not until 1991 when the protein perilipin-1 was identified to be specifically associated 

with the periphery of LDs and subjected to hormonal stimulation, that LDs started to gain 

recognition as dynamic cytoplasmic organelles which participate in lipid metabolism (157–

159). The majority of LDs are cytosolic, but they may also be present in the nucleus. 

 

1.2.4.1 Structure 

 

A LD is composed of a hydrophobic core filled with neutral lipids, predominantly in the form 

of TG and sterol ester (SE), surrounded by a monolayer of phospholipids containing LD-

associated proteins (Figure 1.5) (155, 157, 158). Neutral lipids are stored at various ratios in 

the hydrophobic core depending on the cell type. For example, mainly TGs are stored in LDs 

in adipocytes, while SEs are the main components in steroidogenic cells. Other lipids include 

retinyl esters in retinosomes and cholesterol esters in macrophages that are referred to as 

foam cells (155, 157). 
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The phospholipid monolayer provides a barrier for separating the hydrophobic core from the 

aqueous environment in the cytosol. Phosphatidylcholine (PC) is the most abundant 

constituent of the LD monolayer, followed by phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM) and other minor 

phospholipids such as phosphatidic acid, in the order of abundancy (155). Alterations in 

phospholipid composition and shape, as well as LD-associated proteins, in response to various 

physiological conditions, suggests a key role of the LD monolayer in controlling the dynamics 

of LDs. 

 

1.2.4.2 Biogenesis 

 

LDs in prokaryotes are believed to be derived from plasma membrane, but the mechanism of 

LD formation in eukaryotes is incompletely understood (160). However, LDs are often found 

to be in close contact with the endoplasmic reticulum (ER) in many cell types, as shown in 

multiple studies using electron microscopy (EM) (161–165). Besides, there is evidence that 
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some proteins involved in TG synthesis such as DGAT and GPAT are partially or fully 

translocated from the ER to the surface of a LD as it forms (163, 166). Therefore, a few LD 

formation models have been proposed based on the concept that LDs originate from the ER. 

 

The most supported model suggested that neutral lipids are likely to diffuse between the two 

phospholipid leaflets of the ER membranes. As de novo lipid synthesis proceeds, neutral lipid 

aggregates and forms a lens-like structure between the ER bilayer. When lipid accumulation 

reaches a critical concentration, the lens bulges and buds into the cytosol from the 

cytoplasmic surface of the ER to form a nascent LD (167). Alternatively, the lens could be 

‘excised’ from both leaflets of the ER bilayer as a bicelle to release a LD, known as the hatching 

mechanism (168). Majority of LDs are observed to be physically associated with the ER in 

yeast, while in mammalian cells some LDs seems to bud off completely from the ER, thus it 

remains to be established if all LDs bud off the ER or some may in fact remain connected (163, 

166). Also, the directional regulation of a newly formed LD to bud and move towards the 

cytosol remains unknown (155, 162, 167). 

 

Vesicular budding is another model that proposes LDs could originate at specific locations on 

the ER, from vesicles containing both leaflets of ER membrane is formed but still remains 

tethered to the cytoplasmic side of the ER (167). Neutral lipids are synthesized by neutral 

lipid-synthesizing enzymes to fill the vesicle bilayer gradually. The ER membrane enclosed in 

the vesicle could be fused with the LD membrane, or used as a compartment for any 

hydrophilic proteins found in the LD core (167). 

 

In some cases, the accumulation of lipids between ER leaflets was not observed using freeze-

fracture electron microscopy, and the fact that LDs always lie adjacent to a ER bilayer 

challenges the models proposed. The authors described a pair of ER membranes partially 

enclosing the LD as an egg cup holding an egg (169). Based on this observation, an ‘eggcup’ 

model was proposed, in which a LD is formed within a cup-shaped region of the ER (169). 

Whether the LD membrane is derived from ER membranes in this model needs further 

investigation. 
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1.2.4.3 Growth 

 

Existing LDs need to expand to harbour more lipids, but the mechanism of LD growth is not 

fully understood. Evidence that most of the enzymes regulating lipid synthesis localise on the 

ER supports one possible mechanism, namely that neutral lipids are synthesised and 

transferred from the ER to adjacent LDs to facilitate the growth of LDs (155, 157, 170). The 

growth of LDs in this model is hypothesized to be achieved by permanent attachment to the 

ER by membrane continuities, followed by lipid transportation by carriers or by homotypic 

fusion between multiple nascent LDs (155, 170). It is recognised that SNAREs (SNAP receptors, 

soluble N-ethylmaleimide sensitive factor attachment protein receptors) are required for the 

fusion of vesicles with phospholipid bilayer, so their role in mediating LD fusion can be 

envisaged (171). However, more experimental studies are still needed to support this model. 

 

The other possible mechanism of LD expansion is by lipid transfer (156, 157). It has been 

revealed that fat-specific protein of 27 kDa (FSP27, as known as CIDEC) is highly enriched at 

LD-LD contact sites (172, 173). As a result, directional net transfer of neutral lipid from smaller 

to larger LDs occurs, driven by the greater internal pressure in the smaller LD and mediated 

by FSP27 (172). Exactly how this process happens remains unclear. 

 

Meanwhile, phospholipid remodelling is also essential to accommodate rapid changes from 

LD expansion on the surface, in particular through additional synthesis of PC. The rate-limiting 

enzyme for PC synthesis is choline-phosphate cytidylyltransferase A (PCYT1A, also known as 

CCTa). It has been reported that PCYT1A tightly binds to LD during LD expansion, but findings 

from our group and others suggested that it is confined in the nucleus and only translocates 

from the nucleoplasm to the nuclear envelope by sensing membrane packing defects 

primarily (174–176). 

 

1.2.4.4 Targeting 

 

A LD proteomic analysis suggested that more than 150 proteins are associated with LDs, 

including structural proteins, membrane trafficking proteins, lipases and enzymes for lipid 
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synthesis (156, 177, 178). Until now, the mechanism for protein targeting on LDs is still under 

investigation. Due to the nature of the phospholipid monolayer, LD-associated proteins can 

be structurally divided into three classes: peripherally associated proteins, lipid anchored 

proteins, and monotopic integral membrane proteins (170). For instance, perilipins are 

peripherally associated with LDs via a common amphipathic helical structure and modulate 

lipid homeostasis by controlling the access of lipases to neutral lipids in the hydrophobic core 

(179). Lipid anchored proteins such as small GTPases are crucial regulators of membrane 

trafficking that control vesicle formation and motility (155, 170, 180). As a member of the 

monotopic integral membrane proteins, proteins required for TG synthesis and LD expansion 

such as GPAT4 incorporate into the LD via their hydrophobic domain (155, 166). Some 

proteins are associated with LDs indirectly by interaction with other LD-bound proteins, such 

as HSL which interacts with PLIN1 (157, 181). 

 

1.2.4.5 Interaction 

 

Using a combination of confocal and lattice light sheet spectral imaging methods, LDs have 

been visualised to be in close proximity to other cellular organelles, including the ER, 

mitochondria, Golgi, lysosomes and peroxisomes in different nutritional states (182). The 

interaction of LDs with almost all the other organelles indicates its multitude of functions in 

lipid metabolism. As mentioned, LD-ER contact is involved in lipid synthesis. The association 

of LDs with mitochondria and peroxisomes is for fatty acid oxidation, while that with 

lysosomes is for degradation of LDs, termed lipophagy (160, 183). Exactly how these contact 

sites function remains an open question. 

 

1.2.4.6 Dysregulation 

 

The LD is the main organelle for maintaining lipid deposition and mobilisation, as well as 

buffering against excess FA flux and ER stress (160, 184). Hydrolysed neutral lipids are utilised 

for b-oxidation, membrane synthesis, and the generation of signalling molecules in order to 

regulate lipid distribution and energy balance (162). Dysregulation of LD homeostasis has 

been implicated in the pathogenesis of many metabolic disorders. Obesity, as mentioned 
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previously, is characterised by excessive storage of lipids, while lipodystrophy is caused by 

inability to store lipids in LDs in specialised adipocytes (160, 185). Both conditions are often 

accompanied by other metabolic traits such as ectopic lipid accumulation in non-adipose 

tissues and insulin resistance that leads to tissue dysfunction including non-alcoholic fatty 

liver disease (NAFLD) and atherosclerosis (157, 160, 186). Given the various functions of LD-

associated proteins and the different processes they are involved in, any abnormality such as 

gene mutations or changes in protein content could modulate the pathophysiological role of 

LDs. For instance, Chanarin-Dorfman syndrome (CDS), also known as neutral lipid storage 

disease with ichthyosis (NLSDI), is a rare autosomal recessive disease caused by mutations in 

the ABHD5 gene (187). These mutations inhibit binding with ATGL which is required in order 

to initiate lipolysis, explaining the massive TG accumulation seen in several tissues in patients 

(188). Understanding the mechanisms regulating LD function could help to understand the 

pathogenesis of cardiometabolic diseases. 

 

1.3 Determinants of body fat distribution 

 

1.3.1 Age and gender 

 

Undoubtedly age and gonadal hormones play roles in determining body fat distribution. 

Generally speaking, women accumulate more SAT in the gluteo-femoral areas, whereas men 

in VAT although they have a lower average body fat percentage (189). With aging, 

postmenopausal women tend to build up more visceral fat in the abdominal region, resulting 

in a similar body shape to men (190–193). According to a longitudinal study in middle-aged 

Swedish women, there is a significant mean increase in waist circumference of about 0.7 cm 

per year and a decrease in hip circumference up to the age of 56 (194). The ratio between 

SAT and VAT areas is significantly higher in females than males but decreases beyond the age 

of 60 in both genders (195). Redistribution of body fat, especially rapid accumulation of intra-

abdominal fat and gradual loss of SAT in the lower body over time, is associated with changes 

in metabolic variables in older subjects, leading to an increased cardiometabolic morbidity 

(196–199). 
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Although little is known about the shift from peripheral to a more central fat deposition with 

aging, gonadal hormones have been suggested to direct body fat distribution. VAT mass 

negatively correlates with circulating testosterone concentration in men (200). 

Administration of testosterone to middle-aged men with abdominal obesity for three or nine 

months in different studies results in a decreased visceral fat mass, WHR and an improvement 

of metabolic profiles (201, 202). On the contrary, treating obese postmenopausal women on 

calorie restriction with nandrolone decanoate with weak androgen activity over nine months 

results in subcutaneous abdominal fat loss, but visceral fat gain (203).  Apart from reducing 

adipogenesis, testosterone seems to elevate lipolysis in order to reduce abdominal visceral 

fat mass in men (204). Oestrogen is implicated in gynoid fat accumulation in females, mainly 

via binding with oestrogen receptors in adipose tissue, the expression of which is reduced in 

VAT in males but not in females (39, 205). Due to the falling level of oestrogen during the 

perimenopausal transition, visceral adiposity starts to rise in women (206). Menopausal 

oestrogen deficiency is associated with increased intra-abdominal body fat and many adverse 

changes in metabolic parameters, including increased TG levels with higher LPL activity on 

omental adipocytes, as well as elevated glucose and insulin levels (207, 208). Furthermore, 

studies in transgender adults with cross-hormone administration for 12 months shows a 

profound effect on body fat distribution (209). The exact mechanism of sex steroid 

modulation of body fat distribution has yet to be identified. 

 

1.3.2 Environment and genetics 

 

Obesity can be simply explained as energy imbalance that occurs when an individual 

consumes more calories or burns fewer calories. The constant increase in the prevalence of 

obesity is often accompanied by the remarkable transition from a nutritionally challenging to 

an obesogenic environment with readily available calorie-dense foods and decreased physical 

activity (210). However, this modern obesogenic environment cannot be the sole driver of 

the obesity pandemic since not everyone in such an environment is obese. Moreover, 

variations as to how people respond to the environment exist, which is reflected as body fat 

distribution and risks of developing obesity related health problems. Therefore, genetic 

variation could also contribute to the difference between individuals, which is called 

heritability (211). There is evidence that genes account for more variance of all 



 42 

circumferences and WHR in women than in men, indicating sexual dimorphism of genetic 

effects on body fat distribution (212). The analysis of familial aggregation such as twin studies 

is considered to be an informative method to distinguish the effect of shared genes from a 

shared environment regarding a specific trait or disease risk (211, 213). For instance, data 

from the Swedish Adoption/Twin Study of Aging have estimated the genetic variation in WHR 

to be 28% in males and 49% in females (214). Other studies have indicated that genetic factors 

influence body fat distribution with higher heritability for abdominal visceral fat than that for 

the subcutaneous fat depot (215–217).  

 

To understand the fundamental contribution of genetic variants to differences in phenotypes, 

genomics studies such as genome wide association studies (GWAS), exome sequencing 

studies and candidate gene studies are employed to identify the association between genetic 

loci and disease traits. GWAS searches for genetic markers in the population in a hypothesis-

free manner, which would lead to a better understanding of the biology of disease in order 

to facilitate the development of novel treatment strategies (218, 219). Exome sequencing 

studies involve the sequencing of protein coding regions in the genome, while the goal of 

candidate gene studies is to identify gene mutations of a specific disease by comparing the 

case group to the control group. More about genomic studies will be discussed in the 

following section. 

 

1.3.3 Epigenetics 

 

In order to understand the underlying molecular basis of body fat distribution, particularly in 

the modulation of regional adiposity, modifications in regulatory pathways via epigenetic 

mechanisms have gained more and more attention in recent years (220). Epigenetics is the 

study of changes in gene activity and expression without alterations in the DNA sequence on 

a chromosome, such changes in chromatin remodelling can be achieved typically by DNA 

methylation or histone modification (221). DNA methylation status, mostly at 5’-C-

phosphate-G-3’ (CpG) islands, in specific loci has been implicated in the association with 

functional changes in a depot-specific manner, as presented in a methylation analysis study 

between subcutaneous abdominal and gluteal fat samples (222). Characterisation of 

abdominal and gluteal adipose tissue samples obtained from female volunteers has shown 
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that apart from a depot-specific gene expression pattern, genes upregulated in abdominal 

adipose tissue samples were generally associated with CpG hypomethylation, whereas those 

downregulated were in general hypermethylated (222). Differences in the ratio of 

hyper/hypomethylation in genes were also observed between abdominal SAT and omental 

VAT in both non-obese and obese subjects in multiple independent cohorts (223). A more 

recent study provides further evidence of differential gene expression and DNA methylation 

in adipocytes isolated from paired SAT and VAT of individuals with a normal BMI, more 

strikingly at transcription factor and developmental genes that are fundamental to adipocyte 

function (224). 

 

Epigenome-wide association studies (EWAS) have identified CpG loci with methylation 

associated with multiple parameters for adiposity and risk factors for obesity related diseases 

(225, 226). In a paired analysis of obese women before and after gastric bypass and significant 

weight loss, more DNA methylation was observed in subcutaneous abdominal adipose tissue 

before the weight loss, and there is less robust differential methylation of CpG sites in the 

intra-abdominal omental adipose tissue (227). Most CpG sites are mapped to genes that are 

associated with obesity, T2D and related traits (227). Similar studies comparing differential 

DNA methylation profiles in isolated subcutaneous abdominal white adipocytes from post-

obese women two years after gastric bypass with BMI-matched never-obese women, 

suggests a CpG hypomethylation but an enrichment of differentially methylated sites in genes 

involved in adipogenesis in post-obese women (228).  

 

1.3.4 Genomics studies 

 

As mentioned above, there are a few approaches that have been utilised by researchers to 

investigate the association between genetic variants and disease susceptibility. Among them, 

GWAS emerged as a fundamental tool to determine the association of single nucleotide 

polymorphisms (SNPs), which is the most common type of genetic variation, with complex 

traits such as body fat distribution (229, 230). It has detected more than 10,000 SNPs that are 

significantly associated with a broad range of diseases and traits over the last decade (218). 

However, nearly 90% of all phenotype-associated hits from GWAS are located in the non-

coding region near or within a gene (229). These SNPs can potentially affect the 



 44 

transcriptional regulation of downstream targets or alter splice sites, thus potentially 

affecting the expression/function of the gene, although the function and causality are not 

straightforward (229). Therefore, follow-on studies, particularly fine-mapping of SNP-trait 

associations, are often required to narrow down the region of association to identify one or 

more causal variants (218). In fact, for most of these variants the effect on overall disease risk 

is rather small (218, 231). Furthermore, common diseases and complex traits such as body fat 

distribution are often multifactorial (232). Hence, much work has been focused on detecting 

variants with lower frequencies but larger impact on disease risk in order to identify the 

missing heritability (219). 

 

The FTO (fat mass and obesity associated) gene is the first locus identified to have an 

association with risk of obesity using GWAS approach (233). Since then, nearly 300 loci have 

been discovered for obesity-related traits from multiple GWAS based on different populations 

(234). Similarly, the first meta-analysis of GWAS has identified two loci near TFAP2B 

(transcription factor AP-2-beta) and MSRA (mitochondrial peptide methionine sulfoxide 

reductase) that are strongly associated with waist circumference, and another genetic variant 

near LYPLAL1 (lysophospholipase-like protein 1) that was strongly associated with WHR in 

women only (235). With the increasingly large size of cohorts, 526 variants and risk alleles 

that are associated with body fat distribution in humans have been reported so far according 

to the EBI GWAS catalog (236) (https://www.ebi.ac.uk/gwas/efotraits/EFO_0004341). Gene 

expression enrichment has suggested that BMI-associated loci are mostly enriched in the 

brain and central nervous system and involved in the control of energy intake, whereas genes 

that are associated with WHR adjusted for BMI are enriched in peripheral tissues including 

adipose tissue, indicating that body fat distribution is regulated in local depots (219, 234, 237, 

238). The fact that the majority of the identified loci for WHR do not overlap with that for 

BMI, suggests that the regulation of body fat distribution is independent of general obesity 

(234). 

 

1.4 Coding variants 
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Most genetic variants captured from GWAS typically have a minor allele frequency (MAF) 

greater than 1% (218). As population-based sample sizes are increasing, GWAS are able to 

detect rare coding variants with a MAF below 0.5% which also have strong associations with 

diseases and traits. These rare coding variants are mostly missense variants, where amino 

acid (aa) changes could result in a mild dominant or dominant-negative effect, thus are more 

functionally relevant than many common non-coding variants (239). Therefore, the study of 

rare coding variants can facilitate fine-mapping approaches for causal variant identification 

and provide strong evidence for the causal role of the gene (1). Since these variants are 

usually population-specific and difficult to impute, their study requires large, homogenous 

samples and direct genotyping (1). The UK Biobank is such a population-based prospective 

cohort with approximately 500,000 individuals aged 40 to 69 when recruited between 2007 

and 2010 in the UK (240). Detailed phenotypic information is accessible and genotype data 

have been collected on all participants, which allow the discovery of new genetic associations 

for complex traits (241). Follow-up functional studies of these rare coding variants, and the 

genes in which they are located, will extend fundamental knowledge of the genetic 

contribution to disease risk. 

 

To identify likely-causal nonsynonymous genetic variant and genes implicated in the 

regulation of body fat distribution, Dr Luca Lotta and colleagues conducted a genome-wide 

association scan of 37,435 directly-genotyped, rare nonsynonymous variants with BMI-

adjusted WHR in 450,562 European ancestry participants of UK Biobank (1). In the main 

analysis, they have identified six associations at the genome-wide level of statistical 

significance (p < 5x10-8) in genes at least 1 Mb apart from each other (1). Additional fine-

mapping analyses provided strong statistical evidence for the causal association of rare 

nonsynonymous variants of ALK7 (three signals), CALCRL (two signals), PLIN1 (one signal), and 

PDE3B (three signals) in the main analysis (1). The minor alleles of these variants were 

associated with lower WHR and larger hip circumference with protection from cardiovascular 

or metabolic disease (1). 

 

At ALK7, there was evidence that the rare p.I195T (rs56188432, MAF = 0.2%) and the low 

frequency missense variant p.N150H (rs55920843, MAF = 1.2%) were in the 99% credible set 

with posterior-probability of association (PPA) > 99% (1). Therefore, the ALK7 locus was 



 46 

identified as causal gene for body fat distribution and both p.I195T and p.N150H as causal 

variants for the signals (1). Similarly, CALCRL p.L87P (rs61739909, MAF = 0.3%), PLIN1 p.L90P 

(rs139271800, MAF = 0.1%) and PDE3B p.R783X (rs150090666, MAF = 0.1%) were all 

identified as the most likely causal variants for the signals at corresponding loci (1). 

 

Since all four genes implicated in the main analysis are abundantly expressed in SAT and VAT 

and a review of functional evidence revealed links between each of the four encoded proteins 

in the regulation of intracellular lipolysis, Lotta et al. conducted follow-up associated analyses 

of all genetic variation within regions 1Mb either side of the key genes regulating the lipolysis 

pathway and also estimated associations of the burden of rare nonsynonymous variants in 

these genes (1). These key regulators are PNPLA2 (encodes the main enzyme for TG 

hydrolysis), ABHD5 (encodes the activator of PNPLA2), G0S2 (encodes the inhibitor of 

PNPLA2), LIPE (encodes the main enzyme for DG hydrolysis), and MGLL (encodes the main 

enzyme for MG hydrolysis) (1). They identified an association led by a missense variant 

p.N252K (rs140201358, MAF = 1.4%) in PNPLA2, encoding adipose triglyceride lipase (ATGL), 

with lower BMI and smaller hip circumference, as well as higher risk of T2D and coronary 

artery disease (1). This variant was also in the 99% credible set, supporting a likely-causal 

association (PPA > 99%) (1). 

 

The study conducted by Lotta et al. provides human genetic evidence of a link between 

intracellular lipolysis, fat distribution and its cardiometabolic complications in the general 

population. In the next section, I will summarise previous findings on each of these genes. 

 

1.4.1 Activin receptor type-1C (ACTR-1C, ALK7) 

 

1.4.1.1 Overview 

 

The transforming growth factor-b (TGF-b) superfamily contains over 30 family members (242). 

The superfamily can be subdivided into two functional groups, firstly the TGF-b-like group 

that includes TGF-bs, activins, Nodal and some growth and differentiation factors (GDFs), and 

secondly the bone morphogenetic protein (BMP)-like group comprised of BMPs, most GDFs 
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and anti-Müllerian hormone (AMH, also known as Müllerian inhibitory substance, MIS) (242). 

Members in the superfamily are ubiquitously expressed in a wide range of tissues and are 

involved in a variety of cellular processes such as cell proliferation, differentiation, 

development and apoptosis (242, 243). TGF-b superfamily ligands are small secreted 

signalling molecules that transduce their signals by binding to heteromeric complexes of the 

receptors on the cell surface, thereby activating intracellular Smad (mothers against 

decapentaplegic homologue) transcriptional regulators in order to regulate gene expression 

in the nucleus (Figure 1.6) (242, 244). These receptors can be classified as type I and type II 

transmembrane serine/threonine receptor kinases. An active ligand/receptor complex is 

composed of two type I receptors, two type II receptors and a dimeric ligand (242). The two 

types of receptor kinases are interdependent as type I receptor kinase requires type II 

receptor kinase to bind ligand, and the latter requires the former to signal (245). Typically, 

type II receptor kinase is constitutively active which, upon ligand binding, recruits and 

activates type I receptor kinase through phosphorylation to initiate downstream signalling 

pathways (242).  
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Type I receptors are classified into three main groups according to their sequence similarities. 

The first group includes serine/threonine-protein kinase receptor R3 (SKR3, also known as 

ALK-1) and activin receptor type-1 (ACTR-1, as known as ALK-2), which interact with different 

TGF-b-like ligands (246). The second group comprises the BMP receptors BMP receptor type-

1A (BMPR-1A, also refers to ALK-3) and BMP receptor type-1B (BMPR-1B, also known as ALK-

6) (246). The last group consists of the activin receptor type-1B (ACTR-1B or ALK-4), the TGF-

b receptor type-1 (TGFR-1, or ALK-5), and the Nodal/activin receptor type-1C (ACTR-1C, also 

known as ALK-7) (246). Generally speaking, the TGF-b and activin specific receptors activate 

Smad2 and Smad3, whereas Smad1, Smad5 and Smad8 are activated by the BMP specific 

receptors for downstream signalling transduction (244). 

 

Being one out of the seven type I receptors, Alk7 was originally cloned from rats as an orphan 

receptor (247–250). The human ALK7 cDNA was first isolated from a human brain 

complementary DNA (cDNA) library in 2001 and the gene is positioned on chromosome 

2q24.1-q3 (251). The expression of ALK-7 was detected predominantly in the central nervous 

system (CNS), but is also enriched in other tissues such as adipose tissue and the pancreas 

(250, 252). Apart from the full-length ALK-7, there are three other isoforms generated by 

alternative splicing of the ALK7 gene which have been identified from human placenta (253). 

These spliced variants are expressed throughout pregnancy and their expression is 

developmentally regulated (253). 

 

1.4.1.2 Structure 

 

Human ALK7 encodes for a protein with 493 amino acids (Figure 1.7 A) (253, 254). Like other 

type I receptors, full-length ALK-7 contains a signal peptide, an extracellular domain (ECD, as 

known as ectodomain) with approximately 100 residues, a single-spanning transmembrane 

(TM) domain of approximately 20 residues, followed by an intracellular domain (Figure 1.7 A) 

(244, 254). The intracellular domain is distinguished by a regulatory glycine-serine rich 

domain, known as the GS region, that lies upstream of the cytoplasmic kinase domain (Figure 
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1.7 A) (244). In fact, type I and type II receptors are structurally related and share sequence 

similarity in the ECD and kinase domains (244). Structures of four of the seven mammalian 

type I receptors have been reported, but the ALK-7 structure has yet to be characterised (255). 

However, some general insights can be drawn from other family members as to the domain 

structure, as well as the structural basis for activation of ALK-7. 

 

A three-finger toxin fold is observed in the ECD which presents a common pattern in all type 

I receptors (243, 255, 256). The three-finger toxin fold comprises five stranded b sheets with 

an extended loop connecting b-strands (Figure 1.7 B) (255, 257). In addition, ten cysteines 

forming five disulphide bonds within the ECD enable distinctive ligand binding modalities 

(Figure 1.7 B) (255, 257). Structures of the complex of ligands with ECD from multiple type I 

receptors suggest ligand binding specificity, although the full extent regarding the selectivity 

over ligands has not been elucidated (255).  

 

Based on crystal structures of the cytoplasmic domain of another type I receptor ALK-5, the 

GS region, which is a highly conserved juxtamembrane segment, forms a helix-loop-helix 

structure that harbours the sites for phosphorylation by type II receptors in the loop region 

(258, 259). The receptor itself maintains an inactive form by forming an inhibitory wedge 

between the GS region and kinase domain (246, 258, 259). Phosphorylation at the GS loop 

disrupts the conformation by creating a binding site for Smad substrate, hence activates the 

receptor and enhances its kinase activity (259). Indeed, it has been shown that replacing the 

threonine residue at position 194 in the GS region with aspartate elicits the maximum activity 

of ALK-7 due to the elevated autophosphorylation activity (Figure 1.7) (248, 260). On the 

other hand, replacement of lysine with arginine at residue 222 in the kinase domain 

eliminates the intrinsic kinase activity of ALK-7 (Figure 1.7) (248, 260). Although structural 

information for receptor/Smad complex is absent, the specificity of their interaction has been 

investigated by generating receptor chimeras or site-directed mutants (261–265). It appears 

that the L45 loop of nine amino acids situated in the kinase domain of ALK-5 determines the 

Smad2 signalling specificity (Figure 1.7) (261, 262, 264). Since a similar structural element has 

been identified within other type I receptors to specify their corresponding Smad interactions, 

one can postulate that the equivalent region within ALK-7 would have the same role since the 

kinase domain of ALK-7 shares great similarity with that of ALK-5 and ALK-4 (261, 262, 264, 



 50 

266). Nonetheless, evidence of the precise interaction between ALK-7 and Smads is still 

required. 

 

 

 

 

 

1.4.1.3 Function 

 

ALK-7 responds to ligands Nodal, activin B, activin AB and GDF-3 upon heterodimerisation 

with activin receptor type-2B (ACTR-IIB) (267–270). It is also suggested that ALK-7 may be a 

putative receptor for activin E (271). In addition to the traditional ligand/receptor complex, a 

coreceptor teratocarcinoma-derived growth factor 1 (CRIPTO, also known as TDGF1) has been 
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found to be required for Nodal signalling, where it antagonises activin and blocks activin 

signalling (272, 273). However, whether CRIPTO is necessary for ALK-7 activation in Nodal 

signalling remains debatable, although the responsiveness of ALK-7 was greatly enhanced in 

the presence of CRIPTO (274, 275). Once ALK-7 is phosphorylated and activated, receptor-

regulated Smads (R-Smads), Smad2 and Smad3, are subsequently phosphorylated and form 

a complex with a common mediator Smad (Co-Smad), named Smad4; the complex then 

translocates to the nucleus to regulate downstream gene expression (276).  

 

As described earlier, ALK-7 is detected in a wide range of tissues, but most abundantly in the 

nervous system and other tissues implicated in metabolic regulation, such as adipose tissue 

including both WAT and BAT, and pancreatic islets (267, 277). The mRNA expression of ALK7 

is reduced in obese subjects and correlated negatively with several metabolic parameters in 

a sibling pair study, suggesting a potential role for ALK-7 in maintaining a healthy lean 

condition, or at least in the regulation of metabolism and adipose tissue function (252, 269, 

278). Characterisation of mice lacking Alk7 globally or specifically in adipocytes shows that 

they are resistant to diet induced obesity mainly due to increased energy expenditure, but 

partially develop insulin resistance and liver steatosis (268, 277). It is proposed that ALK-7 

signalling facilitates fat accumulation under nutrient overload and promotes catecholamine 

resistance by suppressing b-AR expression and signalling in WAT during a high-fat diet (HFD) 

(277). On the other hand, under nutrient stress ALK-7 also functions as a sensor to regulate 

the adaptation of BAT to nutrient availability (279). ALK-7 also negatively regulates glucose-

stimulated insulin release in pancreatic b-cells through an effect of activin B on Ca2+ signalling 

(280). Expression of ALK-7 is downregulated in human hearts from patients with hypertrophic 

cardiomyopathy, as well as in hypertrophic animal hearts, indicating a protective role of ALK-

7 against the development of pathological cardiac hypertrophy (281). 

 

Apart from its role in the maintenance of metabolic homeostasis, it is evident that ALK-7 is 

also a suppressor of tumorigenesis and metastasis by triggering apoptosis and impairing 

adhesion and proliferation in cancer cells (282–284). Interestingly ALK7 is a target gene of a 

transcriptional coactivator which is highly expressed in regulatory T cells (285). Upregulation 

of the activin/ALK-7 signalling axis amplifies the suppressive function of regulatory T cells in 

antitumor immune responses, indicating a potential role for ALK-7 in immunity (285). These 
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findings uncover a wider role played by ALK-7 as a potential anticancer immunotherapeutic 

target. 

 

1.4.2 Calcitonin gene-related peptide type 1 receptor (CALCRL) 

 

1.4.2.1 Overview 

 

The calcitonin family is a group of peptide hormones encompassing calcitonin, calcitonin 

gene-related peptide (CGRP), amylin, adrenomedullin (ADM), and adrenomedullin 2 (ADM2, 

also referred as intermedin) (286). Family members share structural similarities but are 

responsible for diverse biological functions. Calcitonin is secreted by thyroid parafollicular 

cells to prevent hypercalcemia and promote bone formation, while amylin is released from 

pancreatic b-cells postprandially and has been implicated in the regulation of energy 

homeostasis by inhibiting food intake (287–290). CGRP is abundant in the CNS, particularly in 

sensory neurons where its function is associated with neurogenic inflammation (289, 291). 

ADM and ADM2 are both found in endothelial cells and presents vasodilatory properties that 

may have potential role in cardiovascular systems (289, 291). 

 

Functions of these hormone peptides are acted via activation of their corresponding 

receptors, either calcitonin receptor (CTR) or calcitonin gene-related peptide type 1 receptor 

(CALCRL, also known as calcitonin receptor-like receptor, CRLR), along with a single 

transmembrane domain accessory protein named receptor activity modifying protein (RAMP) 

1, 2 or 3. CTR itself preferably responds to calcitonin, but can also associate with RAMPs in 

response to amylin and CGRP (289). Unlike CTR, CALCRL alone does not respond to any ligand, 

but binds to specific ligand when forming complex with individual RAMP through 

heterodimerisation (291). An additional receptor component protein (RCP) interacts with 

CALCRL directly and couples the CGRP receptor, but it is only required for CGRP-mediated 

signal transduction pathway (292–294). 

 

CALCRL was originally isolated as an orphan receptor for ADM from rat lung (295). The first 

human CALCRL cDNA was cloned from the cerebellum in 1995 and has been shown to be 
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expressed predominantly in adipose tissue, cardiovascular and respiratory systems (296, 297). 

CALCRL is a G protein-coupled receptor (GPCR) and mainly located on the plasma membrane. 

It requires co-expression of RAMPs to form a functional receptor in order to initiate various 

signalling pathways. When heterodimerised with RAMP1, CALCRL/RAMP1 complex serves as 

a CGRP receptor, while RAMP2 and RAMP3 interact with CALCRL to respond to ADM, forming 

AM1 and AM2 receptor, respectively (298–300). It appears that AM2 receptor is more potent 

than AM1 or CGRP receptor in response to ADM2 (289). The regulation of the 

heterodimerization of specific RAMPs with CALCRL is still unclear, although competition 

between different RAMPs to interact with CALCRL has been proposed (291). 

 

1.4.2.2 Structure 

 

Human CALCRL is located on chromosome 2 (2q32.1), its cDNA encodes for a protein with 461 

amino acids (Figure 1.8 A) (301). CALCRL is a class B GPCR that belongs to the secretin family 

(302). GPCRs of this family are characterised by a unique ECD that plays an important role in 

ligand binding, which contains 100 – 160 residues at the N-terminus with three disulphide 

bonds, followed by a seven TM helix motif (Figure 1.8 A and B) (254, 300, 303, 304). 

 

Crystal structures of CALCRL-RAMPs ECD heterodimer bound with CGRP or ADM have been 

deposited to reveal the interaction between CALCRL and RAMPs, as well as peptide binding, 

but the structure of CALCRL alone has not been solved yet due to its nature as an integral 

membrane protein (300, 305, 306). Although CGRP and ADM share the same binding site on 

CALCRL, the difference in the shape of the binding pocket formed between CALCRL-RAMP1 

or CALCRL-RAMP2 ECDs suggests ligand specificity (300, 305). Taking advantage of cryo-EM, 

the structure of a CGRP receptor in complex with CGRP coupled with Gs protein has been 

determined which provides insights into ligand binding and the active interaction between 

receptor components (Figure 1.8 C) (307). It reveals that the N-terminus of CGRP binds in the 

receptor core, while the side chains of its C-terminus interacts with the receptors ECDs (Figure 

1.8 C) (307). Moreover, it also suggests that the CALCRL-RAMP1 interaction is essential for 

ligand binding and presentation to the CGRP receptor core (307). 
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The first 38 residues of CALCRL immediately downstream of the signal peptide have been 

shown to be involved in the binding with ligands and interaction with RAMP1 (Figure 1.8 C) 

(308). It has been indicated that glycosylation at N123 in the ECD is essential for ligand binding 

and signal transduction in the presence of RAMPs (309). Flow cytometric analysis has 

demonstrated that the region from TM1 through TM5 is crucial for the translocation of 

RAMPs to the plasma membrane (310). The single transmembrane domain of RAMP1 

interacts with TM3, TM4 and TM5 of CALCRL, primarily via van der Waals interactions but may 

also do so through hydrogen bond formation (Figure 1.8 C) (307). Molecular modelling of the 

second intracellular loop (ICL2) (residues 236 – 255) between TM3 and TM4 reveals a binding 

pocket for G protein by conformational change upon activation (Figure 1.8 B and C) (294, 304). 

This has been confirmed by molecular dynamic stimulation, demonstrating that ICL2 interacts 

with the C-terminus of RAMP1 with G protein stimulation (307). Additional systematic 

substitution of all residues in ICL2 suggests that H238 and K249 are essential for the CGRP-

stimulated cAMP response, since H238 is involved in cell-surface expression, and K249 may 

interact with the G protein (Figure 1.8 B) (294). Residues in the second extracellular loop (ECL2) 

ensure the stable packing of ECL2, which is crucial for the activation of the receptor by CGRP 

and its downstream signalling (Figure 1.8 C) (307). This loop is further stabilised by RAMP1 

(Figure 1.8 C) (307). ECL3 (residues 355 – 367) between TM6 and TM7 is more important in 

responding to ADM rather than CGRP in terms of stimulating cAMP production (311). The 

cytoplasmic C-terminal tail from residue 388 has been shown to be crucial in ADM-mediated 

cAMP production and receptor internalisation, but not essential in the binding with ADM 

(312). Residues 390 – 399, which are located in helix eight, are involved in Gs coupling and cell 

surface expression of AM1 receptor, while residues 414 – 417 are responsible for Gi coupling 

(312, 313). 

 

 



 55 

 

 

 

1.4.2.3 Function 

 

Generally speaking, as a GPCR, CALCRL interacts with G proteins to initiate signal transduction. 

In response to ligands, most biological effects of CALCRL-RAMP receptors are involved in 

cAMP or nitric oxide (NO) production (Figure 1.9) (314, 315). In human coronary artery 
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smooth muscle cells, the endogenous expression of CALCRL and its co-receptor RAMP1 or 

RAMP2 are downregulated by the proinflammatory cytokine TNF-a in a time and dose 

dependent manner, thus reducing cAMP levels (316). On the contrary, dexamethasone, a type 

of glucocorticoid, increases the mRNA expression of CALCRL and RAMP1, resulting in a 

significant increase of intracellular cAMP production in the vascular smooth muscle cells (317). 

cAMP activates PKA, which in turn promotes the phosphorylation of many PKA substrates, 

such as ERKs and cAMP response element-binding proteins (CREBs) (Figure 1.9) (318, 319). 

The activation of PKA is also involved in the control of ATP-dependent potassium channels 

leading to vasodilation, as well as the generation of NO (Figure 1.9) (291, 320). Other 

downstream signalling pathways include activation of PI3K and PKB activities (Figure 1.9) (318, 

321, 322). Furthermore, CALCRL based receptors display different potencies not only for 

ligands, but also for diverse pathways in response to their corresponding ligands to exert their 

distinctive roles (318). This ligand pharmacological preference is allosterically influenced by 

RAMP, which modifies the conformation of CALCRL to allow different binding states (298, 323, 

324).  
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It is well accepted that CGRP and its receptors are important in the transmission of pain, 

therefore CGRP receptor (CALCRL-RAMP1) has been targeted for the treatment of migraine 

by preventing CGRP ligand binding (325–327). In addition, studies in rats and mice suggest a 

role of CGRP in the development of obesity and insulin resistance, indicating that CGRP action 

could be a therapeutic target (328, 329). As part of the signalling receptor, one intronic SNP 

rs696574 in the CALCRL gene has been identified in association with hypertension among 

women in a Japanese cohort, suggesting a role in vascular homeostasis, which may be related 

to the role of ADM in cardiovascular pathologies (315, 330). However, the importance of 

CALCRL in relation to cardiometabolic disease needs to be further explored.  

 

1.4.3 Perilipin 1 (PLIN1) 

 

1.4.3.1 Overview 

 

As described in previous sections, cytoplasmic LDs play an important role in the regulation of 

lipid homeostasis by storing TGs as a source of energy substrates or precursors for signalling 

lipids or membrane phospholipid synthesis, as well as cholesterol esters for membrane and 

steroid hormone synthesis (331). To date more than 200 protein components were 

discovered in association with LDs by proteomic studies and perilipins are the most abundant 

of those (331). 

 

Perilipins are a family of proteins that are predominantly localised on the surface of LDs in 

nearly all cell types to serve as gatekeepers in the regulation of lipid metabolism (185). There 

are five mammalian perilipins encoded by five perilipin genes in the family, PLIN1, 2, 3, 4 and 

5, which are numbered in the order of their discovery (331). Perilipin 2 and 3 are ubiquitously 

expressed in nearly all tissue types, whereas the expression of perilipin 1, 4 and 5 are more 

tissue selective (185, 331). The expression of perilipin 5 is primarily limited to FA oxidizing 

tissues, such as BAT, cardiac and skeletal muscle, while perilipin 4 is mostly enriched in 

adipose tissue, with lower levels of expression in skeletal muscle and heart (185, 331). 

Perilipin 1, on the other hand, is only abundantly expressed in WAT and BAT (331). Subcellular 

localisation of perilipins differs too as perilipin 1 and 2 are mostly localised to LDs while the 
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others could also be cytosolic or ER enriched (332). Moreover, perilipin family members 

display differential specificity to TG or cholesterol ester cargos (332). Perilipin 1, 2 and 5 are 

found to be preferentially associated with TG-enriched LDs, whereas LDs enriched with 

cholesterol esters are preferably coated with perilipin 4 (331). Perilipin 2 and 3 are also 

localised to retinoid-filled LDs in hepatic stellate cells and retinal pigment epithelial cells (331). 

This enrichment and distribution pattern of perilipins indicates the specialised regulatory 

function of individual perilipins for lipid metabolism in a tissue-specific manner (185). 

 

Perilipin 1 was first detected in rat epididymal adipocytes and found to be associated with 

LDs in 1991 (159). The authors also showed that rat perilipin is phosphorylated by PKA upon 

lipolytic stimulation (159). This discovery has been considered as a milestone in the 

understanding of lipid metabolism. The cDNA of rat perilipin was then isolated from a rat 

adipocyte cDNA expression library two years later (333).  

 

The human PLIN1 gene is localised to chromosomal region 15q26 and its cDNA was not 

isolated until 1998 (334). The PLIN1 gene is predicted to encode four mRNA splice variants 

termed PLIN1a, PLIN1b, PLIN1c and PLIN1d, however only the expression of the first three 

isoforms have been confirmed (333, 335, 336). PLIN1a, the longest isoform of PLIN1, and 

PLIN1b are both highly expressed in adipocytes while PLIN1c is only expressed in 

steroidogenic cells (333, 336). PLIN1a has been the focus of most previous studies, and it will 

be referred to as PLIN1 in the following sections and chapters for simplicity. 

 

1.4.3.2 Structure 

 

Members of the perilipin family share two conserved domains at the N terminus, starting with 

a hydrophobic PAT (Perilipin, ADRP and TIP47) domain consisting of approximately 100 amino 

acids, followed by an 11-mer amphipathic helical repeat, meaning that the sequences form 

amphipathic helices with three helical turns for each 11 amino acids, which varies in length 

(179, 185, 331). The C-terminal region of the perilipins are more divergent but still share a 

similar domain containing a putative 4-helix bundle (179, 185, 331).  
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The human PLIN1 cDNA encodes a full-length protein with 522 amino acids (Figure 1.10 A) 

(334). As the most abundantly expressed phosphoprotein in adipocytes, human PLIN1 has five 

established PKA phosphorylation sites, as opposed to six in mouse PLIN1, although 

phosphoproteomic studies in 3T3-L1 and primary murine adipocytes found as many as 27 

phosphorylated serine and threonine residues, some of which are potentially targeted by PKA 

(Figure 1.10 A) (254, 337). It is difficult to understand the structural basis as to how PLIN1 

assembles onto the LDs due to the lack of a crystal structure of PLIN1. However, mutagenesis 

strategies have been employed to study the structural impact on the function of PLIN1. 

Mouse PLIN1 was detected when isolated LDs were subjected to alkaline carbonate solution 

indicating that its association with LDs is mediated through hydrophobic interactions, 

suggesting the hydrophobic domains of mouse PLIN1 may be embedded into the core of the 

LDs to anchor the protein (338). Thus, a series of truncated mutations of murine PLIN1 have 

been generated and examined, showing that the central 25% of the protein is essential to 

target and anchor the protein to LDs (338). There are three sequences with approximately 20 

moderately hydrophobic amino acids within the region that are found to cooperate to direct 

the targeting of mouse PLIN1 to LDs, although deletion of any single hydrophobic sequence 

or any combination of them only shows reduced targeting without eliminating its association 

with LDs (338, 339). The complete abolition of LD targeting was only observed when all three 

hydrophobic sequences were removed alongside the 11-mer repeat region (339). Indeed the 

11-mer repeat region of human PLIN1 has more recently been shown to mediate LD targeting 

(Figure 1.10 A) (179). Surprisingly, the highly conserved PAT domain is rather dispensable in 

promoting TG storage but does provide a binding site for HSL since it contains a PKA 

phosphorylation site at position 81 (Figure 1.10 A) (340–343). Phosphorylation of the other 

two N-terminal PKA sites in murine PLIN1 at position 222 and 276, as well as S81, has been 

shown to facilitate the docking of HSL onto the surface of LDs and maximal HSL-mediated 

lipolysis (341, 344, 345). Furthermore, the acidic motif (residues 290 – 321), which is unique 

in PLIN1, is responsible for the interaction with FSP27 to facilitate LD enlargement (346). 

 

The only available structural information for the perilipin family is the crystal structure of the 

C-terminus of the mouse homologue PLIN3 (347, 348). It revealed that the C-terminus is 

formed by a 4-helix bundle, an a/b domain that consists of two helices and two b sheets, and 

a deep hydrophobic cleft in between (Figure 1.10 B) (347). This hydrophobic cleft is conserved 
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in the perilipin family and suggests binding to a hydrophobic peptide, protein or a small 

molecule (347). The b sheets that stabilise the 4-helix bundle at the extreme C terminus, on 

the other hand, are unlikely to be present in PLIN1 due to one extra exon in the gene (185, 

349). The unique feature of the C-terminus of PLIN1 indicates a distinct function of the gene. 

Sequential deletion of C-terminal portions of mouse PLIN1 also reduced TG storage, especially 

the removal of the portion containing three other consensus serine residues 433, 492 and 

517 for PKA phosphorylation of murine PLIN1, equivalent to positions 436, 497 and 522 in 

human PLIN1 (340). Hence it was proposed that the C-terminus of PLIN1 functions as a shield 

to facilitate TG storage by preventing the access of lipases to the LDs (340). This could be 

explained by the fact that PLIN1 binds ABHD5 on a C-terminal sequence (aa 382 – 429 of 

murine PLIN1) thus restricting the interaction between ABHD5 and ATGL to suppress the rate 

of basal lipolysis when TG storage is favoured (350). Phosphorylation of S492 and S517 of 

mouse PLIN1 releases ABHD5 and thereby enables the interaction of ABHD5 with ATGL to 

initiate TG hydrolysis (351). In particular, the phosphorylation site S517 has been considered 

as the master regulator of PKA-dependent lipolysis as it is essential for PKA-stimulated 

lipolytic actions (352). In addition to lipolysis, chronic stimulation of b-adrenergic receptors 

induces the fragmentation of large perinuclear LDs into microlipid droplets to increase surface 

area available to lipases and dispersion throughout the cytoplasm, suggesting a remodelling 

of LDs which is demonstrated to be mediated by phosphorylation of S492 by PKA (353).  
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1.4.3.3 Function 

 

It is well established that PLIN1 is essential to attenuate intracellular lipolysis to promote TG 

storage under basal or fed conditions and to enhance lipolysis under stimulated or fasting 

conditions in times of energy demand (331). The function of PLIN1 is subject to 

posttranslational modification, which means the role of PLIN1 shifts from storage to 

mobilisation of stored neutral lipids upon phosphorylation by PKA (344). As described above, 

a ‘barrier’ is formed by unphosphorylated PLIN1 to restrict the access of lipase thus inhibiting 

TG hydrolysis which leads to increased TG content (354). Upon stimulation such as during 

energy deprivation, cellular cAMP levels rise which triggers the activation of PKA. Activated 

PKA in turn phosphorylates PLIN1 and HSL to release ABHD5, which subsequently binds to 

ATGL to initiate TG hydrolysis, converting TGs to DGs as well as releasing FAs. Meanwhile, 

phosphorylated HSL is recruited to the surface of LDs via interactions with N-terminal 
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phospho-sequences in PLIN1, which is essential for hydrolysing ATGL-derived DGs to MGs and 

releasing additional FAs (185). MGL mediates the final step of lipolysis by cleaving off FAs 

from MGs to release glycerol (331). However, since MGL is thought to be a soluble cytosolic 

protein, the mechanism that controls MGL activity and whether or not PLIN1 is involved is 

currently unknown (331, 355). 

 

Apart from its role in coordinating TG storage and hydrolysis, PLIN1 is also involved in the 

regulation of LD size (185). For example, studies have suggested that PLIN1 increases the 

average size of LDs and facilitates the formation of unilocular adipocytes through its 

interaction with FSP27 (346, 356). Lipid exchange and transfer mediated by FSP27 was 

enhanced by the formation of heterodimers of PLIN1-FSP27, which may promote lipid 

transfer pore formation/expansion, thus increasing the lipid transfer rate (346). On the 

contrary, other findings demonstrate that overexpression of PLIN1 in 3T3-L1 adipocytes 

diminishes LD size by inhibiting FSP27 expression, suggesting there probably is a critical 

balance among PLIN1, FSP27 and LD surface pools for an optimised LD size for TG storage and 

mobilisation (185, 357). 

 

To investigate the physiological role of PLIN1, global Plin1 knockout (KO) mice have been 

generated and their metabolic phenotype has been characterised (358, 359). These mice have 

a normal body weight but are lean with reduced adipose mass and smaller adipocytes (358, 

359). Corresponding to the role of PLIN1 in regulating intracellular lipolysis, isolated 

adipocytes from Plin1 KO mice show elevated basal lipolysis and attenuated stimulated 

lipolysis (358, 359). When fed with a HFD, Plin1 null mice are resistant to diet induced obesity 

(358, 359). They also manifest an increased metabolic rate but gradually develop glucose 

intolerance and peripheral insulin resistance with aging (359).  

 

Molecular characterisation of several PLIN1 frameshift variants found in humans shows that 

these mutants fail to suppress basal lipolysis in adipocytes because of their inability to bind 

with ABHD5 (360, 361). Similar to some of the phenotypes displayed in Plin1 null mice, 

patients carrying heterozygous PLIN1 frameshift mutations suffer from partial lipodystrophy 

characterised by the loss of SAT primarily in the lower limbs, severe dyslipidaemia, liver 

steatosis and insulin-resistant diabetes (361–364). These PLIN1 frameshift mutations co-
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segregate in families thereby defining familial partial lipodystrophy (FPLD) type 4 (FPLD4) 

(364). However, whether heterozygous PLIN1 variants that are predicted to result in PLIN1 

haploinsufficiency should be reported as causative of FPLD4 has been questioned (365). 

 

1.4.4 Phosphodiesterase 3B (PDE3B) 

 

1.4.4.1 Overview 

 

Cyclic nucleotides, such as cAMP and cGMP are intracellular second messengers that play a 

key role in the modulation of intracellular signal transduction (366–368). They are produced 

by adenylyl and guanylyl cyclases (ACs and GCs), respectively, through the activation of GPCRs 

(366, 368). Signalling pathways mediated by these second messengers are involved in the 

regulation of various critical physiological processes in cells, including but not limited to cell 

proliferation and apoptosis, inflammatory and stress responses, and cardiac muscle 

contraction (368). Thus, the concentration of second messengers is strictly controlled to 

ensure rapid and precise responses to stimuli (369). 

 

Cyclic nucleotide phosphodiesterases (PDEs) are a group of enzymes that hydrolyse the 3’ 

phosphate bond of cyclic nucleotides to produce inactive 5’-AMP and 5’-GMP in order to 

terminate second messenger signals (366, 370). The PDE superfamily contains 11 members 

encoded by 21 genes in the human genome, with an estimation of more than 100 mRNA 

products due to alternative splicing (366, 370, 371). They share a conserved catalytic domain 

at the C-terminus, but the sequences of regulatory N-terminal regions vary between family 

members (370). Depending on the affinity and specificity of their substrates, the PDE 

superfamily can be further classified into three categories: those that specifically hydrolyse 

cAMP (PDE4, PDE7 and PDE8); those that are cGMP specific (PDE5, PDE6 and PDE9); and those 

that exhibit dual specificity (PDE1, PDE2, PDE3, PDE10 and PDE11) (368, 370). The 

signalosome hypothesis suggests that different PDE isoforms in various subcellular locations 

contribute to compartmentalised regulation of cyclic nucleotide signalling pathways (368). 

 



 64 

PDE3 was previously named as cGMP-inhibited cyclic nucleotide phosphodiesterase (cGI-PDE) 

since it presents a higher affinity to cAMP and the hydrolysis of cAMP is inhibited by cGMP in 

vivo (371–375). There are two subfamily members, PDE3A and PDE3B, which are encoded by 

two separate genes (367). Both of them are widely expressed in all tissues, but the former is 

abundant in the cardiovascular system and platelets, while the latter is enriched in adipose 

tissue, liver and pancreatic b-cells (367, 370, 376, 377). 

 

1.4.4.2 Structure 

 

First cloned in 1996, the human PDE3B gene is located on chromosome 11p15.2 (378). Its 

cDNA encodes a protein of 1112 amino acids with a mass of 124 kDa (Figure 1.11 A) (378). 

The crystal structure of the conserved catalytic domain (aa 654 to 1073) in complex with an 

inhibitor revealed a 44-aa insertion from R755 to S798, which is a distinguishing feature from 

other PDEs (Figure 1.11 A and B) (254, 379, 380). Lacking clear secondary structural 

information, the role of this insertion remains to be established (368, 379). It is widely 

acknowledged that either zinc or magnesium occupies two metal binding sites in most of the 

PDEs, where they coordinate with two invariant histidines (H741 and H821) and two invariant 

aspartic acid (D822 and D937) residues (Figure 1.11 B) (370). For PDE3B, however, a 

combination of magnesium and manganese was required for its optimal catalytic activity 

(379). Furthermore, the ability of PDE3B to bind both cAMP and cGMP, as well as binding with 

selective inhibitors via hydrogen bonds with a conserved residue Q988, was confirmed based 

on structural modelling (379). 

 

PDE3B is predominantly localised in the ER and is also associated with the plasma membrane 

and caveolae in adipocytes, hepatocytes and cardiac myocytes (375, 381–385). This 

membrane association property is indicated by the N-terminal hydrophobic regions (NHRs), 

including NHR1 for membrane insertion, which contains six putative transmembrane helices, 

and NHR2 for efficient membrane targeting, which contains a small hydrophobic domain of 

approximately 50 residues (Figure 1.11 A) (368, 386). The regulatory domain at the N-

terminus also includes multiple phosphorylation sites for PKA and PKB in response to 

hormonal stimulation (Figure 1.11 A) (366, 387). 
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1.4.4.3 Function 

 

Intensive studies have focused on the role of PDE3B in the regulation of whole-body energy 

homeostasis, through hormonal stimuli such as insulin, insulin-like growth factor 1 (IGF-1) and 

leptin (367). As mentioned previously, activation of PDE3B by insulin is the principal 

mechanism to inhibit intracellular lipolysis. In adipose tissue, the anti-lipolytic effect of insulin 

is associated with activation of PI3K and PKB, resulting in the phosphorylation of PDE3B, 

which plays a crucial role in the short-term negative feedback loop to control intracellular 

cAMP levels (366, 388). Reduced cAMP leads to attenuated cAMP dependent PKA activity, 
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which in turn decreases the phosphorylation of PKA substrates PLIN1 and HSL in the lipolytic 

machinery. In addition, PDE3B can be phosphorylated directly by PKA in response to cAMP-

enhancing agents such as isoproterenol (374, 389, 390). PKA mediated phosphorylation of 

PDE3B also promotes its binding with 14-3-3 protein and protects itself from inactivation by 

phosphatase (391). PDE activities are in general decreased with obesity, with a particularly 

strong negative correlation between PDE3 activity and BMI (392). This correlation was 

observed in isolated omental but not in subcutaneous adipocytes from obese patients (392). 

Thus, decreased PDE3B activity resulting in a diminished anti-lipolytic effect of insulin could 

be a contributing factor to the enhanced lipolysis observed in VAT in obese subjects. 

 

PDE3B has also been shown to be involved in hepatic glycogenolysis and glucose stimulated 

insulin secretion in pancreatic b-cells. For instance, circulating insulin stimulates the synthesis 

and release of IGF-1 from liver, IGF-1 subsequently binds to its own receptors on the surface 

of b-cells and activates PDE3B to reduce the b-cell cAMP concentration in vitro, possibly 

through a PI3K mediated pathway (393, 394). As a result, the local reduction of cAMP inside 

b-cells leads to suppression of insulin secretion. A similar PI3K-PDE3B-cAMP pathway has 

been reported for leptin signalling via hypothalamic PDE3B activation in leptin-sensitive 

neurons in order to control food intake and body weight (395–397). 

 

Pde3b KO mice were found to be protected from obesity, the WAT of which shows a browning 

phenotype with elevated metabolic rate due to activation of the cAMP dependent AMPK 

signalling pathway, indicating that PDE3B and/or its downstream signalling molecules might 

potentially be new therapeutic targets for treating obesity (398). Although a PDE3B specific 

inhibitor has not been reported, PDE3 selective inhibitors such as cilostazol, milrinone, 

cilostamide and enoximone, among others, have been utilised for cardiovascular therapies 

(386, 399). The first two compounds are currently available on the market to help patients 

improve myocardial contractility, but both exhibit serious side effects (400). 

 

1.4.5 Adipose triglyceride lipase (ATGL, PNPLA2) 
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1.4.5.1 Overview 

 

TGs stored in lipid droplets in WAT are the primary energy reservoir in cells. The hydrolysis of 

TG provides glycerol and FAs to other tissues for energy production. For decades, HSL has 

been considered to be the sole enzyme regulating lipolysis due to its broad substrate 

specificity, including TGs, DGs, MGs and cholesteryl esters (401–403). Surprisingly, HSL KO 

mice fail to present an obese phenotype but still release a substantial amount of glycerol and 

FAs in vitro despite TG lipase activity being reduced to 40% in WAT, suggesting that the 

function of HSL in hydrolysing TG may be compensated by another enzyme (404). Additionally, 

instead of TG, massive DG accumulation in various tissues was observed in HSL deficient mice 

further corroborating the existence of an alternative TG lipase (402). In 2004, three 

independent groups published the discovery of a novel enzyme that mainly degrades TG, 

named desnutrin, calcium-independent phospholipase A2 z (iPLA2z), and adipose triglyceride 

lipase (ATGL), respectively (405–407). These are identical proteins now generally recognised 

as ATGL. 

 

ATGL is encoded by the PNPLA2 gene, which is short for patatin-like phospholipase domain-

containing protein 2 (406). It belongs to a family of PNPLA proteins containing nine members, 

which share a patatin domain (Pfam01734) that is named after patatin which was initially 

discovered in potato tubers (407, 408). Members of the family display diverse lipid hydrolase 

activities with different substrate specificities and play critical roles in lipid metabolism and 

energy homeostasis (408, 409). In this thesis, the nomenclature PNPLA2 and ATGL will be 

used for gene and protein, respectively. ATGL is widely expressed in all human tissues but is 

highly enriched in adipose tissue where it catalyses the first step in the hydrolysis of TG (410). 

In adipocytes, ATGL is mostly localised to the ER-related membranes in the cytoplasm, 

although a small portion of ATGL forms a complex with its inhibitor G0/G1 switch protein 2 

(G0S2) in the cytosol (411, 412). 

 

1.4.5.2 Structure 
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The human PNPLA2 gene is located on chromosome 11p15.5. The cDNA of human ATGL 

encodes for a protein with 504 amino acids (Figure 1.12) (406). The human ATGL protein 

shares 86% homology with murine ATGL (407, 410). The three-dimensional structure of ATGL 

remains to be determined, but crystal structures of an isoenzyme of patatin Pat17 and human 

cytosolic phospholipase A2 (cPLA2) have been published (413–415). Based on the shared 

features between ATGL and cPLA2, it is predicted that the N-terminal of the ATGL protein has 

a three-layer α/b/α sandwich overlapping the patatin domain (residues 10 – 178) (Figure 1.12) 

(254, 414, 416). According to the molecular structure of Pat17, the central b-sheet is 

essentially sandwiched between α-helices front and back in the three-layer α/b/α sandwich 

fold (414). A typical α/b hydrolase fold has a catalytic serine-aspartate dyad, which in ATGL 

consists of S47 located in the GXSXG motif and D166 within the DXG/A motif (Figure 1.12) 

(410, 416). In vitro studies show that the change from serine to alanine in the GXSXG motif 

results in impaired lipase activity (417). The glycine-rich sequence is of great importance in 

stabilising the active site during substrate cleavage by S47 (414). The patatin domain within 

the α/b/α sandwich fold also interacts with a number of co-factors, for instance ABHD5, G0S2, 

hypoxia-inducible lipid droplet-associated protein (HLPDA), to regulate ATGL activity (409, 

412, 418). 

 

The C-terminal part of ATGL consists mostly of α-helical and loop regions with a hydrophobic 

stretch (residues 315 – 360), which is involved in the localisation to lipid droplets and the 

regulation of enzyme activity (Figure 1.12) (409, 410, 416, 419). In particular, phosphorylation 

of T372 within the hydrophobic stretch of murine ATGL, equivalent to T370 of human ATGL, 

has been shown to prevent lipid droplet targeting (Figure 1.12) (420). Two other putative 

phosphorylation sites in human ATGL are S404 and S428, corresponding to murine S406 and 

S430 (Figure 1.12) (180). Studies suggest that phosphorylation at murine S406 is mediated by 

PKA and/or AMPK, leading to enhanced ATGL activity to promote lipolysis (421, 422).  
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1.4.5.3 Function 

 

As a member of the patatin family, ATGL exhibits non-specific lipid acyl-hydrolase activity (408, 

414). ATGL is well-known for its lipolytic function in adipocytes where it initiates lipolysis by 

removing a FA from TG to generate DG, which is considered to be the rate-limiting step of 

lipolysis. The involvement of ATGL in the catabolism of TG is also observed in hepatocytes and 

cardiomyocytes (423, 424). 

 

Regulation of ATGL activity mainly involves a direct interaction with co-factors (188, 418, 425, 

426). ABHD5 also belongs to the α/b hydrolase superfamily but itself does not exhibit lipase 

activity due to the replacement of serine by asparagine in the GXSXG motif (410). However, 

the TG hydrolase activity of ATGL is significantly enhanced (>80%) via direct protein-protein 

interaction with ABHD5 (188). G0S2, on the other hand, directly binds to the patatin domain 

of ATGL to limit substrate accessibility in order to inhibit lipase activity, thereby controlling 

TG turnover (410). It does not seem like there is competition between ABHD5 and G0S2 in 

their binding with ATGL (410). Similar to G0S2, the role of HILPDA in the attenuation of ATGL 

activity also involves direct interaction of both proteins, although it has a relatively low affinity 

compared to G0S2 (418).  

 

Intracellular lipid dysmetabolism, leading to accumulation of neutral lipids in various organs 

and tissues, causes a rare autosomal recessive disease named neutral lipid storage disease 
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(NLSD) (427). Two distinct clinical phenotypes of NLSD, NLSD with ichthyosis (NLSDI, also 

known as CDS) and NLSD with myopathy (NLSDM), are caused by mutations in ABHD5 and 

PNPLA2, respectively (187, 428–430). Neutral lipid accumulation in multiple tissues in the 

affected individuals results from impaired lipolytic fat degradation, not from increased free 

fatty acid (FFA) uptake or TG synthesis rate (188). Mutations in ABHD5, either by single amino 

acid substitution or protein truncation, are associated with NLSDI due to their incapability of 

activating ATGL for TG hydrolysis (188). Whereas PNPLA2 mutations found in diagnosed 

NLSDM patients are predicted to encode mutated or truncated ATGL proteins resulting in a 

defective patatin domain or hydrophobic domain, respectively (431). Mutation within the 

protein either reduces the lipid droplet targeting thus leading to low activity of lipid droplet 

associated ATGL, or impairs the enzyme activity, therefore causing the loss of ATGL function 

in TG catabolism (431).  

 

Similarly, genetic deletion of ATGL in mice also results in the accumulation of TG in multiple 

tissues (432). Interestingly these mice are not or only moderately obese, and resistant to diet 

induced obesity (432). Moreover, they also demonstrate improved glucose tolerance and 

insulin sensitivity, which could be explained by reduced lipotoxicity in ectopic tissues, 

suggesting that the inhibition of ATGL may have a beneficial impact on metabolic profiles (432, 

433). Thus, a small-molecule inhibitor named Atglistatin has been developed specifically 

targeting ATGL (434). However, studies have indicated that Atglistatin inhibits murine but not 

human lipolysis, so the development of pharmacological inhibitors specific for human ATGL 

to tackle metabolic diseases remains challenging (431, 433). 

 

1.5 Study aims 

 

The overall aim of my study was to investigate the functional impact of the missense variants 

reported by Lotta et al. (1) using cellular models to provide some insights into their roles in 

adipocyte biology in order to advance understanding of the mechanisms underlying the 

association of these ‘genes’ with body fat distribution and the risk of cardiometabolic disease. 
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As stated previously, all the candidate genes are expressed in adipose tissue and have been 

at least loosely implicated in the regulation of intracellular lipolysis to some extent. Therefore, 

the initial aim of the study was to establish the role of ALK7, CALCRL, PLIN1, PDE3B and 

PNPLA2 in the regulation of adipogenesis and intracellular lipolysis, using a siRNA-mediated 

knockdown approach in the context of 3T3-L1 adipocytes. The initial findings will be described 

in Chapter 3. 

 

The study further aimed to highlight the functional consequences of the specific rare coding 

variants of ALK7, PLIN1 and PNPLA2 by in vitro overexpression experiments. These results will 

be presented in Chapters 4 and 5. 

 

Functional studies on PDE3B and CALCRL missense variants are being undertaken by other 

members of the laboratory (PDE3B) and/or external collaborators (CALCRL). These studies are 

ongoing, and their results are not presented in this thesis. 
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2 Materials and Methods 
 

2.1 Cloning 

 

2.1.1 Primer design 

 

Oligonucleotide primers complementary to template DNA were designed for polymerase 

chain reaction (PCR). Ideally primers between 18 to 24 bases with a guanine (G) and cytosine 

(C) content between 40% to 60% were selected. Usually, primers terminating on a 3’ G or C 

were selected to promote binding to the template. The designed primer pairs had optimal 

melting temperatures (Tm) in the range of 50 to 60°C with a maximum difference of 5°C 

between them. For restriction cloning, enzyme sites were added to the 5’ ends of a primer 

and 3 to 6 bases of nucleotides were added upstream of the site to assist in restriction 

digestion. 

 

For site-directed mutagenesis, the primers containing desired mutations were designed using 

the online QuikChange Primer Design Programme 

(https://www.agilent.com/store/primerDesignProgram.jsp) (Agilent, USA). 

 

All oligonucleotide primers were synthesized by Sigma-Aldrich (UK) and resuspended to 100 

µM in nuclease-free water (Thermo Fisher, USA) for storage. Primer sequences used for PCR 

cloning in this thesis are listed in Appendix 1. 

 

2.1.2 Polymerase chain reaction (PCR) 

 

In general, 20 ng of template DNA was used for PCR amplification by Phusion High-Fidelity 

DNA polymerase (Thermo Fisher Scientific, USA). In a 50ul reaction, the DNA template was 

amplified in the presence of 10 µl 5X Phusion HF or GC buffer, 200 µM of each 

deoxynucleoside triphosphate (dNTP), 0.5 µM of each primer, 3% DMSO, 2 U Phusion DNA 

polymerase. 
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A typical PCR program was set up as follows: initial denaturation at 98°C for 30 seconds, 

followed by 35 cycles of 10 seconds of denaturation at 98°C, 30 seconds of annealing at 65°C 

(temperature varied depending on the Tm of the primer pair) and an extension time of 15 

seconds per 1 kb amplicon at 72°C, and a final extension at 72°C for 10 minutes. The reaction 

was performed on a ProFlex PCR System (Applied Biosystems, Thermo Fisher Scientific, USA). 

 

2.1.3 Agarose gel electrophoresis 

 

Agarose gel electrophoresis is a widely used procedure for DNA separation by size through an 

agarose matrix. Generally, 0.8 – 1% agarose gels were prepared by dissolving an appropriate 

amount of UltraPure Agarose (Thermo Fisher Scientific, Invitrogen, USA) in a given volume of 

TAE buffer (CIMR stock) and heating up in a microwave until the agarose powder was fully 

dissolved. SYBR Safe DNA Gel Stain (Thermo Fisher Scientific, USA) was diluted to a final 

concentration of 0.005% (v/v) in the molten agarose for DNA detection and poured into a gel 

tray with well comb in place and allowed to solidify at room temperature (RT). The gel was 

then loaded with 10 – 50 µl of samples, together with 7 – 10 µl of HyperLadder 1 kb (Bioline, 

UK) as a marker. Gel electrophoresis was performed in TAE buffer at 100 V for 30 minutes. 

DNA fragments were visualised under ultra-violet (UV) light using either ChemiDoc MP 

Imaging System (Bio-Rad, USA) or G:BOX Chemi XL Gel Documentation System (Syngene, UK). 

 

2.1.4 DNA purification and gel extraction 

 

For downstream application, amplified PCR fragments were purified from PCR reaction using 

PureLink PCR Purification Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s 

guide. 

 

For purification of DNA fragments from agarose gels, the DNA bands were visualised using 

the Safe Imager Blue-Light Transilluminator (Thermo Fisher Scientific, USA) and excised using 

a scalpel. The agarose piece was dissolved in an optimal pH buffer by gentle heat and the DNA 

extracted using the PureLink Quick Gel Extraction Kit (Thermo Fisher Scientific, USA) as per 

the manufacturer’s manual. DNA was eluted in 30 µl nuclease-free water and quantified using 
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NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA). Absorbance at 230, 260 

and 280 nm was recorded.  

 

2.1.5 Restriction enzyme digestion and alkaline phosphatase treatment 

 

Restriction digestion of 1.5 – 3 µg DNA was performed in a 50 µl reaction using 1.5 – 3 U 

FastDigest restriction enzymes (Thermo Fisher Scientific, USA) in the presence of 5 µl 10X 

FastDigest buffer (Thermo Fisher Scientific, USA). The reaction was typically incubated at 37°C 

for 1 hour before heating to 65°C or 80°C for 5 minutes to inactivate the enzyme. 

 

When linearizing plasmid vector for cloning, FastAP Thermosensitive Alkaline Phosphatase 

(Thermo Fisher Scientific, USA) was also included in the reaction to dephosphorylate the 

vector and avoid its re-circularisation during ligation. 

 

The digested DNA fragment and vector were then purified using PureLink PCR Purification Kit 

and PureLink Quick Gel Extraction Kit, respectively. 

 

2.1.6 Ligation 

 

Ligations were performed using the Rapid DNA Ligation Kit (Thermo Fisher Scientific, USA) 

according to the manufacturer’s protocol. Typically, ligations were conducted in a 20 µl 

reaction volume, consisting of 150 ng insert and 50 ng dephosphorylated vector, 4 µl 5X Rapid 

Ligation buffer, and 5 U T4 DNA ligase. The reaction was left at RT for 15 minutes and the 

recombinant plasmid was then ready to be transformed into the appropriate bacterial strain. 

 

2.1.7 Bacterial transformation 

 

Typically, 50 ng of recombinant DNA from the ligation mixture (5 µl) was used to transform 

into 50 µl competent cells. Briefly, competent cells of choice were thawed and incubated with 

ligation mixture for 30 minutes on ice. The competent cells/DNA mixture was heat shocked 

at 42°C for 45 seconds and immediately returned on ice for 5 minutes. To allow the bacteria 
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to grow and express antibiotic resistance proteins, 900 µl of S.O.C. medium (Thermo Fisher 

Scientific, USA) or Luria broth (LB, CIMR, UK) was added and incubated at 37°C with shaking 

250 rpm for 1 hour. Cells were spun down at 2000 rpm for 2 minutes at RT, 800 µl supernatant 

was discarded. The remaining cells were then re-suspended and plated onto pre-warmed LB 

agar plates (CIMR, UK) supplemented with the appropriate antibiotic for selection. The plates 

were left in the 37°C incubator for 16 hours to form colonies. 

 

2.1.8 Colony PCR 

 

Colony PCR with GoTaq Green Master Mix (Promega, USA) was used to screen positive 

bacterial colonies on agar plates. Colonies were randomly selected using sterile 10 µl filter 

pipette tip and resuspended in 70 µl LB media to serve as a template for the PCR. A 10 µl 

reaction normally contained 1 µl cell suspension, 0.5 µM of each primer, 5 µl 2X GoTaq Green 

Master Mix, topped up with nuclease-free water. The PCR amplification program was set as 

follows: initial denaturation at 95°C for 2 minutes, followed by 30 cycles of 1 minute of 

denaturation at 95°C, 1 minute of annealing at 65°C (the exact annealing temperature was 

primer-dependent) and an extension time of 1 minute per 1 kb amplicon at 72°C, and a final 

extension at 72°C for 5 minutes. PCR products were separated by agarose gel electrophoresis 

as described in 2.1.3. Once a positive colony was confirmed, the same cell suspension was 

selected for amplification and purification of plasmid DNA. 

 

2.1.9 Plasmid DNA purification 

 

Colonies were used to inoculate 3 ml LB containing the appropriate antibiotic in a 14 ml round 

bottom tube (Falcon, Corning, USA) and agitated at 250 rpm for 16 hours at 37°C. Cells were 

spun down and plasmid DNA was purified using Wizard Plus SV Miniprep DNA Purification 

System (Promega, USA) following the manufacturer’s instructions and the DNA re-suspended 

in 50 ul nuclease-free water and quantified using NanoDrop 1000 Spectrophotometer. 

 

In order to obtain high yield of high-quality plasmid DNA for downstream application, the 

initial 3 ml LB culture was used to inoculate 150 ml LB with the appropriated antibiotic in a 1 



 76 

L flask and shaken at 250 rpm in a 37°C incubator for 16 hours. Cells were pelleted and plasmid 

DNA was extracted and purified using HiSpeed Plasmid Maxi Kit (Qiagen, Germany) according 

to the manufacturer’s protocol and typically re-suspended in 500 µl nuclease-free water and 

quantified using NanoDrop 1000 Spectrophotometer. 

 

2.1.10 Site-directed mutagenesis 

 

QuikChange II XL Site-Directed Mutagenesis Kit (Agilent, USA) was used to introduce a site-

specific mutation into a construct. A typical reaction consisted of 50 ng template DNA, 125 ng 

of each mutagenic primer that containing the desired mutation, 1 µl dNTP mix, 3 µl 

QuikSolution reagent, 5 µl 10X reaction buffer and 2.5 U PfuUltra High Fidelity DNA 

polymerase, topped up with nuclease-free water to a final volume of 50 µl. PCR cycling started 

with 1 minute of initial denaturation at 95°C, followed by 18 cycles of denaturation at 95°C 

for 50 seconds, annealing at 60°C for 50 seconds and elongation at 68°C for 1 minute per kb 

of the plasmid length, ended with 7 minutes of final extension at 68°C. The PCR product was 

cooled down and treated with 10 U DpnI restriction enzyme for 1 hour at 37°C in order to 

remove parental methylated and hemimethylated DNA. 2 – 5 µl of DpnI-treated DNA was 

transformed into XL10-Gold ultracompetent cells (Agilent, USA) according to the 

manufacturer’s instruction manual. Plasmid DNA was extracted and purified from resulting 

colonies as describe in 2.1.9. Clones containing the desired mutations were identified by 

Sanger sequencing (2.1.11). The DNA fragment carrying the mutation(s) was then subcloned 

into the original cloning vector to avoid additional mutations in other regions of the vector, 

which could potentially affect downstream experiments. Primers used for site-directed 

mutagenesis are listed in Appendix 2. 

 

2.1.11 Sanger sequencing 

 

Sanger sequencing is a method to determine the nucleotide sequence of DNA by 

incorporating fluorescent-labelled dideoxynucleotide triphosphates (ddNTPs) into the 

sequence of interest. Unlike dNTPs, ddNTPs lack a 3’-hydroxyl group (3’-OH) which is essential 

for DNA polymerase to continue synthesising the DNA chain. Once a ddNTP has been added 
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to the chain, an incoming dNTP cannot be added, resulting in the termination of chain 

elongation that ends with a labelled nucleotide. Thus, this method is also known as the chain 

termination method. 

 

The mixture of DNA fragments is then separated by size using capillary gel electrophoresis. 

Since each base carries a particular colour of dye, they can be detected by a laser to generate 

a chromatograph showing fluorescence intensity in the correct order of the sequence.  

 

All cloned plasmids were sequenced at 5’ and 3’ ends of genes of interest to verify correct 

orientation and sequence fidelity. Sequencing was performed using 100 ng plasmid DNA, 0.5 

µM primer (forward or reverse), 0.5 µl BigDye Terminator v3.1 Ready Reaction Mix (Thermo 

Fisher Scientific, USA), 2 µl 5X sequencing buffer (Thermo Fisher Scientific, USA) in 10 µl 

reaction volume. Thermal cycling was repeated for 25 times with parameters set as follows: 

denaturation at 95°C for 10 seconds, followed by annealing at 50°C for 5 seconds and 

extension at 60°C for 4 minutes. The PCR products were purified using AxyPrep Mag DyeClean 

(Axygen Biosciences, USA) as per the manufacturer’s instruction and eluted in nuclease-free 

water. The DNA solutions were run on a 48-capillary 3730 DNA Analyzer (Thermo Fisher 

Scientific, USA). Sequencing analysis was performed using Sequencher DNA sequence analysis 

software (Gene Codes Corporation, USA) against reference sequences that were obtained 

from Ensembl (http://www.ensembl.org/index.html).   

 

2.2 Cell culture 

 

All reagents were purchased from Sigma-Aldrich (USA) unless otherwise indicated. 

 

2.2.1 Cell maintenance 

 

Growth media used for cell maintenance in this thesis are summarised in Table 2.1. 

 

COS-7 (African green monkey kidney) and HEK293 (Human embryonic kidney 293) cells were 

purchased from American Type Culture Collection (ATCC, USA). HEK293T cells, which were 
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used for lentiviral packaging, were also obtained from ATCC and were maintained in the same 

medium. Routine passaging was performed every 2 – 3 days by rinsing the cells with pre-

warmed Dulbecco’s phosphate buffered saline (DPBS), followed by treatment with trypsin-

EDTA solution. Detached cells were then diluted and re-suspended with an appropriate 

volume of growth media to a new culture vessel. 

 

Murine 3T3-L1 preadipocytes were obtained from ATCC. Newborn calf serum (NCS) was heat 

inactivated at 65°C for 30 minutes before use. Mouse embryonic fibroblasts (MEFs) were 

maintained in the medium as described previously (435). Both 3T3-L1 and MEF cells were 

maintained below 70% confluency. 

 

All cells were tested mycoplasma-free and maintained in a 5% CO2 humidified chamber at 

37°C.  
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Table 2.1 Cell culture media used for cell maintenance. 

Cell line Medium Components 

COS-7 

HEK293 

Dulbecco’s Modified 

Eagle’s Medium (DMEM) 

10% (v/v) FBS (fetal bovin serum) (Thermo Fisher 

Scientific, USA) 

HEK293T 4 mM L-glutamine 

 1X MEM Non-essential amino acid solution 

 1 mM sodium pyruvate 

 100 units/ml penicillin 

 100 µg/ml streptomycin 

3T3-L1 DMEM 10% (v/v) NCS 

  4 mM L-glutamine 

  1X MEM Non-essential amino acid solution 

  1 mM sodium pyruvate 

  100 units/ml penicillin 

  100 µg/ml streptomycin 

MEF DMEM 10% (v/v) FBS 

  4 mM L-glutamine 

  1X MEM Non-essential amino acid solution 

  1 mM sodium pyruvate 

  100 units/ml penicillin 

  100 µg/ml streptomycin 

  50 µM 2-mercaptoethanol (Thermo Fisher 

Scientific, USA) 

  3 µg/ml puromycin dihydrochloride (Cambridge 

Bioscience, UK) 

 

 

2.2.2 Cell preservation and recovery 

 

All cells at 70 – 90% confluency were trypsinised and centrifuged at 200 x g at RT for 5 minutes. 

Cells were resuspended in corresponding serum containing 10% (v/v) DMSO and aliquoted 1 
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ml to each cryovial. Cryovials containing cells were placed into an isopropanol filled Mr. Frosty 

freezing container and kept in -80°C freezer for 24 hours. For long term preservation, cells 

were stored in liquid nitrogen vapour phase. 

 

Cells were thawed by placing the cryovial in a 37°C incubator and transferred to a centrifuge 

tube containing 9 ml of growth medium, followed by centrifugation at 200 x g for 5 minutes 

at RT to remove DMSO. Cell pellet was resuspended in growth medium and dispersed into an 

appropriate tissue culture flask. Fresh medium was replaced after 24 hours. 

 

2.2.3 Adipocyte differentiation 

 

To differentiate 3T3-L1 cells into adipocytes, cells were seeded into culture plates and grown 

to confluency and fed 3T3-L1 preadipocyte medium every 2 - 3 days. At least two days after 

attaining confluency, differentiation was induced by incubating cells with differentiation 

medium supplemented with 1 µM insulin (Actrapid, Novo Nordisk, Denmark), 0.5 mM 3-

isobutyl-1-methylxanthine (IBMX) and 1 µM dexamethasone for the first 2 days. The medium 

was replaced with differentiation medium supplemented with 1 µM insulin for another 2 days 

and then maintained in differentiation medium which was replaced every 2 days until mature 

adipocytes were developed, which normally took a further 6 – 8 days. 

 

To differentiate MEFs into adipocytes, cells were seeded into tissue culture plates and 

maintained in growth medium every 2 – 3 days in the presence of appropriate antibiotics until 

they reached confluency. Medium was replaced 2 days post-confluency and differentiation 

was induced by incubating MEFs in growth medium supplemented with 8 µg/ml D-

pantothenic acid, 8 µg/ml biotin, 1 µM rosiglitazone, 0.5 mM IBMX, 1 µM dexamethasone, 

and 1 µM insulin for the first 3 days. The medium was then replaced with growth medium 

with 8 µg/ml D-pantothenic acid, 8 µg/ml biotin, 1 µM rosiglitazone, and 1 µM insulin for a 

further 3 days. MEFs were maintained in growth medium which was replaced every 3 days 

until mature adipocytes were developed, which normally took another 6 days. 
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2.2.4 Transient transfection 

 

Cells were seeded in 12-well tissue culture plate and were transfected with plasmid DNA using 

Lipofectamine LTX with PLUS Reagent (Thermo Fisher Scientific, USA) according to the 

manufacturer’s manual the following day.  

 

HEK293 cells were seeded in poly-D-lysine-coated 24-well tissue culture plate and were 

transfected with plasmid DNA using Lipofectamine 3000 Reagent (Thermo Fisher Scientific, 

USA) following the manufacturer’s protocol. 

 

2.2.5 siRNA transfection 

 

Small interfering RNAs (siRNAs) were purchased from Horizon Discovery (UK) and are listed 

in Appendix 3.  

 

3T3-L1 preadipocytes were seeded in 12-well tissue culture plates and maintained until 

confluency as described in 2.2.1. Confluent cells were transfected with 30 nM mouse siRNA 

every 2 – 3 days using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific, 

USA) according to the manufacturer’s protocol. Cells were differentiated until day 9 – 10 as 

described in 2.2.3.  

 

2.2.6 Stable cell line generation 

 

2.2.6.1 Viral production 

 

HEK293T cells were employed to produce lentivirus. Cells were seeded at approximately 70% 

confluent in 100 mm tissue culture dishes and transfected on the following day using 

Lipofectamine LTX with PLUS Reagent. 10 µg of lentiviral plasmid, 7.5 µg of each packaging 

plasmid (pMDLg/pRRE and pRSV-Rev), 5 µg of pCMV-VSV-G plasmid encoding the envelope, 

were transfected, together with 1 µg pEGFP as an indicator for transfection efficiency. 

Medium was replaced with UltraCULTURE Serum-free Medium (Lonza, Switzerland) 24 hours 
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post-transfection and repeated for a further 3 days. Meanwhile, lentivirus-containing 

medium was collected and pooled at 48, 72, and 96 hours post-transfection and filtered with 

0.45 µm filter (Sartorius, Germany) and concentrated using Centricon Plus-70 (Merck, USA). 

The concentrated virus was used to infect target cell line or was aliquoted and stored at -80°C 

until further use. 

 

2.2.6.2 Viral transduction of target cell line 

 

Plin1 knockout (KO) MEFs obtained from Prof Andrew Greenberg (435) were seeded in 6-well 

tissue culture plate at 40% - 50% confluency the day before transduction. Varying amounts of 

the concentrated lentivirus particles were used to transduce Plin1 KO MEFs in the presence 

of 10 µg/ml polybrene (Merck, USA) to enhance infection efficiency. After 24 hours, the virus-

containing medium was replaced with fresh growth medium in the presence of 200 µg/ml 

hygromycin (Merck, USA) to select transduced cells. Stable cell lines were maintained in 

culture medium containing selection antibiotic. 

 

2.3 Gene expression analysis 

 

2.3.1 RNA extraction 

 

Cultured cells were re-suspended in 350 µl RLT (Qiagen, Germany) supplemented with 1% 

(v/v) b-mercaptoethanol (Sigma-Aldrich, USA). The cell lysates were homogenised by passing 

through a QIAshredder (Qiagen, Germany) and the mRNA was purified using the RNeasy Mini 

Kit (Qiagen, Germany) according to the manufacturer’s protocol. The RNA was eluted in 30-

50 µl Nuclease-free water and the quality and quantity of the RNA was assessed using the 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA).  

 

For peripheral blood mononuclear cells (PBMCs), total RNA was extracted from 1 – 2 million 

cells. PBMCs were resuspended in 100 µl RLT Plus (Qiagen, Germany) supplemented with 1% 

(v/v) b-mercaptoethanol, and the RNA extracted using RNeasy Plus Micro Kit (Qiagen, 
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Germany), following the manufacturer’s manual. The RNA was eluted in 20 µl nuclease-free 

water and assessed as above. 

 

2.3.2 Reverse transcription 

 

To eliminate any genomic DNA (gDNA) contamination, the purified RNA was treated with 

DNase I (Thermo Fisher Scientific, USA), or RQ1 RNase-free DNase (Promega, USA), according 

to manufacturer’s protocol. 

 

In general, a total of 0.4 – 2 µg DNase-treated RNA was reverse transcribed to cDNA using 

Moloney Murine Leukaemia Virus (M-MLV) reverse transcriptase (Promega, USA). Briefly, 

RNA was incubated with 0.5 µg Random primers (Promega, USA) at 70°C for 5 minutes to melt 

secondary structure within the template. To prevent the re-formation of its secondary 

structure, mixture was placed on ice immediately. In the same tube, 4 µl M-MLV 5X Reaction 

buffer, 0.5 mM dNTPs, 200 U M-MLV reverse transcriptase, 20 U Recombinant RNasin 

Ribonuclease Inhibitor, and nuclease-free water were added to a total volume of 20 µl for 

cDNA synthesis. The reaction was then incubated at 37°C for 1 hour, followed by 15 minutes 

incubation at 70°C. Alternatively, cDNA was also synthesised from DNase I-treated RNA using 

the LunaScript RT SuperMix kit (New England Biolabs, USA) following the manufacturer’s 

protocol. Up to 1 µg RNA was mixed with 4 µl 5X LunaScript RT SuperMix and topped up with 

nuclease-free water to 20 µl in a reaction. The reaction was first incubated at 25°C for 2 

minutes for primer annealing, followed by cDNA synthesis at 55°C for 10 minutes and 1-

minute heat inactivation at 95°C. Synthesised cDNA was diluted 5 – 10 times in nuclease-free 

water and stored at -20°C. 

 

2.3.3 Real-time quantitative PCR (qPCR) 

 

Real-time quantitative PCR (qPCR) was performed to determine gene expression at 

transcriptional level. 2 µl of cDNA of which was used in a 10 µl qPCR reaction. The reaction 

also contained 0.5 µM gene-specific TaqMan gene expression assay (Thermo Fisher Scientific, 

USA) or forward and reverse primer with 5’-[6FAM], 3’-[TAMRA]-labelled probe (Sigma-
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Aldrich, UK), and 5 µl of either 2X TaqMan Universal PCR Master Mix (Thermo Fisher Scientific, 

USA) or 2X SYBR Green Master Mix (Thermo Fisher Scientific, USA), respectively. 

 

The PCR was performed on the QuantStudio 7 Flex Real-Time PCR system (Thermo Fisher 

Scientific, USA). The thermal cycling program started with an initial hold at 50°C for 2 minutes, 

95°C for 10 minutes, followed by 40 cycles of PCR stage with alternation between 15 seconds 

of 95°C and 1 minute of 60°C. An additional melt curve stage was added (15 seconds at 95°C, 

1 minute at 60°C followed by 15 seconds at 95°C) when SYBR Green dye was used during 

amplification. A threshold cycle (Ct) was calculated by the instrument’s software (Thermo 

Fisher Scientific, USA) for each reaction, and mRNA expression was quantified using the 

standard curve method. The expression of target genes was normalised to that of a 

housekeeping gene as described in the following chapters. Primers used for qPCR are 

summarised in Appendix 4. 

 

2.4 Protein analysis 

 

2.4.1 Cell lysate preparation 

 

For harvesting cell lysates, cultured cells were washed twice with ice-cold DPBS and lysed 

using RIPA buffer (Sigma, USA) supplemented with EDTA-free Protease Inhibitor Cocktail 

(Roche, Switzerland) and Phosphatase Inhibitor Cocktail Tablets (Roche, Switzerland). The cell 

suspension was cleared by spinning at 16,100 x g at 4°C for 15 minutes. Protein concentration 

was determined using DC Protein Assay (Bio-Rad, USA) according to the manufacturer’s 

instructions and the assay was measured at 590 – 750 nm with the Asys Expert Plus (Biochrom, 

UK) or the Infinite M1000 (Tecan, Switzerland) microplate reader. Typically, 10 – 30 µg of 

protein lysate was denatured in NuPAGE 4X LDS Sample Buffer (Thermo Fisher Scientific, USA), 

together with 50 mM DTT (Sigma-Aldrich, USA) by heating at 70°C for 10 minutes. 

 

2.4.2 SDS-PAGE and Western blotting 
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Protein samples were resolved on NuPAGE 4 – 12% Bis-Tris Protein gels (Thermo Fisher 

Scientific, USA) in 1X NuPAGE MOPS SDS Running Buffer (Thermo Fisher Scientific, USA). The 

iBlot Gel Transfer system (Thermo Fisher Scientific, USA) was used to transfer protein on to a 

nitrocellulose membrane. Membranes were blocked in 5% (w/v) dried skimmed milk (Marvel, 

UK) or 5% (w/v) bovine serum albumin (BSA) dissolved in tris-buffered saline and 0.1% (v/v) 

Tween-20 (Sigma-Aldrich) (TBST) at RT for 1 hour. Membranes were then probed with 

appropriate primary antibodies diluted in TBST containing 5% (w/v) BSA or 5% (w/v) dried 

skimmed milk at 4°C for 16 hours. After three washes in TBST, membranes were incubated 

with horseradish peroxidase (HRP)-linked IgG antibody (Cells Signalling Technology, USA) in 

TBST containing 5% (w/v) BSA or 5% (w/v) dried skimmed milk at RT for 1 hour for 

chemiluminescent detection. After a final TBST washing step, blots were visualised with 

Immobilon Western Chemiluminescent HRP Substrate (Merck, USA) using ImageQuant LAS 

4000 (GE Healthcare, USA). Antibodies used for Western blotting are summarised in Appendix 

5. 

 

2.4.3 Densitometry analysis 

 

Levels of protein expression in immunoblots was quantified by densitometry. The intensity of 

a specific protein band was quantified using ImageQuant TL 8.2 image analysis software (GE 

Healthcare, USA), according to the manufacturer’s manual, and normalised with an internal 

loading control. 

 

2.5 Fluorescence assays 

 

2.5.1 Fluorescent staining 

 

Cells were seeded onto 13 mm coverslips in a 12-well tissue culture plate and either 

transfected or differentiated as described in 2.2.4 and 2.2.3, respectively. At the time of 

harvest, cells were washed twice with PBS (CIMR, UK) before being fixed with 4% 

formaldehyde (Polysciences, USA) for 15 minutes at RT. 
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For direct fluorescent imaging of green fluorescent protein (GFP) or yellow fluorescent 

protein (YFP)-tagged protein, cells were incubated with HCS LipidTOX Deep Red Neutral Lipid 

Stain (Thermo Fisher Scientific, USA) in PBS at a dilution of 1:1000 for 1 hour to stain lipid 

droplets. For immunostaining of PLIN1, cells were permeabilised with 0.5% (v/v) Triton-X100 

(Sigma-Aldrich, USA) for 10 minutes at RT and washed three times in PBS. Cells were blocked 

for 1 hour at RT in blocking buffer (3% (w/v) BSA and 0.05% (v/v) Tween-20 in PBS) followed 

by incubation with primary antibody diluted in blocking buffer for 16 hours at 4°C. The cells 

were then washed four times with washing buffer (0.1% (w/v) BSA and 0.05% (v/v) Tween-20 

in PBS), followed by 1 hour incubation with Alexa Fluro secondary antibody (Thermo Fisher 

Scientific, USA) which was diluted at 1:1000 in PBS containing 1% (w/v) BSA and 0.05% Tween-

20. In order to stain lipid droplets, cells were finally stained with 0.5% (v/v) HCS LipidTOX Deep 

Red Neutral Lipid Stain in PBS for 1 hour at RT. 

 

All cells were rinsed three times with PBS after lipid droplet staining, and the coverslips were 

mounted on glass slides using approximately 10 µl ProLong Gold or Diamond Antifade 

Mountant (or with DAPI) (Thermo Fisher Scientific, USA) and allowed to cure overnight at RT 

before confocal microscopy. Antibodies and fluorescent dyes used for fluorescent staining are 

summarised in Appendix 5. 

 

2.5.2 Bimolecular fluorescence complementation (BiFC) 

 

BiFC is a method based on the reconstitution of a fluorescent protein by bringing its non-

fluorescent fragments into close proximity, thus enabling it to emit a fluorescent signal (436). 

This association is facilitated by the interaction between the proteins that are fused to these 

fragments, which allows a direct visualisation of protein-protein interactions in intact cells 

(437). BiFC has been used with a wide range of proteins in many cell types and organisms 

(437). In this particular study, YFP has been split into N-terminal (Yn) and C-terminal (Yc) 

fragments, and fused with HSL and myc-tagged PLIN1, respectively (Figure 2.1) (438). 

 

 



 87 

 

 

 

3T3-L1 preadipocytes were seeded on coverslips in 12-well tissue culture plate and co-

transfected with 500 ng DNA of each plasmid transiently, as described in 2.2.4. Cells were 

loaded with 400 µM BSA-conjugated oleic acid (Sigma-Aldrich, USA) 4 hours post transfection 

and incubated for 20 hours at 32°C in a humidified incubator. The medium was replaced with 

growth medium and stimulated in the absence or presence of 10 µM isoproterenol and 250 

µM IBMX for 2 hours in a 30°C to stabilise the protein-protein interaction. 

 

Immunofluorescence staining was performed as describe above in 2.5.1 and confocal imaging 

was performed as described below in 2.6.  

 

2.6 Confocal microscopy 

 

All images were acquired using a Leica TCS SP8 confocal laser scanning microscope (Germany) 

with a 63X immersion oil objective lens with a numerical aperture (NA) of 1.4. Sequential scan 

method was used to acquire images. In general, DAPI or Alexa Fluor 405 secondary antibody 
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for myc-tagged protein used in the BiFC experiment was excited at 405 nm and emission was 

detected between 420 and 460 nm. Fluorescent signals for GFP or Alexa Fluor 488 secondary 

antibody for myc-tagged protein was excited at 488 nm with emission between 490 and 530 

nm. As for YFP or BiFC detection, signals were visualised using 514 nm excitation and 520 – 

545 nm was used for emission. LipidTOX Deep Red was excited at 633 nm and emission was 

detected between 640 – 680 nm. 3D z-stack images were acquired at 0.4 µm intervals. 

 

2.7 Image processing and analysis 

 

Confocal images were analysed using Imaris x64 9.2.1 software (Bitplane, Switzerland). 

 

For protein-protein interaction study using BiFC, an average of 16 images were taken 

randomly from each group and used to quantify BiFC (yellow fluorescence) and myc intensity. 

The threshold of fluorescence detection was automatically adjusted according to the absolute 

intensity of each channel. Yellow fluorescence or myc intensity above background was 

measured using surface module. Total intensity of yellow fluorescence was normalised to 

total myc intensity. 

 

3D images were used for lipid droplets size measurement in preadipocytes. Lipid droplets 

were identified by LipidTOX Deep Red staining as described in 5.3.10. The threshold of lipid 

droplets was determined according to the absolute intensity of the red pixels. The volume of 

lipid droplets was measured using the spot module. 

 

2.8 Dual-luciferase reporter assay 

 

HEK293 cells were transfected as described in 2.2.4. Transfected cells were starved in serum-

free DMEM for 24 hours after 24 hours of transfection, followed by another 24 hours of 

stimulation by ligand. Cells were then lysed using active lysis procedure, followed by standard 

protocol outlined by Dual-luciferase reporter assay system provided by Promega (USA). 
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2.9 Lipolysis assay 

 

2.9.1 Cell treatment 

 

Differentiated 3T3-L1 adipocytes were washed once with pre-warmed DPBS and serum 

starved with serum-free DMEM medium supplemented with 0.5% (v/v) BSA for 2 hours at 

37°C. Cells were then washed once with pre-warmed Krebs-Ringer buffer (KRB), which was 

consisted of 118.5 mM NaCl, 4.75 mM KCl, 1.92 mM CaCl2, 1.19 mM KH2PO4, 1.19 mM 

MgSO4(H2O)7, 25 mM NaHCO3, 10 mM HEPES and 6 mM Glucose with a pH of 7.4, followed 

by incubation with either basal or lipolytic medium for 3 hours at 37°C. Basal medium was 

made of KRB containing 4% (w/v) fatty acid free BSA and 6 µM Triacsin C (Enzo Life Sciences, 

UK), whilst lipolytic medium  also contained 10 µM isoproterenol (Sigma-Aldrich, USA). 

 

Differentiated MEF adipocytes were washed once in pre-warmed DPBS and starved with 

serum-free DMEM medium in the presence of 0.5% (v/v) BSA for 4 hours at 37°C. Serum 

starved cells were washed once with pre-warmed DMEM without phenol red (Thermo Fisher 

Scientific, USA) and incubated with phenol red free DMEM supplemented with 4% (w/v) fatty 

acid free BSA and 6 µM Triacsin C in the absence (basal) or presence (lipolytic) of 10 µM 

isoproterenol and 250 µM IBMX for 2 hours at 37°C. 

 

2.9.2 Glycerol release assay 

 

The glycerol produced by TG hydrolysis can be measured by coupled enzyme reactions. First 

glycerol is phosphorylated by glycerol kinase to form glycerol-1-phosphate, which is then 

oxidised by glycerol phosphate oxidase to hydrogen peroxide (439). Peroxidase catalyses the 

coupling of hydrogen peroxide to produce a quinoneimine dye which shows an absorbance 

at 540 nm (439). After the lipolytic stimulation, the supernatant was collected and centrifuged 

at 1000 rpm for 5 minutes at 4°C to remove any cellular residues. Cleared medium was diluted 

and incubated with Free Glycerol Reagent (Sigma-Aldrich, USA) at RT for 15 minutes. 

Absorbance at 540 nm was measured and glycerol content was calculated using a Glycerol 

Standard Solution (Sigma-Aldrich, USA) which was served to generate a standard curve. 
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Meanwhile, cells were harvested for protein quantification assay and western blotting as 

described above in 2.4. Glycerol release was normalised to total protein amount or lipid 

content and then further normalised glycerol release from non-stimulated control cells. 

 

2.10 Lipid accumulation quantification 

 

2.10.1 AdipoRed assay 

 

Intracellular lipid accumulation was determined by AdipoRed Assay Reagent (Lonza, 

Switzerland), according to the manufacturer’s instructions. Differentiated 3T3-L1 cells were 

washed once in DPBS and incubated with 0.5 ml medium containing 3% (v/v) AdipoRed at 

37°C for 10 minutes. Fluorescent images were taken using EVOS Cell Imaging System (Thermo 

Fisher Scientific, USA). 

 

2.10.2 Oil Red O assay 

 

Alternatively, quantification of intracellular lipid accumulation can be measured using Oil Red 

O assay. Oil Red O stock was prepared by mixing 1 g powder (Sigma-Aldrich, USA) in 400 ml 

2-Propanol (Honeywell, Germany) and warming to 56°C for 1 hour, which can be stored at RT 

for up to a year. Differentiated MEFs were washed once with DPBS and fixed with 10% (v/v) 

formalin (Sigma-Aldrich, USA) for 1 hour at RT. Meanwhile, Oil Red O working solution was 

made by mixing 3:2 parts Oil Red O stock and ultrapure water and left to stand for 10 minutes 

before filtered through a 0.45 µm filter. Fixed cells were washed twice with DPBS and twice 

with 60% (v/v) 2-Propanol prior to staining with working solution of Oil Red O for 1 hour at 

RT. Stained cells were de-stained by washing 2 – 3 times with water and replaced with DPBS 

for imagining using Olympus CKX41 inverted microscope (Japan) connected with a DP20 

digital camera (Olympus, Japan). When imaging the whole wells, DPBS was aspirated and 

images were taken using Epson V550 scanner (Japan). To quantitatively assess adipocyte 

differentiation, 2-Propanol was added to each well and cells were incubated at RT for 10 

minutes on a rocker to elute the dye. Supernatant was then transferred to a 96-well microtiter 
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plate (Thermo Fisher Scientific, USA), and absorbance was measured at 510 nm on the Infinite 

M1000 PRO plate reader. 

 

2.11 Statistical analysis 

 

Data are presented as mean standard deviation (SD). Statistical analyses were performed 

using GraphPad Prism (GraphPad Software, USA). To compare a single parameter between 

two groups, unpaired two-tailed Student’s t-test was used, unless stated otherwise. For 

comparison between more than two independent groups, analysis of variance (ANOVA) was 

used. When a significant difference was indicated by ANOVA, post-hoc test was performed 

for multiple comparisons. In all cases p < 0.05 was considered as statistically significant. 

Significance is shown on all figures with * denotes p < 0.05, ** p < 0.01, *** p < 0.001 and 

**** p < 0.0001, while ns indicates not significant.
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3 Loss-of-function studies in 3T3-L1 adipocytes 

 

3.1 Abstract 

 

First a loss-of-function study was performed in 3T3-L1 (pre)adipocytes to evaluate the role of 

Alk7, Calcrl, Plin1, Pde3b and Pnpla2 in adipocyte biology, including adipogenesis and lipolysis. 

Silencing of Plin1 expression via siRNA delivery, partially impaired adipogenesis. Moreover, 

adipocytes with reduced Plin1 were resistant to isoproterenol stimulated lipolysis. The 

depletion of Pnpla2, on the other hand, did not seem to affect lipid accumulation and severely 

attenuated lipolysis. The results varied in terms of adipogenesis when the expression of Alk7 

or Calcrl was reduced, but lipolysis was consistently decreased. Depletion of Pde3b did not 

have any impact on 3T3-L1 adipogenesis or lipolysis. 

 

3.2 Introduction 

 

In order to begin to understand how the variants identified by Lotta et al. might affect fat 

distribution, I performed siRNA mediated knockdown of Alk7, Calcrl, Plin1, Pde3b and Pnpla2 

in 3T3-L1 (pre)adipocytes (1). The impact of these perturbations on adipogenesis and lipolysis 

was then assessed. 

 

3.2.1 The 3T3-L1 adipocyte differentiation model 

 

The 3T3-L1 cell line is a widely used model for adipocyte differentiation that was originally 

derived from the Swiss mouse embryo fibroblast 3T3 line (440, 441). When 3T3 fibroblasts 

become confluent, the cells undergo growth arrest by contact inhibition, and spontaneously 

accumulate TG to convert into adipocytes over a period of two to four weeks (267, 441, 442). 

Treatment with adipogenic agents such as glucocorticoids and cAMP elevating reagents in the 

presence of insulin can effectively achieve a complete conversion of 3T3-L1 cells to mature 

adipocytes within two weeks (443). The first step is to induce the commitment of cells to an 

adipogenic fate by adding a differentiation cocktail that contains dexamethasone, 3-isobutyl-



 93 

1-methylxanthine (IBMX) and insulin (443). As insulin binding activity rises, additional insulin 

administration facilitates adipocyte conversion by increasing glucose uptake (442, 443). 

Differentiated 3T3-L1 adipocytes display similar gene expression profiles to white adipocytes 

and respond homogeneously to treatments such as siRNA or chemical compounds in 

experimental conditions, which make them the most commonly used in vitro model to study 

adipocyte biology (444).   

 

3.2.2 Role of selected genes in adipocyte biology 

 

In this section, I briefly summarise what is already ‘known’ about the role of each gene in 

adipose tissue and metabolism. 

 

3.2.2.1 ALK7 

 

ALK-7 and its type II receptor partner ACTR-IIB, together with the co-receptor CRIPTO, were 

initially reported to be involved in the transduction of Nodal signalling in mesendoderm 

formation during vertebrate development in Xenopus laevis embryos (274). Since then, many 

studies have focused on the roles of Nodal/ALK-7 signalling in cell survival and proliferation 

(266, 276, 283, 445, 446). In adipose tissue, ALK-7 was first established as a marker of 

adipocyte differentiation in 3T3-L1 cells, as well as in mouse primary SVF cells, especially 

during the late phase of differentiation (267). In differentiated adipocytes, activation of ALK-

7 suppressed the expression of the master regulators of adipogenesis PPARg and C/EBPa, 

which subsequently downregulated the transcription of lipases such as ATGL and HSL, thus 

reducing lipolysis (447, 448). Furthermore, the inhibition of lipolysis by insulin was also 

reported to be mediated via the GDF-3/ALK-7 axis in adipose tissue (270). It was proposed 

that GDF-3 is produced and secreted by adipose tissue macrophages upon insulin 

administration, which also contributes to the activation of ALK-7, resulting in the inhibition of 

lipolysis and the accumulation of fat mass in vivo (270). 

 

A list of genetically modified animal models generated to study the role of ALK-7 in 

maintaining whole body energy homeostasis, as well as cardiac function is presented in Table 
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3.1. In summary, mice lacking Alk7, globally or adipose tissue specifically, manifest enhanced 

b-AR mediated lipolysis and increased energy expenditure (277). In addition, these knockout 

mice were resistant to diet induce weight gain (268, 277).  It has been suggested that ALK-7 

functions after food intake to promote excess fat storage in adipocytes by contributing to 

catecholamine resistance in the context of obesity (277, 449). Although the association of 

ALK-7 loss-of-function variant with BMI has not been reported in human genetic studies, 

inhibition of ALK-7 function demonstrated increased energy expenditure based on mouse 

models (277). Therefore, suppression of ALK-7 signalling may be a potential therapy for 

obesity. Pancreatic islets from Alk7 knockout mice showed enhanced insulin secretion under 

sustained glucose simulation, suggesting that ALK-7 may also function as a negative regulator 

of insulin release (280). However, mice lacking Alk7 globally developed an age-dependent 

syndrome including liver steatosis, insulin resistance and glucose intolerance (280). On the 

other hand, normal glucose and insulin responses were observed in adipose-specific Alk7 

knockout mice (277). A human cohort study indicated that an intronic SNP rs13010956 in the 

ALK7 gene had a significant association with metabolic syndrome risk in females and might 

also be involved in cardiovascular remodelling (450). Similar to findings by Lotta et al, recent 

studies have also showed that the same coding variants in ALK7 (p.I195T and p.N150H), 

among others, are associated with a reduced WHR and a lower risk of T2D (1, 18, 451). 

Functional characterisation of these variants will be described in the next chapter. 



Table 3.1 Overview of genetic animal models of Alk7. 

Genetic manipulation Phenotypes compared to WT (unless otherwise stated) References 
Alk7-/- mice - Normal weight gain and fasting levels of glucose and glucagon 

- Hyperinsulinemia, reduced insulin sensitivity and glucose intolerance; increased b-cell 
mass and islet size with aging; higher insulin secretion level upon constant stimulation of 
high glucose 

- Liver steatosis 
- Reduced lipid droplet size in interscapular BAT  
- Longer ventricular repolarization, more susceptible to ventricular arrhythmia 

(268, 279, 
280, 452) 

Alk7-/- mice on HFD - Normal food intake, reduced weight gain and body fat content, reduced epididymal fat 
pads with smaller adipocytes 

- Reduced adipose tissue inflammation 
- Increased energy expenditure, enhanced mitochondrial biogenesis and FA oxidation, 

elevated lipolysis 

(268, 277) 

T.B-Nidd5/3 mice (obese mice 
carrying a nonsense mutation in 
the Alk7 kinase domain) 

compared to Tsumura Suzuki Obese Diabetes (TSOD) mice 
- Lower body weight, smaller adipocyte size 
- Increased FA uptake and TG synthesis 
- Elevated lipolysis, increased energy expenditure 
- Improved glucose tolerance and insulin sensitivity 

(448) 

Alk7fx/fx::Ap2CRE mice on HFD 
(adipose tissue-specific) 

- Resistant to diet-induced weight gain, reduced fat mass and adipocyte size 
- Normal insulin and glucose responses 
- Reduced adipose tissue inflammation 
- Increased energy expenditure, enhanced mitochondria biogenesis and FA oxidation, 

elevated lipolysis 

(277) 

Alk7flox/flox::AdipoQCreERT2 

(tamoxifen inducible Cre) on HFD 
- Small increase in body weight, reduced WAT mass 
- Improved glucose tolerance 
- Increased energy expenditure 

(449) 
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Table 3.1 Overview of genetic animal models of Alk7 (continued). 

Genetic manipulation Phenotypes compared to WT (unless otherwise stated) References 
Alk7flox/flox::AdipoQCreERT2 

(tamoxifen inducible Cre) with 
diet switch (from HFD to CD) 

- Rapid weight loss, further reduction in WAT mass, smaller LD size in WAT 
- Reduced AT apoptosis 
- Improved glucose tolerance 
- Increased energy expenditure, elevated lipolysis 
- Reduced AT inflammation 

(449) 

Alk7flox/flox::AdipoQCreERT2 

(tamoxifen inducible Cre) with 
double diet switch (from HFD to 
CD, and back to HFD) 

- Slower weight gain, slightly less food intake, maintained reduced WAT mass 
- Reduced insulin sensitivity and glucose tolerance 

(449) 

Ucp1CRE:Alk7fx/fx mice (BAT-
specific) 

- Normal food intake, body weight and body fat composition, reduced LD size in 
interscapular BAT 

- Regular energy expenditure 
- Normal insulin sensitivity 
- Hypothermia upon fasting 

(279) 

Alk7-/- mice with aortic banding 
(AB) surgery 

- Greater deterioration of cardiac hypertrophy, cardiac dilation and dysfunction (281) 

Cardiac-specific Alk7-transgentic 
mice with AB surgery 

- Alleviated AB-induced cardiac hypertrophy, cardiac dilation and dysfunction (281) 

Type 2 diabetic rats injected with 
Alk7 shRNA 

compared to diabetic rats 
- Increased food intake, normal body weight 
- Reduced aortic stiffness 
- Improved insulin sensitivity and hyperlipidaemia  

(453) 

RIP1-Tag2 (RT2);Alk7tm1b mice 
(Alk7 was inactivated) 

compared to RT2/B6 mice 
- Increased tumour burden and liver metastasis 
- Reduced apoptosis at early tumorigenesis  

(284) 
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3.2.2.2 CALCRL 

 

Prior work has focused on understanding the metabolic role of calcitonin family members in 

adipose tissue, but much less work has been done on their receptors, such as CALCRL (328, 

329, 454, 455). Adrenomedullin (ADM), which is known to bind and signal through CALCRL, 

has been proposed to be an anti-adipogenic factor since depletion of ADM results in 

enhanced differentiation in vitro (456). ADM also functions as an autocrine/paracrine factor 

in adipose tissue, although the effect of CALCRL mediated ADM signalling pathways in the 

regulation of adipocyte differentiation and lipid metabolism is controversial (98, 314, 322). In 

differentiated 3T3-F442A cells, ADM exposure inhibited b-adrenergic stimulated lipolysis via 

a NO-dependent mechanism, which can be explained by NO-induced oxidation of the b-

agonist isoproterenol (314). In contrast, increased lipolysis was observed in differentiated rat 

adipocytes treated with ADM in a dose-dependent manner (322). ADM enhanced 

isoproterenol stimulated lipolysis, possibly via PKA-mediated HSL activation and translocation, 

along with increased ERK phosphorylation which leads to elevated HSL phosphorylation and 

activity (322). ADM has also been reported to enhance glucose uptake through the PI3K/PKB 

pathway in vitro (322). Further work is required to confirm and reconcile these data. 

 

As listed in Table 3.2, studies of Calcrl KO mice focused on embryonic and vascular 

development (457–460). Homozygous Calcrl knockout mice died at midgestation, suggesting 

that Calcrl is essential for survival (457). Studies in rat adipose tissue have shown upregulation 

of Calcrl mRNA in response to HFD feeding in VAT, suggesting a functional association of 

CALCRL mediated signalling pathways and weight gain (461). However, the exact role of 

CALCRL in adipocyte biology is still largely unknown. 
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Table 3.2 Overview of genetic mouse models of Calcrl. 

Genetic  
manipulation 

Phenotypes compared to WT  
(unless otherwise stated) 

References 

Calcrl-/- - Embryos failed to survive by mid-gestation 
- Hydrops fetalis 
- Cardiovascular defects 

(457, 458) 

CalcrlLoxP/-Tie2Cre+ 

(heterozygotes lacking 
Calcrl specifically in 
endothelial cells) 

- Delayed embryonic lethality compared to 
Calcrl-/- mice 

- Interstitial oedema 
- Embryonic lymphedema, reduced lymphatic 

endothelial cell proliferation 

(458) 

Calcrlfl/fl/CAGGCre-ERTM 

(temporal Calcrl-/- in adult 
mice) 

- Lymphatic insufficiency in multiple organs (459) 

Calcrlfl/fl/CAGGCre-ERTM 

(temporal Calcrl-/- in adult 
mice) on western diet 

- Reduced body weight and impaired intestinal 
lipid absorption 

(459) 

Calcrlfl/fl/Prox1-CreERT2 

(lymphatic endothelium-
specific) 

- Intestinal lymphangiectasia, systematic 
lymphatic insufficiency 

(460) 

 

 

Abnormal circulating levels of CALCRL ligands, such as CGRP and ADM, have been observed 

in obese and diabetic patients (462–469). Interestingly, ADM concentrations in the blood and 

the mRNA expression of CALCRL, together with receptor activity-modifying proteins RAMP2 

and RAMP3, were reported to be significantly elevated in omental adipose tissue from 

pregnant women with gestational diabetes mellitus compared with those with normal 

glucose tolerance with similar BMI, in response to excessive ADM production, suggesting a 

possible role for CALCRL mediated ADM signalling in the development of insulin resistance 

(468). Gene expression analysis in VAT isolated from prepubertal children demonstrates that 

CALCRL expression is downregulated in obese children (470). Collectively, these findings hint 

at biologically meaningful actions of CALCRL in adipose tissue. 

 

Another variant in the regulatory region of the CALCRL locus (rs1569135) was identified in a 

GWAS meta-analysis of WHR adjusted for BMI (238, 471). Moreover, expression of CALCRL in 

isolated abdominal SAT correlated with adipocyte hyperplasia, suggesting that Calcrl may 

influence the size and number of adipocytes in WAT, which could then alter fat distribution 
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(472). The site of the rare missense mutation L87 is not conserved but is located at the tip of 

a b-strand close to strictly conserved residues C88 and C127 in the extracellular domain where 

CALCRL interacts with RAMPs for ligand binding (Figure 3.1) (1, 254, 473). The intramolecular 

disulphide bond created by C88 and C127 stabilises the b-strand which is in close contact with 

RAMP2 (1, 300). The mutation p.L87P might partially destabilise the b-strand, potentially 

resulting in disrupted interaction with RAMPs, thus affecting ligand binding and downstream 

signalling (1). 

 

 

 
 

 

3.2.2.3 PLIN1 

 

PLIN1 is located on the surface of LDs in adipocytes as well as steroidogenic cells (336, 474, 

475). The mRNA of Plin1 is undetectable in 3T3-L1 preadipocytes, but markedly induced upon 
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differentiation (474). The master regulator of adipocyte differentiation PPARg, especially 

PPARg2, has been shown to regulate the expression of PLIN1 (474). PPARg dependent PLIN1 

expression is activated by the constitutive coactivator of PPARg (CCPG) but blocked by tribbles 

homologue 3 (TRB-3) (476, 477). PLIN1 is also a target gene of estrogen-related receptor a 

(ERRa, or NR3B1 short for nuclear receptor subfamily 3 group B member 1), which is activated 

by PPARg coactivator-1a (PGC-1a) (475). Reduction of PLIN1 expression was observed when 

3T3-L1 adipocytes were treated with TNF-a, which partially contributes to TNF-a induced TG 

lipolysis (478, 479). Under physiological conditions such as obesity, macrophages within WAT 

release TNF-a to suppress the expression of PLIN1 and increase the release of FFAs which 

ultimately contributes to systemic lipotoxicity (185, 480). 

 

As described in Chapter 1, PLIN1 functions as a scaffolding protein on the surface of LDs to 

regulate the access of lipases to substrates. The role of PLIN1 in adipose tissue metabolism 

has been investigated by deletion or overexpression in mice, as summarised in Table 3.3. As 

expected, ablation of Plin1 led to increased basal and decreased stimulated lipolysis in 

adipocytes and these mice were protected from diet induced obesity (358, 359). Surprisingly, 

overexpression of Plin1 specifically in adipose tissue also resulted in mice being resistant to 

diet induced obesity, increased FA oxidation and elevated whole-body energy expenditure 

(357, 481). Further investigation has indicated that the observed phenotype in Plin1 

transgenic mice might be due to the induction of a BAT-like phenotype in WAT caused by 

decreased expression of FSP27 (357). 
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Table 3.3 Overview of genetic mouse models of Plin1. 

Genetic 
manipulation 

Phenotypes compared to WT 
(unless otherwise stated) 

References 

Plin1-/- - Higher food intake but maintained normal body 
weight, less body fat and smaller adipocyte size 

- Elevated basal lipolysis and impaired stimulated 
lipolysis, higher metabolic rate, increased b-
oxidation 

- Glucose intolerance and insulin resistance with 
aging 

- Developed cardiac hypertrophy and failure 
- Increased adipose tissue macrophages and 

inflammation 

(358, 359, 
482–486) 

Plin1-/-on HFD - Resistant to diet-induced obesity 
- Increased oxygen consumption 

(358, 359) 

Leprdb/db/Plin1-/- compared to Leprdb/db/Plin+/+ mice 
- Reversed obesity 
- Increased metabolic rate 

(358) 

PLIN1 or Plin1 Tg 
(adipose-specific 
overexpression of 
human or mouse 
PLIN1) 
 

- Normal body weight 
- Impaired stimulated lipolysis 

(357, 481) 

PLIN1 or Plin1 Tg 
(adipose-specific 
overexpression of 
human or mouse 
PLIN1) 
on HFD 

- Reduced fat mass and body weight, reduced 
adipocyte size; normal food intake 

- Increased energy expenditure, BAT-like WAT 
- Decreased lipolysis 
- Improved glucose tolerance 

(357, 481) 

 

 

Only a limited number of studies have reported a potential association of PLIN1 expression 

with obesity in humans, the findings are however not conclusive (487–489). One study 

showed that the expression of perilipin-1 from abdominal SAT, at both mRNA and protein 

levels, was positively correlated with obesity, defined by percentage body fat (488). In 

contrast, other studies have reported a decrease in PLIN1 expression in abdominal SAT in 

obese compared to non-obese subjects (123, 487, 489). In fact, some depot and gender 

specific variations in PLIN1 expression have been observed in obese subjects (487). For 

example, abdominal subcutaneous PLIN1 mRNA expression was higher than in omental AT in 
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obese subjects, and the protein level was higher in obese male subjects compared to obese 

women (487). A study investigating regional differences in the expression and subcellular 

distribution of PLIN1 in females revealed a reduced expression in obese versus lean subjects, 

and in abdominal subcutaneous versus omental AT in women with obesity, but significantly 

more PLIN1 was localised in the lipid fraction in obese versus lean subjects (123). PLIN1 

expression also negatively correlates with average adipocyte volume and basal lipolytic rate 

(123). Additionally, the expression of PLIN1 in adipose tissue, both omental and SAT, from 

obese subjects matched for BMI correlates positively with insulin sensitivity (490). Recent 

studies also found a decrease in the expression of the PLIN1 gene under the regulation of 

circulating microRNAs (miRNAs), particularly miR-642b, in obese children (491). Despite the 

conflicting findings, these studies support the idea that there is some relationship between 

the expression or distribution of PLIN1 and the obese phenotype (492). 

 

FPLD4, an autosomal dominant form of lipodystrophy, is associated with specific mutations 

in the PLIN1 gene (493). However, only a few SNPs in the PLIN1 locus, including both intronic 

and exonic variants, have been identified to be associated with metabolic syndrome risk in 

humans (494–500). It is noteworthy that the association of some variants shows a gender 

difference and not all alleles are polymorphic in all populations (492). Therefore, 

identification of causal PLIN1 variants that alter metabolic outcomes remains a challenge 

(492). 

 

3.2.2.4 PDE3B 

 

PDE3B is the dominant isoform of phosphodiesterase in adipocytes that mediates the anti-

lipolytic action of insulin. Studies of Pde3b gene regulation have shown that its promoter 

activity and mRNA expression are both increased upon differentiation in 3T3-L1 cells (501, 

502). It appears that the expression of PDE3B requires PPARγ in mice (503). Additionally, 

studies have shown that the transcriptional regulation of Pde3b expression is controlled by 

CREB during 3T3-L1 differentiation (504). However, TNF-a treatment in 3T3-L1 adipocytes 

was found to downregulate PDE3B expression (502). Indeed TNF-a expression was found to 

be higher in obese subjects and to be involved in the development of insulin resistance (505, 
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506). TNF-a can stimulate lipolysis by activating the MAPK-ERK pathway to downregulate 

PDE3B expression, resulting in an elevation of cAMP levels and the activation of PKA in human 

adipocytes (507).  

 

Many approaches have been utilised to study the role of PDE3B in maintaining whole-body 

energy homeostasis in vivo and in vitro. These methods include studies of genetically modified 

mice and cellular models for functional characterisation in response to insulin and adrenergic 

stimulation. As shown in Table 3.4, global KO of Pde3b in mice resulted in complex metabolic 

profiles, both beneficial and non-beneficial (377, 384, 398, 508). Compared to WT 

counterparts, these mice were protected from diet induced weight gain with smaller WAT 

mass and decreased adipose tissue inflammation (377, 398, 509). As mentioned in Chapter 1, 

a WAT beiging phenotype was also observed in Pde3b KO mice, accompanied by increased 

mitochondrial biogenesis and energy dissipation (398). Non-beneficial alterations noted in 

Pde3b KO mice include increased TG content in the liver and signs of insulin resistance 

indicated by the reduced ability of insulin to lower glucose levels (509).
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Table 3.4 Overview of genetic mouse models of Pde3b. 

Genetic  
manipulation 

Phenotypes compared to WT  
(unless otherwise stated) 

References 

Pde3b-/- - Smaller adipocyte size 
- Increased TG content in liver 
- Increased stimulated lipolysis, elevated 

mitochondrial biogenesis, increased 
metabolic rate 

- Insulin resistance 
- Protected from ischemia-reperfusion injury 
- Decreased adipose tissue inflammation 

(377, 384, 
398, 509) 

Pde3b-/- on HFD - Reduced adipose tissue inflammation and 
macrophages 

- Less weight gain, reduced WAT mass 
- Improved glucose tolerance 
- WAT browning 

(377, 398) 

apoE−/−/Pde3b−/− 
Ldlr−/−/Pde3b−/− 

compared to apoE−/− or Ldlr−/− mice 
- Reduced plaque formation in aorta 

(377) 

Pde3b-/- treated with b3-
adrenergic agonist 

- Reduced body weight and epididymal WAT 
(EWAT), smaller adipocyte size 

- Increased mitochondrial biogenesis, higher 
oxygen consumption, elevated lipid 
oxidation 

- BAT-like EWAT 

(398, 510) 

RIP (rat insulin promoter)-
Pde3b Tg (pancreatic b-cell-
specific overexpression) 

- Impaired insulin secretion and glucose 
tolerance 

- Enlarged islets  

(511) 

 

 
In a high throughput siRNA screen, in primary human adipocytes differentiated from 

preadipocytes, to identify new genes affecting adipogenesis and/or fat storage, PDE3B was 

highlighted as one of the hits that increased lipid accumulation (512). Consistent with Lotta 

et al.’s findings, a study investigating predicted loss-of-function variants has reported that 

carriers with the same PDE3B variant (p.R783X) manifest reduced coronary artery disease risk 

(1, 513). As illustrated in Figure 3.2, the R783 residue is located in a 44-aa insertion, which is 

unique in the PDE3 family. This nonsense variant generates a premature truncation in the 

catalytic domain and is thus strongly predicted to exhibit a loss of function (Figure 3.2) (1).  
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3.2.2.5 PNPLA2 

 

Various studies have been conducted to demonstrate the important role that ATGL plays in 

the regulation of LD turnover in mammalian cells, in both adipocytes and non-adipocyte cells 

(403). In adipose tissue, ATGL is the rate-limiting enzyme that catalyses the first step of TG 

hydrolysis, which comprises three sequential enzymatic reactions releasing one FA at each 

step, along with the production of DG, MG and glycerol (410). 

 

The regulation of ATGL expression and enzyme activity on both transcriptional and post-

transcriptional levels has been studied by a number of groups. It has been shown that Pnpla2 

is a target for transcriptional activation by PPARg and both mRNA and protein expression of 

ATGL was increased by PPARg agonists but inhibited by a PPARg antagonist (514, 515). In 

addition, at least two forkhead box protein O1 (FOXO1) binding sites were found in the 

promoter region of Pnpla2, indicating that the transcription of the Pnpla2 gene is directly 

regulated by FOXO1 (516). This regulatory effect was further enhanced by NAD-dependent 
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protein deacetylase sirtuin-1 (SIRT1), which deacetylates and activates FOXO1 (517). The 

mRNA level of Pnpla2 in mouse WAT was induced by fasting and downregulated upon 

refeeding (405). Increased Pnpla2 expression was also observed in 3T3-L1 adipocytes in 

response to glucocorticoids, whereas isoproterenol, TNF-a, insulin and mammalian target of 

rapamycin complex 1 (mTORC1) decrease its expression (405, 514, 516, 518, 519).  

 

However, the mRNA level of PNPLA2 does not always correlate with its lipase activity. For 

example, both isoproterenol and TNF-a stimulate lipolysis whilst suppressing the expression 

of ATGL (518). The discrepancy between enzyme expression and activity can be explained by 

post-translational regulation (99). As mentioned in Chapter 1, ATGL is post-translationally 

modified by phosphorylation at several putative phosphorylation sites either by PKA or AMPK 

to increase its activity (114, 421, 422). ATGL activity is also regulated through protein-protein 

interaction with its co-activator ABHD5, or inhibitors G0S2 and HILPA. Furthermore, as a 

negative feedback mechanism, lipid intermediates generated during lipolysis such as long-

chain acyl-coenzyme A inhibit ATGL activity in order to protect cells from lipotoxicity (520). 

 

As indicated in Table 3.5, numerous genetically modified mouse models, either by genetic 

knockout or transgenic overexpression, have been generated to study the pathophysiological 

role of ATGL in a variety of tissues over the past 15 years. In general, systemic and adipocyte 

specific ATGL KO mice manifest improved glucose homeostasis. However, the contribution of 

ATGL to adipocyte lipolysis and whole-body energy homeostasis in humans is not as clear as 

in rodents (431). Genetic association studies showed a trend of decreased plasma FFA 

concentrations in rare PNPLA2 variants carriers, but the effect was not significant (521). Even 

so the effect towards lower FFA levels was most pronounced in the p.N252K group, which is 

consistent with a haplotype analysis elucidating a significant association between SNPs of 

PNPLA2 and levels of FFAs (521, 522). Functional predication and validation of this variant will 

be described in the next chapter. 
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Table 3.5 Overview of genetic mouse models of Pnpla2. 

Genetic manipulation Phenotypes compared to WT (unless otherwise stated) References 
Pnpla2-/- - Increased body weight and fat mass, higher TG content in multiple tissues 

- Diminished stimulated lipolysis, reduced energy expenditure 
- Improved glucose tolerance and insulin sensitivity 
- Reduced FA mobility during exercise 
- Impaired cardiac function 
- Hypothermia 
- BAT hypertrophy and hyperplasia, normal BAT mitochondrial function 

(523–528) 

Pnpla2-/- on HFD - Early mortality 
- Resistant to diet induced obesity, reduced WAT mass 

(432) 

C57/B16 injected with 
Pnpla2 shRNA 

- Normal body weight and fat mass 
- Increased liver weight, liver steatosis 
- Decreased FA oxidation 

(423) 

C57/B16 injected with 
Pnpla2 shRNA on HFD 

- Normal body weight, reduced gonadal fat mass 
- Increased liver weight, liver steatosis 

(423) 

AAKO (Adipose-specific 
Pnpla2-/-) 

- Increased body weight and fat mass 
- Decreased lipolysis and lipid oxidation, reduced oxygen consumption and energy expenditure 
- Hypothermia 
- Improved hepatic insulin sensitivity, smaller liver and less hepatic TG content 
- BAT hypertrophy 

(422, 528–
530) 

AAKO (Adipose-specific) 
on HFD 

- Increased body weight and fat mass, increased adipocyte size 
- Decreased lipolysis and lipid oxidation 
- BAT hypertrophy 
- Smaller liver and less hepatic TG content, reduced liver inflammation 

(422, 530) 

ATGLLKO (liver-specific) - Increased liver mass with higher TG content, developed progressive hepatic steatosis, 
decreased liver FA oxidation, increased number of lipolysosomes 

- Lipid droplet accumulation in cholangiocytes 

(531) 

b-Atgl-KO (b-cell specific) - Normal food intake and body weight 
- Impaired glucose-stimulated insulin secretion, reduced insulinaemia 

(532, 533) 
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Table 3.5 Overview of genetic mouse models of Pnpla2 (continued). 

Genetic manipulation Phenotypes compared to WT (unless otherwise stated) References 
b-Atgl-KO (b-cell specific) 
on HFD 

- Reduced insulinaemia, glycaemia, enhanced insulin sensitivity 
- Enlarged islet size, increased islet TG accumulation 
- Reduced lipolysis decreased mitochondrial oxidation 
- Reduced body weight gain and fat mass; increased energy expenditure  

(532, 533) 

Pnpla2-/- on methionine-
choline-deficient diet 

- More severe liver steatosis 
- Reduced WAT loss 
- Reduced non-HSL hydrolase activity 

(534) 

Pnpla2-/- injected with 
lipopolysaccharide  

- Increased liver inflammation 
- Higher mortality 
- Hypothermia 

(534) 

ATGL-ko/CM (Pnpla2-/- in 
all tissues except cardiac 
muscle) 

compared to Pnpla2-/- mice 
- No TG accumulation in cardiac muscle 
- Reduced FA mobilisation during exercise 

(527) 

icAtglKO (cardiomyocyte-
specific) 

- Increased cardiac TG content, myocardial interstitial fibrosis, heart hypertrophy and 
dysfunction, reduced myocardial FA oxidation 

- Impaired ATP synthesis on mitochondrial function 

(424) 

SMAKO (skeletal muscle-
specific) 

- Increased intramyocellular TG accumulation 
- Normal body weight, fat mass and muscle weight 
- Normal food intake, energy expenditure and FA oxidation 
- Unaffected mitochondrial morphology and insulin response 

(535) 

iBAKO (BAT-specific) - Normal body weight 
- BAT hypertrophy and hyperplasia. 

(528) 

ATGLiKO (intestine-
specific) 

- Normal body weight and food intake 
- Increased TG accumulation in small intestines, higher faecal fat weight 
- Decreased FA oxidation 
- Delayed cholesterol absorption 

(536) 
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Table 3.5 Overview of genetic mouse models of Pnpla2 (continued). 

Genetic manipulation Phenotypes compared to WT (unless otherwise stated) References 
Ob/ob with Pnpla2 
overexpression 

- Normal body weight 
- Reduced hepatic TG content and FFA 
- Increased FA oxidation 

(537) 

aP2-Pnpla2 Tg (adipose-
specific overexpression) 

- Normal body weight and fat mass 
- Increased lipolysis, elevated energy expenditure 

(538) 

aP2-Pnpla2 Tg (adipose-
specific overexpression) 
on HFD 

- Leaner, resistant to diet-induced obesity, decreased adipocyte size, reduced TG content 
- Increased insulin sensitivity 

(538) 

Ckm (muscle creatine 
kinase)-ATGL Tg (skeletal 
muscle-specific 
overexpression) 

- Reduced intramyocellular TG content 
- Normal body weight, fat mass and muscle weight 
- Normal food intake and energy expenditure 
- Unaffected mitochondrial morphology and insulin response 

(535) 

AKO/cTg (Pnpla2-/- with 
cardiomyocyte-specific 
overexpression) on HFD 

- Resistant to diet induced obesity, reduced WAT mass 
- Hypophagia 
- Enlarged BAT 
- Improved insulin sensitivity 

(432) 

DAKO (adipose-specific 
Pnpla2-/- and Lipe-/-) 

- Developed liposarcomas 
- Severely reduced lipolysis 
- Hypothermia 
- WAT-like BAT 

(539) 

iDKO (intestine-specific 
Pnpla2-/- and Abhd5-/-) 

- Normal body weight and food intake 
- Normal faecal output and lipid composition 
- Increased intestinal lipid accumulation 
- Improved hepatic steatosis 

(540) 
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3.3 Materials and Methods 

 

3.3.1 Cell culture 

 

The 3T3-L1 preadipocytes were cultured and differentiated to mature adipocytes as described 

in 2.2.1 and 2.2.3, respectively. 

 

To investigate the expression profile of selected genes of interest during the course of 3T3-L1 

differentiation, cells were harvested when preadipocytes reached confluency (day -2), two 

days post-confluency (day 0), and every 3 days from day 0 until day 12 for mRNA and protein 

analysis. 

 

3.3.2 siRNA transfection 

 

Consecutive gene knockdown in 3T3-L1 cells was performed as described in 2.2.5. A list of 

commercially available siRNAs used in this study is shown in Appendix 3. Cells were either 

harvested on day 9 (second set of experiments) or day 10 (first set of experiments) to validate 

the knockdown efficacy. The ability to accumulate lipids in cells was assessed and the cells 

were either treated with basal or lipolytic medium for glycerol release assays on the same 

day. 

 

3.3.3 AdipoRed assay 

 

Differentiated 3T3-L1 adipocytes were washed in DPBS once and incubated with 0.5 ml 

medium containing 3% (v/v) AdipoRed Assay Reagent for 10 minutes in a 37°C incubator. 

Fluorescence of the AdipoRed stain as a quantification of lipid accumulation was measured 

by excitation at 485 nm and emission at 572 nm with an Infinite M1000 plate reader. 

Fluorescent images were taken using an EVOS Cell Imaging System. 
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3.3.4 Glycerol release assay 

 

3T3-L1 preadipocytes were differentiated to mature adipocytes until day 9 (second set of 

experiments) or day 10 (first set of experiments) and transfected with siRNA throughout the 

course of differentiation. Cells were serum starved and treated with either basal or lipolytic 

medium as described in 2.9.1. Supernatant (media) was collected for the glycerol release 

assay as described in 2.9.2. Glycerol release was normalised to total cellular protein and then 

further normalised to negative control (NC) siRNA-treated cells.  

 

3.3.5 Real-time quantitative PCR (qPCR) 

 

Cells were lysed in 350 µl RLT supplemented with 1% (v/v) b-mercaptoethanol and kept at -

80°C until all samples were collected for RNA extraction. Isolation of RNA and cDNA synthesis 

was performed as described in 2.3.1 and 2.3.2, respectively. cDNA was diluted and used as a 

template for qPCR to assess gene expression as described in 2.3.3. The primers used in this 

study are listed in Appendix 4. The mRNA expression of target genes was normalised to the 

expression of peptidyl-prolyl cis-trans isomerase A (also known as cyclophilin A, Ppia), a 

housekeeping gene. When studying the expression profile of all genes, the relative mRNA 

expression on specific days was further normalised to its corresponding expression level on 

day 0. Knockdown efficiencies for target genes were calculated as percent fold change in 

normalised mRNA expression relative to NC siRNA treated cells. 

 

3.3.6 Western blotting 

 

Cell lysates were prepared, and equal amounts subjected to SDS-PAGE followed by western 

blotting as described in 2.4.1 and 2.4.2. Details of antibodies used in this study are provided 

in Appendix 5. 
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3.4 Results 

 

3.4.1 Expression profiles of target genes 

 

To confirm that 3T3-L1 adipocytes are a valid cellular model for this study, I first aimed to 

verify expression of the genes of interest in these cells at different time points during the 

course of differentiation. The mRNA expression of target genes was assessed by qPCR, along 

with Pparg2 as a classical indicator of adipogenesis. As expected, Pparg2 expression was 

induced after the addition of differentiation cocktail at day 0 and continued to rise until day 

12 (Figure 3.3 A). Likewise, the mRNA expression of all selected genes also increased upon 

3T3-L1 differentiation except Calcrl, which was detected in both preadipocytes and 

adipocytes without substantial changes (Figure 3.3 A). Furthermore, Plin1 and Pde3b were 

highly expressed in mature adipocytes towards the end of the differentiation protocol, 

compared with Alk7 and Pnpla2 (Figure 3.3 A). The expression of Calcrl in adipocytes 

remained similar to that in preadipocytes (Figure 3.3 A). 

 

Protein expression at different stages during 3T3-L1 adipogenesis was validated by western 

blotting. As a marker for mature adipocytes, FABP4 expression was first detected on day 3 

and remained high when the experiment was terminated at day 12 (Figure 3.3 B). As shown 

in Figure 3.3 B, expression of PPARγ2 (top band) was observed from day 3 and peaked on day 

6, but gradually decreased until day 12. The same pattern was observed for ALK-7 (Figure 3.3 

B). Similarly, ATGL expression declined after day 6, when the expression was first detected 

(Figure 3.3 B). The protein expression of PLIN1 also revealed an upward trend from day 6 and 

kept increasing until day 12 (Figure 3.3 B). Expression of these target genes was universally 

undetectable in preadipocytes. Due to a lack of suitable antibodies against CALCRL and PDE3B, 

their protein expression could not be assessed by western blotting. Therefore, expression 

validation of these two targets was measured by qPCR alone in subsequent studies.  
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3.4.2 The effect of knockdown on adipocyte biology 

 

Having established the expression profile of all candidate genes in 3T3-L1 cells, the role of 

these genes in adipocyte biology was then investigated using a gene silencing approach. 



 114 

siRNA mediated knockdown was performed in confluent preadipocytes, as well as from the 

onset and throughout the course of differentiation until day 9 or day 10. The relative 

knockdown efficacy by individual siRNAs was determined by qPCR and western blotting. 

 

To assess the effect of knockdown on adipogenesis, accumulated neutral lipids in 3T3-L1 

adipocytes were stained with AdipoRed in order to visualise intracellular LDs. The expression 

of selected adipogenic markers was also determined as an indicator of differentiation capacity. 

As highlighted in the introduction, all of the target genes have been implicated in the 

regulation of intracellular lipolysis to at least some extent. Therefore, glycerol release was 

used as a measure of the lipolytic rate, in order to evaluate the impact of knockdown of these 

genes on lipolysis. In general, cells were treated with siRNA as described previously and 

lipolysis assays were performed on either day 9 or day 10, when differentiated adipocytes 

were incubated in the absence (basal) or presence (stimulated) of 10 µM isoproterenol.  

 

3.4.2.1 Alk7 

 

As illustrated in Figure 3.4 C, knockdown with siAlk7 proved to be efficient as measured by 

the mRNA expression. The level of Alk7 in siAlk7 treated cells was reduced to approximately 

10% of levels in NC siRNA treated cells. However, the residual Alk7 mRNA was sufficient to be 

translated into ALK-7 protein, which was still detected by western blotting, showing an 

approximately 55% reduction in ALK-7 protein expression compared to the control cells 

(Figure 3.4 E). 

 

After a series of siRNA treatments before and during the course of differentiation, no visible 

difference in lipid accumulation was observed between NC siRNA and siAlk7 treated cells 

according to AdipoRed staining (Figure 3.4 A). In line with findings from lipid accumulation, 

the mRNA expression of Pparg2 did not differ between the two groups (Figure 3.4 B). 

 

A glycerol release assay was performed in both cell groups in the absence or presence of 

isoproterenol. Approximately three- to five-fold increase of glycerol release was observed 

when cells were treated with isoproterenol, regardless of siRNA treatment (Figure 3.4 D). 

However, Alk7 knockdown cells showed reduced glycerol release levels in both basal and 
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stimulated conditions compared to NC siRNA treated cells, although the difference in 

isoproterenol stimulated cells did not reach statistical significance (Figure 3.4 D).  

 

Decreased glycerol release in cells transfected with siAlk7 is in keeping with the reduction of 

a subset of proteins involved in lipolysis (Figure 3.4 E). Phosphorylation of PLIN1 and HSL was 

lower in Alk7 knockdown cells than in control cells regardless of stimulation, although total 

expression of HSL did not seem to differ (Figure 3.4 E). However, the total expression of PLIN1 

upon isoproterenol stimulation appeared to be slightly lower in siAlk7 treated cells than that 

in the control cells (Figure 3.4 E). On the other hand, the expression of rate-limiting enzyme 

for lipolysis, ATGL, in siAlk7 treated cells remained similar to that in the control cells (Figure 

3.4 E). Additionally, the expression of adipogenic markers, such as PPARg and FABP4, was 

similar among all groups (Figure 3.4 E). 
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Previous studies have reported that mice lacking Alk7 displayed reduced fat accumulation 

after a high fat diet, as well as enhanced catecholamine sensitivity (277). Considering that the 

initial findings from the current experiments contradicted previous observations, a second 

attempt was made to re-examine the impact of silencing Alk7 expression on adipogenesis and 

lipolysis (Figure 3.5). 

 

In this set of experiments, the protein expression of ALK-7 was reduced dramatically by 

approximately 90% via repeated siRNA transfection, as shown in Figure 3.5 D. Unlike results 

from the previous experiments, lipid accumulation was now reduced in Alk7 depleted cells 

compared with NC siRNA treated cells as indicated by AdipoRed staining (Figure 3.5 A). 

Quantification of the lipid staining revealed that the fluorescent signals were nearly halved in 

Alk7 knockdown cells (Figure 3.5 B). Moreover, the expression of PPARg and FABP4 was also 

decreased reflecting a reduced differentiation capacity (Figure 3.5 D). Nevertheless, similar 

to what was observed in Figure 3.4 D, basal lipolysis was suppressed in siAlk7 treated cells 

and there seems to be a downward trend for glycerol release in response to lipolytic 

stimulation (Figure 3.5 C). Meanwhile, the expression of proteins involved in intracellular 

lipolysis, such as PLIN1, HSL and ATGL, were all reduced in cells treated with siAlk7 (Figure 3.5 

D). Similarly, phosphorylation of PLIN1 and HSL were both lower in siALK7 transfected cells 

than that in NC siRNA treated cells, regardless of lipolytic stimulation (Figure 3.5 D). 
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3.4.2.2 Calcrl 

 

As mentioned earlier, a suitable antibody to test the knockdown efficacy for CALCRL using 

western blotting was not found, but the mRNA expression of Calcrl was reduced by 

approximately 85% by siCalcrl transfection in 3T3-L1 cells (Figure 3.6 C). There was no visible 

difference in lipid accumulation between NC siRNA and siCalcrl treated cells, as assessed by 

AdipoRed staining (Figure 3.6 A). The analysis of Pparg2 mRNA expression also showed no 

significant difference between these two cell groups (Figure 3.6 B). 

 

The effect of Calcrl knockdown on lipolysis was also assessed by measuring glycerol released 

by cells in the culture medium. As indicated in Figure 3.6 D, reduced basal lipolysis was 

observed after depletion of Calcrl, however the difference in isoproterenol stimulated 

lipolysis was not statistically significant (Figure 3.6 D). Western blotting for ATGL consistently 

showed a slightly reduced expression in siCalcrl treated cells in both basal and isoproterenol 

stimulated conditions compared with cells transfected with NC siRNA (Figure 3.6 E). However, 

the expression of other proteins involved in lipolysis, such as PLIN1 and HSL, as well as their 

phosphorylated forms, did not appear to be different between NC siRNA and siCalcrl treated 

cells (Figure 3.6 E). 
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As listed in Table 3.2, mice with Calcrl depletion demonstrated reduced lipid absorption in the 

intestine, thus affecting body weight gain (459). In addition, the complex formed by CALCRL 

and RAMP is tightly coupled to Gs proteins to increase cellular cAMP production, which in turn 

activates a number of PKA substrates (541). Since the impact of ADM/CALCRL/RAMP on lipid 

metabolism is still unclear, the same knockdown experiment was repeated to re-examine the 

role of CALCRL in differentiated 3T3-L1 adipocytes. 

 

The knockdown efficiency of siCalcrl in 3T3-L1 cells in the second set of experiments improved 

to approximately 98% based on mRNA expression of Calcrl (Figure 3.7 C). In this case, lipid 

accumulation in Calcrl knockdown cells was dramatically diminished in contrast to my initial 

observations (Figure 3.7 A). As a result, quantification of AdipoRed fluorescence in cells 

transfected with siCalcrl was significantly reduced by approximately 65% compared to NC 

siRNA treated cells (Figure 3.7 B). Impaired differentiation was also accompanied by reduced 

expression of Pparg2 and FABP4 determined by qPCR and western blotting, respectively 

(Figure 3.7 D and F). Consistent with the results presented in Figure 3.6 D, both basal and 

stimulated lipolysis were significantly decreased in Calcrl knockdown cells compared to NC 

siRNA treated cells (Figure 3.7 E). Furthermore, the expression of proteins regulating lipolysis, 

including ATGL, PLIN1 and HSL, as well as the phosphorylation of PLIN1 and HSL, were 

downregulated in siCalcrl treated cells (Figure 3.7 F). 
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3.4.2.3 Plin1 

 

PLIN1 is well-known for its role in orchestrating both TG storage and mobilisation, therefore 

the hypothesis I wanted to test was that depletion of Plin1 before and during the course of 

differentiation of 3T3-L1 cells would affect adipogenesis as well as lipolysis. Gene knockdown 

by siPlin1 resulted in an approximately 90% reduction in the mRNA level, although PLIN1 

protein was still detectable by western blotting showing approximately 85% reduction (Figure 

3.8 D and F). 

 

Less lipid accumulation was observed in siPlin1 treated cells, which presented apparently 

smaller LDs (visually), as indicated in AdipoRed stained images (Figure 3.8 A). In addition, the 

mRNA expression of several adipogenic genes including PPARg2, adiponectin (Adipoq), leptin 

(Lep) and GLUT4 (Slc2a4) was also decreased (Figure 3.8 B and C). However, no difference in 

the protein expression of FABP4 was observed (Figure 3.8 F). 

 

As expected, when quantifying the glycerol release as an indicator for lipolysis, there was a 

significant increase in basal lipolysis but a decrease in isoproterenol stimulated lipolysis in 

Plin1 knockdown cells (Figure 3.8 E). Thus, these cells were noticeably less responsive to 

isoproterenol stimulation as a result of the elevated basal lipolysis, which is also indicated by 

reduced phosphorylation of PLIN1 (Figure 3.8 E and F). Due to the depletion of Plin1, ABHD5 

was presumably destabilised, leading to an observed reduction in its expression (Figure 3.8 

F). The expression of ATGL however was not changed compared with NC siRNA treated cells 

(Figure 3.8 F). There was less phosphorylated HSL in Plin1 deficient cells when stimulated with 

isoproterenol despite no change in total HSL expression (Figure 3.8 F). 
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3.4.2.4 Pde3b 

 

Repeated knockdown of Pde3b by siRNA in 3T3-L1 cells reduced the expression level of Pde3b 

mRNA by approximately 75% (Figure 3.9 C). Unfortunately, as mentioned earlier, knockdown 

efficacy could not be validated at a protein level due to the lack of a suitable antibody against 

PDE3B. 

 

There was no significant difference in Pparg2 mRNA expression between NC siRNA treated 

cells and siPde3b treated cells (Figure 3.9 B). Similarly, lipid accumulation assessed by 

AdipoRed staining did not show any visible difference (Figure 3.9 A). 

 

3T3-L1 adipocytes lacking Pde3b still responded to isoproterenol stimulation, which is 

indicated by more than two-fold induction of glycerol release compared to basal lipolysis 

(Figure 3.9 D). However, these cells showed no change in either basal or isoproterenol 

stimulated lipolysis when compared with NC siRNA treated cells (Figure 3.9 D). Western blot 

analysis for proteins involved in the process of lipolysis also indicated no differences upon 

Pde3b depletion (Figure 3.9 E).  
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3.4.2.5 Pnpla2 

 

Knockdown of Pnpla2 by siRNA proved to be effective in reducing the mRNA expression by 

approximately 90%, while the protein expression of ATGL was barely detectable by western 

blotting (Figure 3.10 C and E). There was no visible difference in lipid accumulation between 

NC siRNA treated cells and siPnpla2 treated cells, judging from the fluorescent images taken 

after AdipoRed staining (Figure 3.10 A). The mRNA expression of Pparg2, as well as the protein 

expression of PPARg and FABP4, did not show a significant difference following siPnpla2 

knockdown (Figure 3.10 B and E). 

 

Since ATGL is the rate-limiting enzyme in lipolysis and its role cannot be fully rescued by HSL, 

it is expected that the loss of ATGL by siPnpla2 treatment would cause a reduction in both 

basal and stimulated lipolysis (523). Indeed, siPnpla2 treated adipocytes showed severely 

impaired basal lipolysis, as well as a significant reduction in isoproterenol stimulated lipolysis 

(Figure 3.10 D). Along with attenuated glycerol release, total PLIN1 expression and 

phosphorylation of PLIN1 were also lower in these cells (Figure 3.10 E). Although total HSL 

expression did not differ, the phosphorylation of HSL was markedly reduced by Pnpla2 

knockdown in both the basal and stimulated states (Figure 3.10 E). 
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3.5 Discussion 

 

The main experimental approach described in this chapter was siRNA mediated mRNA 

knockdown in 3T3-L1 (pre)adipocytes. Transfection of individual siRNAs was performed in 

preadipocytes followed by consecutive siRNA knockdowns during the course of 3T3-L1 

differentiation, in order to maintain a high knockdown efficiency of target genes. 

Differentiated cells were either stained with AdipoRed as an indicator of lipid accumulation 

or subjected to glycerol release assays as a measure of lipolytic rates. The role of selected 

genes in the regulation of adipose biology will be discussed individually in the following 

sections. 

 

3.5.1 Alk7 

 

Previous studies have suggested that ALK-7 is specifically expressed in the late phases of 

adipogenesis but is not essential for adipocyte differentiation in mice (267, 448). As indicated 

by the expression profile in the current study, both mRNA and protein expression of ALK-7 

were induced upon 3T3-L1 differentiation, which is consistent with previous findings (267, 

448, 542). 

 

It has been reported that mouse Alk7 is involved in lipid storage as Alk7-null mice were 

protected from diet induced obesity (268, 277). Especially in fat-specific Alk7 KO mice, fat 

accumulation, as well as adipocyte size, were significantly reduced (277). Therefore, we 

anticipated that the adipogenic capacity in siAlk7 transfected 3T3-L1 cells would be reduced. 

However, the impact of Alk7 knockdown on 3T3-L1 adipogenesis was inconclusive in the 

current study due to the difference in results obtained from the two sets of experiments. One 

possible explanation would be the inconsistency in the knockdown efficacy, which improved 

to 90% reduction of ALK-7 protein expression in the second set of experiments from 55% in 

the first set. Therefore, a more striking phenotype was observed in the second set of 

knockdown assays showing reduced lipid accumulation in siAlk7 transfected adipocytes, 

resembling the phenotype observed in Alk7 KO mice (277). Although AdipoRed staining 
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indicates an overall reduced lipid accumulation in Alk7 knockdown cells, it did not provide any 

information as to the size of LDs per cell. Therefore, future experiments could be carried out 

to assess the impact of Alk7 knockdown on LD size in 3T3-L1 adipocytes, especially since LD 

size is known to influence the cellular balance between lipolysis and lipid storage. Decreased 

expression of adipogenic markers such as PPARg2 and FABP4 also implies an impaired 

differentiation in cells treated with siAlk7, this however is in conflict with previous reports 

where upregulation of PPARg2 was observed in Alk7 deficient obese mice (447, 448). Also, 

Yogosawa et al. demonstrated that stably transfecting 3T3-L1 adipocytes (day 5) with a 

constitutively active mutant of ALK-7 resulted in reduced expression of adipogenic markers 

PPARg2 and C/EBPa, although the effect on adipogenesis was not reported (448). The same 

study reported no difference in the expression levels of these transcription factors, when WT 

ALK-7 was overexpressed compared to empty vector control, suggesting that the WT ALK-7 

was inert in these 3T3-L1 adipocytes (448). The discrepancy between our result and theirs lies 

in the experimental conditions, as their gain-of-function analysis was performed in 

differentiating adipocytes while the loss-of-function in this study was carried out before the 

onset of differentiation. It could also be explained by the fact that the regulation of 

adipogenesis by affecting the expression of PPARg is exerted by many members of the TGF-b 

superfamily independent of ALK-7, which could potentially become activated/supressed to 

compensate for ALK-7 depletion (543). For example, it has been suggested that GDF-10 

secreted from 3T3-L1 cells inhibits adipogenesis by suppressing PPARg expression through 

binding with ALK-4/ACVR-IIB and activation of Smad2/3 signalling pathway (544, 545). On the 

other hand, PPARg has been shown to be activated by BMP4 via Smad1/5/8 signalling 

pathway in order to stimulated adipogenesis (546). It has recently been suggested that the 

Smad1/5/8 signalling pathways are activated to prime undifferentiated precursors for 

adipogenic commitment, while the Smad2/3 pathway suppresses preadipocyte proliferation 

in 3T3-L1 cells (547). However, as the exact mechanisms through which TGF-b superfamily 

members preferentially regulate adipogenesis remain largely unclear, further studies are 

required to examine which of these specific signalling pathway(s) regulating adipocyte 

development are activated or suppressed as a consequence of silencing Alk7 expression (543). 
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A technical concern when interpreting the data in this study was the difference in cell line 

passages used in the two separate sets of 3T3-L1 experiments. The 3T3-L1 cell line is an 

established cell model to study adipogenesis, but some researchers have reported waning of 

adipogenic potential when passaged extensively (548, 549). The passage numbers for cells 

used in the first set of experiments were 11, 13 and 15, while the cells used for the second 

were passaged at 24, 25 and 38. It is likely since the latest set of knockdown experiments 

were carried out in much later passages, the cells might have had a declined differentiation 

capacity. 

 

Nevertheless, Alk7 depletion reduced basal lipolysis in both sets of experiments, although it 

could be argued that the larger decrease in basal glycerol release in the second set of 

experiments reflect the already decreased lipid accumulation. There was also a similar 

downward trend of glycerol release following isoproterenol stimulation in both sets of assays, 

although both findings did not reach statistical significance. Previous studies have shown that 

mice lacking Alk7 displayed elevated basal and stimulated lipolysis when fed on a HFD (277). 

In line with enhanced adrenergic signalling, increased total and phosphorylated HSL was also 

observed in adipose-specific Alk7 KO mice, as well as phosphorylated PKA substrates upon 

stimulation (277). Similarly, obese mice carrying a loss of function ALK-7 (R322X) also 

displayed higher rate of lipolysis with increased expression of major lipases, such as ATGL and 

HSL (448). All evidence suggests that the phenotypic data obtained from Alk7 KO mouse 

studies cannot be replicated in our 3T3-L1 cell model. One of the members of the TGF-b 

superfamily activin B, which signals through ALK-7, has previously been shown to negatively 

regulate lipolysis in 3T3-L1 adipocytes (550). However, another type I receptor ALK-4, which 

has been shown to be expressed in human and mouse adipose tissue, is also considered to 

be activated by activin B (252, 268, 279, 551, 552). Therefore, it is possible that ALK-4 could 

compensate for the loss of ALK-7 under current experimental settings. Collectively, future 

studies are required to clarify the role of ALK-7 in adipocyte biology with cell culture models 

due to the complexity of multiple TGF-b signalling pathways. Additional studies may also need 

an Alk4 deficient background because of the functional overlap between the two. 
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3.5.2 Calcrl 

 

Calcrl was expressed in both preadipocytes and adipocytes, in line with previous studies 

which have shown that Calcrl is expressed in a variety of adipocyte cell lines, including 3T3-L1 

and 3T3-F442A mouse cell lines, as well as MK427 cells which were derived from rats (314, 

322, 461). Unlike the other genes of interest, the expression of Calcrl in 3T3-L1 decreased 

from day 0 to day 3 and then gradually returned to a similar level to preadipocytes by day 12. 

This U-shaped expression pattern of Calcrl has been reported by others, and a similar pattern 

was also observed for the expression and secretion of its ligand ADM in 3T3-L1 cells (461). 

Furthermore, during the differentiation of MK427 cells, the mRNA expression of Calcrl was 

lower on day 5 but higher on day 10 compared to day 1 (322). This might suggest a potential 

role of ADM, as well as CALCRL in adipogenesis. 

 

CALCRL has been proven to be essential for survival, and depletion of Calcrl in adult mice 

results in reduced body weight due to impaired lipid absorption in the intestine (457, 459, 

460). However, the role of CALCRL in adipocyte biology has not been established. Since the 

results from AdipoRed staining in my study were inconsistent, the function of CALCRL in 

adipogenesis in 3T3-L1 cells remains unclear. Previous studies have reported that ADM 

inhibits adipogenesis by reducing the expression of adipogenic transcription factors, such as 

PPARg2 and C/EBPa in 3T3-F442A cells, although whether the expression of CALCRL was also 

altered accordingly has not been reported (456). Furthermore, CALCRL also acts as a receptor 

component for other ligands (CGRP, ADM2), the roles of which in adipocyte differentiation 

have not yet been fully understood. Therefore, further studies will be necessary to dissect 

CALCRL mediated signalling transduction in 3T3-L1 cells. It should be noted that similar to the 

Alk7 knockdown experiments, the discrepancy in adipogenesis between the two sets of 

experiments in this study could be related to the use of two different passages of 3T3-L1 cells 

(548, 549).  

 

Even so, Calcrl knockdown resulted in a consistent reduction in basal glycerol release, albeit 

the significantly reduced lipid accumulation in the second set of experiments, could drive the 

observed decrease in lipolysis. As described in the introduction, CALCRL binds with RAMPs 

and functions to promote cAMP production when coupled with Gs proteins, which is the main 
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signalling pathways activated upon ligand binding in adipocytes (541, 553). However, the role 

of ligands in the regulation of lipolysis is controversial as it varies depending on the 

experimental conditions such as species, cell types and dosage (314, 322, 554). Lipolysis 

assays showed elevated glycerol release in human mesenchymal stem cell derived adipocytes 

when exposed to exogeneous CGRP or ADM (554). Similarly, increased cAMP levels and PKA 

mediated substrate phosphorylation by treatment with another ligand ADM2 was observed 

in rat adipocytes derived from stromal vascular cells isolated from SAT (469). Therefore, it 

was implied that the corresponding receptors for the calcitonin family peptides may be 

responsible for the reported effects (554). On the other hand, ADM has also been indicated 

in the inhibition of b-adrenergic stimulated lipolysis mediated by NO which oxidised 

isoproterenol to an inactive compound (314). Clearly the lipolysis data presented in this work 

are in agreement with findings from the majority of the previous reports and favour the 

theory that the lack of Calcrl in the pathway may fail to produce adequate cAMP, which could 

explain the observed reduction in lipolysis. Whether the NO pathway is also altered following 

the knockdown of Calcrl in 3T3-L1 adipocytes could be verified with future work by 

performing an intracellular cAMP assay or a NO production assay. Although the knockdown 

by siCalcrl seems to be efficient on the transcriptional level, the lack of information on the 

protein level may limit the interpretation of the current findings. 

 

3.5.3 Plin1 

 

PLIN1 is located on the surface of LDs and is well known for its fundamental role in the 

regulation of TG storage and mobilisation. It has been reported that Plin1 is a target gene of 

PPARg (555). Therefore, as expected the mRNA expression of Plin1 in 3T3-L1 cells was greatly 

induced upon differentiation, following a trend similar to Pparg2 expression. Although the 

protein expression of PPARg gradually decreased towards the late phase of 3T3-L1 

adipogenesis, PLIN1 expression on the other hand was stabilised by lipid storage, which is 

consistent with previous findings (556). 

 

Knocking down Plin1 before the onset, as well as throughout 3T3-L1 differentiation, resulted 

in diminished lipid accumulation. However, differentiation of adipocytes isolated from Plin1 
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null mice seemed to be normal (359). However, it has been described that instead of large 

LDs, stromovascular cells isolated from subcutaneous fat pads of Plin1 null mice accumulated 

tiny LDs when differentiated in vitro (485). These cells also showed a diminished capacity to 

fully differentiated into mature adipocytes and a significant reduction in the mRNA expression 

of adipogenic transcription factors such as Pparg and Cebps was observed in Plin1 null adipose 

tissue, which is in agreement with results from the current study (485). Although the exact 

mechanism by which Plin1 deficiency leads to reduced adipogenesis is not clear, there are 

suggestions that a positive feedback loop exists between SREBP1c (sterol regulatory element-

binding protein 1c) and PLIN1 during adipogenesis to promote TG synthesis, thus enhancing 

LD formation (484). SREBP1c is a transcription factor which is synthesised as a precursor in 

the ER membrane, it is then processed by proteases to release its active nuclear form in order 

to induce the expression of target genes that are involved in FA synthesis (484, 557). The 

nuclear form of SREBP1c was found to be decreased in Plin1 null adipose tissue and 

differentiated MEFs, which was restored by ectopic expression of PLIN1 (484). Therefore, 

disruption of PLIN1 expression may cause decreased SREBP1 activation, leading to reduced 

lipogenic gene expression (484). 

 

Depletion of Plin1 in 3T3-L1 cells led to elevated basal lipolysis while isoproterenol stimulated 

lipolysis was significantly reduced, which is expected since PLIN1 acts dually as a suppressor 

of basal lipolysis and as a substrate of PKA to stimulate lipolysis (359). In addition, the elevated 

basal lipolysis could also be an explanation for the reduced lipid accumulation observed. Lack 

of PLIN1 on the surface of LDs destabilises ABHD, which explains the reduced expression of 

ABHD5 in siPlin1 treated cells. This is consistent with what has been reported previously (351).  

 

3.5.4 Pde3b 

 

Consistent with findings from previous studies, the mRNA expression of Pde3b was indeed 

induced upon 3T3-L1 differentiation and remained stable until late stages of differentiation 

(501, 502). Meanwhile, it has also been shown that PDE3B activity correlated with its 

expression profile (502). Since no visible difference was observed in lipid accumulation and 

the expression of Pparg2 between NC siRNA and siPde3b treated cells, it suggests that 

differentiation of 3T3-L1 cells is independent of PDE3B. However, in contrast to the result 
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from the current study, knocking down PDE3B by siRNA in subcutaneous human 

preadipocytes has been reported to increase lipid accumulation assessed by AdipoRed 

staining, although no changes in the expression of adipogenic markers, PLIN1 and FABP4, was 

observed (512). The authors explained the phenotype by a shift of the lipogenesis/lipolysis 

ratio towards lipogenesis after PDE3B knockdown. However, the knockdown efficacy was not 

reported, which could possibly explain the discrepancy between our studies in lipid staining 

(512).  

 

The anti-lipolytic function of PDE3B is exerted by catalysing the breakdown of intracellular 

cAMP, therefore in theory PKA activities are downregulated leading to suppressed lipolysis. 

Silencing the expression of Pde3b in 3T3-L1 should result in cAMP accumulation leading to 

higher rates of lipolysis, however this is not what was observed in the current experiment. 

This was surprising as stimulated lipolysis has been shown to be enhanced in Pde3b KO 

compared to WT mice, as well as in adipocytes obtained from the KO mice, although no 

difference was observed for basal lipolysis (509). Our result is however in line with several in 

vitro studies using either a similar approach or by examining lipolytic rate in differentiated 

brown adipocytes isolated from Pde3b KO mice (558, 559). However, in vitro studies did 

report that insulin stimulated suppression of catecholamine induced lipolysis was partially 

impaired in 3T3-L1 adipocytes with Pde3b knockdown, as well as in Pde3b KO brown 

adipocytes (558, 559). Therefore, several attempts were made to introduce insulin in the 

glycerol release assay following repeated knockdown by siRNA. The results again showed no 

significant difference in the insulin suppression of lipolysis between NC siRNA and siPde3b 

treated cells (data not shown). However, this was largely due to the fact that inhibition of 

lipolysis with insulin in control cells itself was not consistent, thus further assays could be 

done to optimise the conditions in order to achieve reliable suppression with insulin. In 

addition, the assessment of knockdown efficacy at protein level was not possible in our study, 

while Stöckli et al. reported 94% reduction of PDE3B protein by siRNA mediated knockdown 

in 3T3-L1 adipocytes, resulting in a small but significant insulin stimulated reduction of 

catecholamine induced lipolysis (559). Therefore, it is necessary to improve knockdown 

efficiency and a suitable antibody is needed to confirm this. 
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3.5.5 Pnpla2 

 

As described in Chapter 1, the role of ATGL in TG mobilisation is well established. The mRNA 

expression of Pnpla2 was induced during the differentiation of 3T3-L1 cells, which is 

consistent with findings from previous reports (406). Unlike the mRNA expression profile, the 

protein expression of ATGL fell at the late stages of differentiation in the current experiments, 

concomitant with the expression of PPARg. This is expected as it has been shown that Pnpla2 

is a target gene of PPARg; both mRNA and protein expression of ATGL are positively regulated 

by PPARg in mature adipocytes (514, 515). Previous studies have shown that the transcription 

of Pnpla2 was also activated by the interaction between PPARg and transcription factor Sp1 

in differentiated adipocytes, while the latter alone acts as a repressor in 3T3-L1 preadipocytes 

when PPARg is absent (560). 

 

With regard to the role of ATGL in adipogenesis, results from the current study indicates that 

ATGL is dispensable for the differentiation of 3T3-L1 cells. However, one study has reported 

that differentiated 3T3-L1 cells with ATGL depletion manifested fewer small LDs than controls, 

although the size distribution of LDs per cell was not statistically analysed (561). As ATGL is 

the rate-limiting enzyme of lipolysis, glycerol release in cells treated with siPnpla2 was 

markedly decreased under basal and stimulated conditions, which is in agreement with what 

was observed from previous studies (407).
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3.6 Conclusion 

 

In summary, the results from siPlin1 or siPnpla2 treated cells confirmed their roles in 

regulating lipolysis in adipocytes. Knockdown of Alk7 or Calcrl in 3T3-L1 cells showed reduced 

basal lipolysis, although their function in adipogenesis requires further clarification. To 

improve the experimental consistency, we could use CRISPR to knockout Alk7 or Calcrl in 3T3-

L1 cells. As both ALK-7 and CALCRL function as receptors for multiple ligands which are 

involved in diverse signalling pathways, more work on how these receptors are altered in 

response to particular ligands is required. Reduced expression of Pde3b did not show any 

impact on 3T3-L1 adipogenesis or lipolysis in current experimental setting, which was 

unexpected as PDE3B is known to be involved in insulin mediated anti-lipolytic action. Further 

experiments could be performed to achieve more consistent depletion of Pde3b and insulin 

suppression of lipolysis, which are essential for phenotyping assays.  

 

Following on from the results described in this chapter, further functional characterisation for 

specific missense variants in ALK7, PNPLA2 and PLIN1 was carried out and will be discussed in 

the next two chapters. 
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4 Functional characterisation of PNPLA2 and ALK-7 missense 

variants associated with altered body fat distribution 

 

4.1 Abstract 

 

The adipogenic and lipolytic defects caused by knockdown of Pnpla2 and Alk7 in 3T3-L1 

adipocytes were reported in Chapter 3. This chapter will describe functional studies of rare 

nonsynonymous variants in PNPLA2 (p.N252K) and ALK7 (p.I195T and p.N150H) that are 

associated with altered waist-to-hip ratio (WHR), an anthropometric proxy measure for body 

fat distribution. 

 

The PNPLA2 variant is predicted to affect splicing so its mRNA expression level was examined 

in both homozygous WT allele and heterozygous mutant allele carriers. Quantification of 

PNPLA2 mRNA expression from PBMCs by qPCR revealed that the overall mRNA expression 

of PNPLA2 was reduced in heterozygous carriers. The PNPLA2 variant was initially 

characterised by overexpressing the mutant construct in COS-7 cells where it retained the 

ability to target LDs. Furthermore, the catalytic activity of PNPLA2 did not seem to be affected 

by the N252K mutation. 

 

In terms of the ALK-7 variants, a luciferase-based reporter assay was conducted in HEK293 

cells to reveal the impact of the ALK-7 variants in mediating Smad-dependent signal 

transduction. Data obtained from the activity assay suggest that the replacement of 

isoleucine with threonine at residue 195 in ALK-7 abolished the signalling transduction activity, 

while the mutation N150H seems, if anything, to elevate signalling activity even in the 

absence of ligand. 

 

4.2 Introduction 

 

4.2.1 Lipid droplet targeting of PNPLA2 
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As mentioned previously, PNPLA2 catalyses the first hydrolysis reaction of TG in the adipocyte 

lipolysis pathway. The intracellular localisation of PNPLA2, under basal conditions where the 

lipolytic rate is low, is generally cytosolic (412). Cytosolic PNPLA2 translocates to the surface 

of LDs upon stimulation, leading to the initiation of lipolysis (412). It has been acknowledged 

that the C-terminal region of PNPLA2, especially the hydrophobic stretch, is important for its 

localisation to LDs. However, truncation of the C-terminal region including the hydrophobic 

stretch of PNPLA2  did not completely abolish the ability of the truncated protein (aa 1 – 319) 

to bind LDs, indicating that the N-terminal region of PNPLA2 also contributes to LD targeting 

to some extent (419).  

 

4.2.2 Predicted functional impact of PNPLA2 variant 

 

We reported the association of a PNPLA2 variant p.N252K with lower BMI but higher WHR, 

as well as a higher risk of T2D and coronary artery disease (1). This rare variant has been 

reported by other researchers previously, where lower FFA levels were observed in the 

p.N252K carriers (521, 522). The asparagine residue at position 252 is located at the junction 

between the three-layer α/b/α sandwich and α-helical and loop regions of the protein (Figure 

4.1 A). This residue is highly conserved among orthologues while other residues are also 

observed in paralogous proteins (Figure 4.1 C) (1). The enzyme activity of the variant is 

predicted to be unaffected since the patatin domain would remain intact. However, the 

mutation in this variant (c.756C>G) occurs close to the conserved 5’ donor splice site, which 

is typically GU in pre-mRNA, suggesting that this variant could potentially affect splicing 

(Figure 4.1 B). Indeed, in silico prediction shows a higher chance of alternative splicing caused 

by the creation of an exonic splicing silencer site due to the nucleotide change (1). 
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4.2.3 Mechanisms of ALK-7 signalling 

 

As described in Chapter 1, ALK-7 is classified as a type I receptor kinase, which forms a 

heterotetramer with ACTR-IIB, a type II receptor kinase, for downstream signal transduction 

upon ligand binding (Figure 4.2). ACTR-IIB activates ALK-7 through phosphorylation in the GS 

domain of ALK-7, leading to a conformational change in ALK-7 that enables ATP binding and 

ALK-7 subsequently phosphorylates downstream R-Smads (246). Based on the preference of 

ligand/type I receptor kinase, Smad2/3 are phosphorylated by ALK-7 to initiate the canonical 

Smad signalling pathway (Figure 4.2) (246). Activated Smad2/3 form a heterooligomeric 

complex with Smad4, the resulting Smad complex translocates into the nucleus and interacts 

with DNA-binding co-factors to regulate the expression of a set of cell-specific genes (Figure 

4.2) (562). An 8-bp palindromic duplex sequence 5’-GTCTAGAC-3’ was originally identified as 

a high affinity binding site for Smad3 and Smad4 (563). It was later discovered that the GTCT 

motif or its complementary extended sequence CAGA is enough to be recognised by the 

Smads based on the crystal structures of N-terminal domains of Smad3 and Smad4 (562, 564). 

Therefore, GTCT or CAGA motifs are referred to as Smad-binding elements (SBEs) or a CAGA 

box (562, 565). Although low affinity binding of Smad complexes with single SBEs has been 

observed in vivo, most Smad-responsive promotor regions contain concatemers of multiple 

SBEs for higher and tighter binding affinity (566). In mature adipocytes, ALK-7 is reported to 

downregulate the expression of key adipogenic transcription factors PPARg and C/EBPa 

(Figure 4.2) (448). Smad signalling pathway has been shown to suppress PPARg expression, 

whereas downregulation of C/EBPa might be mediated by directly interaction with Smad 

complex although the exact mechanism is still unclear (448, 567, 568). 
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The Smad signalling pathway is ubiquitous and functions universally in response to the TGF-b 

superfamily (242). However, several alternative signalling pathways independent of Smads 

have been elucidated in a cell type-specific manner (242, 246). Studies have reported that 

ALK-7 activation can initiate several different non-Smad signalling pathways, for example via 

MEK (mitogen-activated protein kinase kinase)-ERK1/2 in the murine heart, or via MAPK-ERK 

and JNK in a rat pheochromocytoma cell line (281, 445). In addition, some Smad-independent 

pathways function in concert with the canonical Smad signalling pathways to promote TGF-b 
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superfamily responses (242). For example, ALK-7 induced apoptosis through the activation of 

MAPK and JNK via a Smad-dependent mechanism in hepatoma cell lines (446). 

 

4.2.4 Predicted functional impact of ALK-7 variants 

 

In agreement with our findings, two separate groups have identified the same variants in the 

ALK7 gene which are associated with reduced WHR and a lower risk of T2D (1, 18, 451). In 

silico software analysis and structural modelling predict that both variants p.I195T and 

p.N150H would impair the function of the gene (1, 18). Particularly the p.I195T variant, which 

shows a more deleterious functional consequence than p.N150H, appears to have a greater 

phenotypic impact on WHR and risk of T2D than p.N150H, indicating that the severity of the 

loss of ALK-7 function could potentially influence the magnitude of the alteration of body fat 

distribution and the protection from T2D (1, 18). 

 

The isoleucine at position 195 lies within a “hinge” between the GS and kinase domains 

(Figure 4.3 A). This residue is also tightly packed against both domains and is expected to be 

involved in the movement of the GS and kinase domain once ALK-7 is phosphorylated and 

activated (1). Since the side chain of I195 is buried in a hydrophobic environment, the effect 

of the change from a hydrophobic non-polar amino acid to a smaller polar residue could be 

striking. Besides, I195 is only occasionally replaced with another hydrophobic amino acid 

valine in the whole family of type I receptor kinases, indicating that this residue is highly 

conserved (Figure 4.3 B) (1). Replacement with threonine could ultimately disturb the kinase 

domain and affect the interaction with Smads, thereby abolishing its function as a receptor 

for extracellular signal transduction. On the contrary, the asparagine at position 150 resides 

in the linker region between the transmembrane and the GS domain (Figure 4.3 A). This 

residue, as well as this region, is poorly conserved among the members of the type I receptor 

kinase family, where other types of amino acids with hydrophobic side chains or electrically 

charged residues are observed (Figure 4.3 C). The substitution with histidine results in a bigger 

positively charged residue, hence the local conformation might be slightly destabilised. 

However, due to the lack of a modelling template, no definite prediction could be made 

regarding the functional impact of the p.N150H variant (1). 
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4.3 Materials and Methods 

 

4.3.1 Cloning strategy 

 

The pEYFP-C1 plasmids containing the sequence of wild type (WT) human PNPLA2 or the 

N252K variant were gifts from Prof Rudolf Zechner (University of Graz, Austria). Catalytically 

inactive mutants S47A with either WT or N252K background were generated by site-directed 

mutagenesis as described in 2.1.10. The set of primers are listed in Appendix 2. Sequences of 

all constructs were verified by Sanger sequencing as described in 2.1.11. Sequences were 

analysed against the PNPLA2 reference sequence (Transcript ID: ENST00000336615.9) 

obtained from Ensembl. 

 

ALK-7 constructs cloned in a pcDNA3.1 vector backbone, including WT, I195T, N150H, K222R 

(kinase defective mutant) and T194D (constitutively active mutant), were kind gifts from Dr 

Nuno Rocha (248, 260). The kinase defective mutant K222R has been shown to inhibit the 

kinase activity previously, while the constitutively active mutant T194D was able to enhance 

the transduction signalling activity without any ligand stimulation (248). Other ALK-7 

associated constructs, ACVR-IIB and CRIPTO, were also shared by Dr Nuno Rocha. The 

pGL4.48[luc2P/SBE/Hygro] vector and Renilla luciferase control reporter vector pRL-SV40 

vectors were purchased from Promega (USA). The empty pcDNA3.1 vector was used as a 

negative control compared to the ALK-7 constructs. 

 

4.3.2 Cell culture 

 

COS-7 and HEK293 cells were maintained as described in 2.2.1 to study the intracellular 

localisation of PNPLA2 constructs, and Smad signalling transduction activity via ALK-7, 

respectively. 

 

4.3.3 Transient transfection 
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COS-7 cells were seeded in 12-well tissue culture plates at a density of 60,000 cells per well 

and were transfected with 300 ng of plasmid DNA containing the PNPLA2 constructs using 

Lipofectamine LTX with PLUS Reagent according to the manufacturer’s manual the following 

day. After 4 hours of transfection, 400 µM oleic acid (BSA-conjugated) was added to the media 

for 20 hours to promote lipid droplet formation.  

 

HEK293 cells were seeded at a density 150,000 cells per well in a 24-well tissue culture plates 

pre-treated with poly-D-lysine. On the following day, medium was replaced with Opti-MEM I 

Reduced Serum medium and a total amount of 550 ng of plasmid DNA were used to transfect 

HEK293 cells using Lipofectamine 3000 Reagent following the manufacturer’s protocol. Opti-

MEM I Reduced Serum medium was then replaced with DMEM growth medium 6 hours post 

transfection. At 24 hours post transfection, cells were serum starved in serum-free DMEM 

medium for another 24 hours prior to Nodal stimulation. Recombinant human Nodal protein 

(R&D Systems, USA) was supplemented in the media to stimulate the cells at a concentration 

of 200 ng/ml for 24 hours. 

 

Stock solution of recombinant human Nodal protein (100 µg/ml) was prepared by 

reconstituting in 4 mM HCl containing 0.1% BSA according to the product datasheet. 

 

4.3.4 Dual-luciferase reporter assay 

 

Nodal stimulated, as well as non-stimulated HEK293 cells were washed once with DPBS, 

followed by an active lysis procedure, according to the manufacturer’s manual. Briefly, 125 µl 

of passive lysis buffer was added in each well and the cells were subjected to one cycle of a 

freeze-thaw process. Cell lysates were cleared of cell debris by centrifugation at 21,130 x g 

for one minute. 

 

The dual-luciferase reporter assay was performed following the manufacturer’s protocol. The 

assay was conducted in a 96-well plate format. In each assay, 20 µl of cleared supernatant 

was pre-dispensed, followed by sequential measurement of firefly and Renilla luciferase using 

a Tecan Spark 10M plate reader (Tecan, Switzerland). Firefly luciferase activity was 
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normalised for Renilla luciferase activity, and then further normalised with values from non-

stimulated cells transfected with empty pcDNA3.1 vector (EV). 

 

4.3.5 Real-time quantitative PCR (qPCR) 

 

Isolated PBMCs from participants in the Fenland study were used for PNPLA2 mRNA analysis, 

including 106 randomly selected homozygous WT C allele carriers and 26 heterozygous G 

allele carriers. The Fenland study is a population-based cohort study with more than 10,000 

participants recruited across Cambridgeshire in the UK at the beginning of 2005 

(https://www.mrc-epid.cam.ac.uk/research/studies/fenland/). PBMCs were isolated from 

these participants using Ficoll-Paque (VWR International, USA) density gradient 

centrifugation from 20 ml aliquots of whole blood with sodium citrate as an anticoagulant (1). 

Cells were then resuspended in 1 ml of KnockOut Serum Replacement media (Sigma-Aldrich, 

USA) in the presence of DMSO at a concentration of 1x107 cells per ml after a brief PBS wash 

(1). These cells were frozen in cryovials at -80°C and then transferred to liquid nitrogen for 

storage (1). 

 

Frozen PBMCs obtained from the MRC Epidemiology Unit were thawed rapidly by placing the 

cryovials in a 37°C water bath, and then transferred dropwise to a centrifuge tube containing 

9 ml of Roswell Park Memorial Institute 1640 medium (Sigma-Aldrich, USA) supplemented 

with 10% (v/v) FBS, 100 units/ml penicillin and 100 µg/ml streptomycin. The cell suspensions 

were spun down at 200 x g for 10 minutes at RT to remove DMSO. The PBMC pellets were 

lysed in 100 µl RLT Plus supplemented with 1% (v/v) b-mercaptoethanol and kept at -80°C 

until all samples were collected for RNA extraction. Isolation of RNA and cDNA synthesis was 

performed as described in 2.3.1 and 2.3.2, respectively. A total amount of 0.1 µg of RNA was 

reverse transcribed to cDNA and used as a template for qPCR to determine PNPLA2 gene 

expression as described in 2.3.3. The TaqMan gene expression assays used in this study have 

been listed in Appendix 4. The mRNA expression of PNPLA2 was normalised to expression of 

hypoxanthine-guanine phosphoribosyltransferase (HPRT1), a housekeeping gene, and then 

further normalised to WT controls. 
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4.3.6 Western blotting 

 

Protein samples were prepared as described in 2.4.1 and were subjected to SDS-PAGE 

followed by western blotting as described in 2.4.2. Details of antibodies used in this study are 

included in Appendix 5. 

 

4.3.7 Confocal microscopy 

 

Transfected COS-7 cells were fixed and stained with the HCS LipidTOX Deep Red Neutral Lipid 

Stain for lipid droplet staining and mounted with ProLong Gold Antifade Mountant with DAPI 

as described in 2.5.1. The intracellular localisation of PNPLA2 was determined using confocal 

microscopy as described in 2.6. In this study, DAPI was excited with a 405 nm laser and 

emission was detected between 420 and 460 nm. The fluorescence of YFP-tagged PNPLA2 

was excited with a 514 nm laser and emission was detected between 520 and 545 nm. 

LipidTOX Deep Red was excited with 633 nm and emission was detected between 640 and 

680 nm. Antibodies and fluorescent dyes used for immunofluorescence in this study are 

provided in Appendix 5. 
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4.4 Results 

 

4.4.1 Functional analysis of PNPLA2 p.N252K 

 

4.4.1.1 Gene expression of human PNPLA2 variant 

 

Given the possibility that the PNPLA2 p.N252K variant might affect splicing and thus trigger 

nonsense mediated mRNA decay, we began by checking the expression of PNPLA2 mRNA in 

human PBMCs. 

 

PBMCs taken from 106 homozygous carriers of WT C allele and 26 heterozygous carriers of 

variant G allele from the Fenland study were used to analyse the association between 

genotype and PNPLA2 gene expression. Total mRNA from PBMCs was extracted and qPCR 

analysis was performed. Figure 4.4 A shows that the overall expression level of PNPLA2 mRNA 

was approximately 20% lower in heterozygous carriers of the G allele (0.81±0.23) compared 

with individuals homozygous for the WT C allele (1.00±0.54). Comparison between the overall 

expression of PNPLA2 mRNA was also conducted after 4 sample outliers (2.479, 2.332, 2.590, 

and 5.081) were excluded from the WT group. Consequently, the overall expression level of 

PNPLA2 mRNA was only approximately 12% lower in heterozygous carriers of the G allele 

(0.88±0.25) than that in homozygous for the WT C allele (1.00±0.29), resulting in no statistical 

difference between the two groups (P = 0.0598) (data not shown). 
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4.4.1.2 The PNPLA2 variant is able to target lipid droplets 

 

To determine the intracellular localisation of the PNPLA2 variant, both YFP-tagged PNPLA2 

WT and N252K constructs were overexpressed in COS-7 cells loaded with oleic acid. Both 

constructs were found to be localised on lipid droplets by immunofluorescence microscopy 

(Figure 4.4 C). Although not formally quantified, the size of lipid droplets in cells positively 

transfected with either WT or N252K cells appeared to be smaller than in untransfected cells, 

suggesting that they were undergoing active lipolysis mediated by PNPLA2 (Figure 4.4 C). 

When S47A, a catalytically inactivating mutation was introduced to both WT and N252K 

PNPLA2 constructs, the size of lipid droplets was visually comparable to that of untransfected 

cells, suggesting that the alteration seen in lipid droplet size is likely related to the enzymatic 

activity of PNPLA2 (Figure 4.4 C). The expression levels of all PNPLA2 constructs were 

validated by western blotting analysis (Figure 4.4 B). 

 

4.4.1.3 Activity of the PNPLA2 variant 

 

Enzyme activity of the N252K variant was assessed in collaboration with the Zechner 

laboratory. The results are reviewed in the discussion section of this chapter. 
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4.4.2 ALK-7 mediated Smad signalling 

 

In order to reconstitute ALK-7 signalling in HEK293 cells, different pcDNA3.1 based ALK-7 

constructs listed in Table 4.1 were co-transfected into HEK293 cells with constructs encoding 

receptor components (ACVR-IIB and CRIPTO) along with firefly and Renilla luciferase reporter 

plasmids. After 48 hours of transfection, cells were stimulated with Nodal, a known ligand of 

ALK-7, for the dual-luciferase reporter assay. 

 
Table 4.1 Overview of ALK-7 co-transfection conditions. 

pcDNA3.1 construct Receptor components 

WT ACVR-IIB, CRIPTO, pGL4.48[luc2P/SBE/Hygro], pRL-SV40 

I195T ACVR-IIB, CRIPTO, pGL4.48[luc2P/SBE/Hygro], pRL-SV40 

N150H ACVR-IIB, CRIPTO, pGL4.48[luc2P/SBE/Hygro], pRL-SV40 

K222R ACVR-IIB, CRIPTO, pGL4.48[luc2P/SBE/Hygro], pRL-SV40 

T194D ACVR-IIB, CRIPTO, pGL4.48[luc2P/SBE/Hygro], pRL-SV40 

EV (empty vector) ACVR-IIB, CRIPTO, pGL4.48[luc2P/SBE/Hygro], pRL-SV40 

 

 

Overall, Nodal stimulation failed to induce luciferase activity compared to the basal state 

(Figure 4.5 A). As illustrated in Figure 4.5 A, HEK293 cells that were transfected with WT ALK-

7 and its receptor complex showed high basal luciferase activity (8.48±1.54), although this 

was comparable to the levels observed after stimulation with Nodal (8.25±1.62). However, 

luciferase activity in cells transfected with the EV construct showed much lower levels of 

luciferase activity, suggesting that activation was indeed due to the exogeneous expression 

of ALK-7 (1.00±0.86 at basal and 1.59±0.82 with Nodal) (Figure 4.5 A and B). As expected, the 

kinase defective construct K222R showed a substantial decrease in luciferase activity 

compared to the WT regardless of Nodal stimulation (basal 1.97±0.62 and stimulated 

3.16±0.35) (Figure 4.5 A). Due to the unexpected high basal luciferase activity observed in WT 

expressing cells, the constitutively active construct T194D did not appear to have significantly 

different activities compared to WT in both the basal (6.87±1.83) and Nodal-stimulated 

conditions (5.99±1.07) (Figure 4.5 A). Similarly to what was observed for T194D, basal 
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(9.91±1.45) as well as Nodal stimulated (10.06±2.23) luciferase activity was high in N150H 

expressing cells but not significantly different from that in the WT cells (Figure 4.5 A). On the 

other hand, I195T expressing cells showed substantially diminished luciferase activity 

compared to WT cells in both the non-stimulated (1.24±0.50) and Nodal stimulated 

(2.22±0.48) conditions (Figure 4.5 A). 

 

Interestingly, the expression levels of the various ALK-7 constructs were consistently different 

(n=3) (Figure 4.5 B). Western blotting against ALK-7 showed that the expression of WT ALK-7 

was lower than the constitutively active construct T194D, which had the highest expression 

level among all the constructs, while protein expression of the kinase defective construct, 

K222R, was barely detectable (Figure 4.5 B). Meanwhile, similar protein expression was 

observed between the two variants I195T and N150H (Figure 4.5 B). However, ALK-7 protein 

expression for individual constructs did not seem to differ between the non-stimulated and 

stimulated cells (Figure 4.5 B).  

 

As shown in Figure 4.5 B, the expression of total Smad2 appears to be comparable in all 

conditions. Moreover, phosphorylation of Smad2 was in general elevated upon Nodal 

stimulation in all genotypes, based on protein densitometric calculation of the p-Smad2 to 

total Smad2 ratio (p-Smad2/Smad2) (Figure 4.5 B and C). In fact, there was a two-fold 

induction of p-Smad2/Smad2 in EV expressing cells upon Nodal stimulation (2.00±0.48) 

compared to the basal state (1.00±0.40) (Figure 4.5 C). Overexpression of WT ALK-7 increased 

the level of p-Smad2/Smad2 even when cells were not stimulated (1.96±0.75), while 

treatment with Nodal further induced the p-Smad2/Smad2 levels by approximately 2.3-fold 

(4.50±2.16) (Figure 4.5 C). However, the differences between WT and EV in both conditions 

were not significant. The level of p-Smad2/Smad2 in K222R expressing cells exhibited a similar 

pattern to that seen in EV expressing cells (1.00±0.75 at basal and 2.22±0.73 when stimulated), 

which did not reach statistically significant difference either when compared with WT (Figure 

4.5 C). The constitutively active mutant T194D showed the highest p-Smad2/Smad2 levels in 

the absence (4.84±0.99), as well as in the presence of Nodal (6.86±2.48) (Figure 4.5 C). A slight 

but not significant increase of p-Smad2/Smad2 was observed in N150H expressing cells in the 

non-stimulated condition (3.22±0.70) compared to WT (Figure 4.5 C). However, the p-

Smad2/Smad2 levels in these cells upon Nodal stimulation (4.68±0.95) was comparable with 
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that in WT transfected cells (Figure 4.5 C). In contrast, p-Smad2/Smad2 in cells expressing 

I195T tended to be lower than WT in both non-stimulated (1.38±1.03) and stimulated 

(2.12±0.52) conditions, although the differences were not significant (Figure 4.5 C). 
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4.5 Discussion 
 
4.5.1 Reduced expression of PNPLA2 mRNA in carriers 
 
As described previously in the introduction, the nucleotide change from C to G at position 756 

occurs at position -2 near the 5’ donor splice site in exon 6 of the human PNPLA2 gene (Figure 

4.1 B) (1). This substitution is predicted to have a high likelihood of resulting in exon skipping 

(1). This in silico analysis led to the hypothesis that expression levels of PNPLA2 could 

potentially be affected in p.N252K carriers (1).  

 

PBMCs represent a set of blood cells, including lymphocytes and monocytes, with unique 

features that render them useful in disease prognosis and diagnosis (569, 570). Firstly, PBMCs 

carry distinctive transcriptomic signatures amongst individuals, which may function as 

biomarkers for diseases such as cancer (570, 571). It has been reported that on average more 

than 80% of genes expressed in a range of tissues, such as brain, heart and liver, are also 

expressed in the blood cells (570). These overlapping genes found in peripheral blood cells as 

well as in other tissues are not limited to housekeeping genes, but also include tissue-specific 

genes (570). In addition, some studies have demonstrated that alterations in gene expression 

patterns from PBMCs reflect changes in response to physiological and environmental cues, as 

well as dietary status (569, 570). It is also evident that there is a relationship between gene 

expression levels in PBMCs and the metabolic syndrome (572–574). Last but not least, 

peripheral blood can be collected easily and repeatedly with minimal discomfort or risk 

compared to other tissue biopsies, which are sometimes impractical to obtain (569–571). 

Considering that the MAF of PNPLA2 p.N252K is only 1.4%, PBMCs were therefore chosen to 

be utilised as a source to analyse overall PNPLA2 mRNA expression. qPCR data suggested that 

heterozygous G allele carriers indeed had approximately 20% lower mRNA expression of 

PNPLA2 on average compared to homozygous WT C allele participants. However, the 

difference in the overall expression of PNPLA2 mRNA between the two groups failed to 

remain significant after removing the outliers in the WT group (data not shown). Since the 

primers used in this assay were not designed to detect the G allele-specific mRNA expression 

in the carriers, the overall expression of PNPLA2 mRNA detected in the carriers could 

therefore potentially be driven by the WT C allele. A more relevant approach for quantitative 
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allele-specific expression analysis would be to amplify the region containing the mutated 

nucleotide with an allele-specific primer using PCR or qPCR (575, 576).  

 

Although reduced overall expression of PNPLA2 was observed in PBMCs obtained from 

carriers with the heterozygous G allele, it would still be interesting to investigate the 

association between PNPLA2 genotypes and expression levels specifically in adipose tissue 

where PNPLA2 is highly enriched. Lotta et al. analysed PNPLA2 mRNA expression in RNAseq 

data obtained from SAT of four unrelated female heterozygous G allele carriers recruited for 

the TwinsUK study (1). Interestingly the number of mutant reads was 21% lower than that of 

WT reads, and statistical analysis indicated a significant difference within three out of four 

individuals (1). To summarise, mutant G allele specific expression was indeed reduced in 

heterozygous carriers, this could potentially lead to lower PNPLA2 protein expression, and 

ultimately less LD-associated PNPLA2 to catalyse TG hydrolysis. Whether this phenotype is 

necessarily caused by alternative splicing will be discussed in the next section. 

 

4.5.2 The impact of substitution at PNPLA2 c.756C>G on RNA splicing 
 

So far it has been established that the overall expression of PNPLA2 mRNA is on average lower 

in carriers with a heterozygous G allele than homozygous C allele. The reduced expression 

level may be driven by alternative splicing due to its position near the splice junction in exon 

6 (1). Computational algorithms suggest that the mutation at c.756C>G may create a new 

exonic splicing silencer (ESS) motif and break an existing exonic splicing enhancer (ESE) motif 

(Figure 4.6) (577). 
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RNA splicing is a process that removes introns and ligates exons together from pre-mRNA to 

form mature mRNA. This process is involved in the assembly of a highly dynamic 

ribonucleoprotein complex termed the spliceosome, which consists of five small nuclear RNAs 

and a range of protein factors (578). It is a fundamental step in the post-transcriptional 

regulation of gene expression (578). Mutations that occur in or near splice sites can affect the 

pre-mRNA splicing pattern through cis-acting elements or trans-acting factors, resulting in 

alternative splicing (578, 579). The ESS and ESE are such regulatory sites located in the exons 

and function to suppress or promote splicing activity by binding with negatively or positively 

acting factors, respectively (578, 579). Taking PNPLA2 c.756C>G as an example, it is predicted 

to inhibit splicing activity leading to a higher probability of exon skipping (Figure 4.6). 

 

To identify any alternative transcripts caused by the PNPLA2 c.756C>G variant, 3’ RACE 

(abbreviated for rapid amplification of cDNA ends) followed by Sanger sequencing was 
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performed by Dr Koi Ni Lim, a postdoctoral fellow in our laboratory. Briefly, total mRNA was 

extracted from PBMCs obtained from carriers with both the homozygous C allele and the 

heterozygous G allele, and then reverse transcribed to cDNA using an oligo(dT) primer. Two 

rounds of nested PCR were conducted using gene-specific primers to amplify the 3’ end 

flanking the exons and the poly(A) tail (580). A final round of PCR was performed to amplify 

the fragment between exon 4 and 8 in order to capture all possible transcripts. These PCR 

products were then cloned into a TOPO cloning vector for propagation, and subsequently 

sequenced by Sanger sequencing. No evidence of exon skipping was observed in 

heterozygous G allele carriers (unpublished data). 

 

There are two conserved splice sites located in the 5’ (donor, GU) and 3’ (acceptor, AG) ends 

of the intron region, which are required for constitutive splicing (581). Any variations in these 

four splice sites would cause disruption to normal splicing (582). However, studies have 

suggested that sequences ±25bp from both splice junctions are also important, and single 

nucleotide substitutions associated with human genetic diseases occur more frequently near 

donor than acceptor splice sites (582–584). One study particularly focusing on the 

quantification of mutational intolerance for bases at ±10bp around splice sites has shown that 

nucleotide change at donor position -2 is tolerable, although A and C are preferred (581). This 

could possibly explain the absence of any detectable splicing defects in the heterozygous 

mutant carriers. 

 

So, for now the data does suggest that the PNPLA2 p.N252K variant reduces PNPLA2 mRNA 

expression in PBMCs and possibly in adipose tissue too, but the underlying mechanism as well 

as the impact on protein expression remain unknown. 

 

4.5.3 Localisation and enzymatic activity of the PNPLA2 N252K variant 
 

The intracellular localisation of the mutant PNPLA2 appeared to be unaffected. This is not 

surprising as the C-terminus, particularly the hydrophobic stretch, which is involved in LD 

targeting, is still intact in the N252K mutant. However, visualisation of LDs by lipid staining 

was limited by the enzymatic nature of PNPLA2, resulting in a reduction in the size of LDs in 

transfected cells. Therefore, a catalytically defective mutation, S47A, was introduced into 
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both WT and N252K constructs for better visualisation of PNPLA2 targeting on LDs. Indeed, 

they were both still found to be associated with LDs when overexpressed in COS-7 cells 

supplemented with oleic acid. The subcellular localisation of WT and S47A observed in this 

study is in agreement with previous findings from various cell lines (403, 410, 416, 585). 

 

As demonstrated in the work from Lotta et al., the PNPLA2 p.N252K variant is associated with 

higher TG and low-density lipoprotein-cholesterol levels, leading to an increased 

cardiometabolic risk in the general population (1). Although the mutation occurs immediately 

downstream of the three-layer α/b/α sandwich fold, the patatin domain which contains the 

catalytic dyad for its lipase activity, as well as its binding with co-factors, is not affected. 

Additionally, computational modelling has indicated that the amino acid change does not 

seem to cause destabilisation of the quaternary structure of the α/b/α sandwich fold (1). 

Therefore, the hypothesis is that the enzymatic activity may not be distinguishable between 

WT and N252K. Nevertheless, efforts were made to evaluate the impact of this variant on TG 

hydrolase activity in collaboration with Prof Rudolf Zechner. In brief, COS-7 cells 

overexpressing PNPLA2 constructs, both WT and N252K, were collected and incubated with 

either purified human ABHD5 or G0S2, in the presence of radiolabelled triolein as substrate 

(1, 586). Fatty acids were then extracted, and radioactivity was detected by a liquid 

scintillation counter (1, 586). As expected, radioactivity was greatly elevated when PNPLA2 

was incubated with ABHD5, and markedly suppressed by G0S2 (1). However, TG hydrolase 

activity of PNPLA2 did not show any differences between the WT and the N252K variant, 

regardless of the presence of its co-factors (1). This is consistent with what has been reported 

for this variant previously by Coassin et al. (521). 
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4.5.4 ALK-7 and Smad signalling 
 

ALK-7 has been implicated in a number of studies for its role as a type I receptor kinase for 

extracellular ligands, such as Nodal, activin B and GDF-3 (267–270). The design of my study 

was to use a firefly luciferase reporter gene activated by SBEs upon treatment with ligand as 

a readout to determine the functional consequences of the ALK-7 variants. Such bioassays 

using reporter genes, including luciferase and b-galactosidase, have been widely used to 

study signally pathways mediated by ALK-7 and its family members in diverse cell types (248, 

250, 268, 274, 445, 552). As set out in this experiment, a second reporter vector constitutively 

expressing Renilla was co-transfected with the firefly luciferase vector into HEK293 cells to 

serve as an internal control for any variations in transfection efficiency or cell viability (587). 

 

Importantly, it seems as if ALK-7 WT activates luciferase activity without any additional ligand 

stimulation, and treatment with Nodal did not further enhance the transcription driven by 

the activation of the SBEs. This mirrors the reporter activity in cells expressing the 

constitutively active ALK-7 mutant T194D. Theoretically, ligand binding is a prerequisite for 

activation of ALK-7 through phosphorylation by ACVR-IIB, the type II receptor kinase, thereby 

initiating downstream signalling. Therefore, we did not expect to observe such a high basal 

luciferase activity for WT compared to EV and K222R, the catalytically defective mutant. A 

similar phenomenon was also noticed by another PhD student in Prof Sir Stephen O’Rahilly’s 

laboratory. In their experiments in HepG2 cells, the luciferase activity of WT ALK-7 did not 

appear to respond to ligand stimulation due to high levels of luciferase activity in the non-

stimulated (basal) condition; a slight but statistically non-significant increase in luciferase 

activity was observed in WT cells treated with Nodal or GDF-3 (unpublished data). Both results 

contradict the findings from the majority of previous studies where luciferase activity in 

stimulated cells was induced by two- to six-fold, depending on the experimental cell type, 

compared to unstimulated cells (250, 268). However, the observed activation of WT ALK-7 in 

the basal state could be possibly explained by the co-transfection of CRIPTO, a coreceptor for 

Nodal. It has been suggested that CRIPTO potentiates ALK-7 and ALK-4 activation by Nodal, 

albeit it is prerequisite for signalling only in the latter case (274). However, in addition to its 

role as a coreceptor, other studies have suggested that CRIPTO itself can also function as a 
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secreted growth factor-like ligand and interact directly with ALK-7 (274, 588). Therefore, it is 

possible that the co-expression of CRIPTO might be enough to activate ALK-7 without any 

ligand stimulation, hence explaining the high level of luciferase activity obtained even when 

WT expressing cells were not stimulated. Another possibility for the unexpected high basal 

reporter activity is that HEK293 could be secreting other ligands that share the same ALK-7 

signalling pathways, such as activin B. 

 

Despite the unusual observation for HEK293 cells transfected with ALK-7 WT together with 

its signalling complex, luciferase activities for all relevant control constructs, such as K222R, 

T194D and EV, showed the expected signalling patterns, in line with previous studies (248, 

250). Interestingly, the luciferase activity data for the two ALK-7 variants, I195T and N150H, 

indicated very different effects on Nodal signalling. Consistent with in silico structural 

modelling predictions, I195T appeared to be a complete loss-of-function mutant following a 

similar signalling pattern to that of the catalytically defective K222R variant (1). On the other 

hand, the luciferase activity of N150H expressing cells was high regardless of Nodal 

stimulation and significantly increased compared to that of the constitutively active T194D 

expressing cells when stimulated, indicating a hyperactive kinase activity. As described 

previously, ALK-7 signalling has been implicated in lipid remodelling mediated by PPARg and 

C/EBPa in mature adipocytes, as loss of ALK-7 function results in elevated lipase levels (448). 

At least in an adipocyte cell line, data from my bioassays suggests that the loss-of-function 

variant I195T could potentially upregulate lipolysis, while lipolysis might be downregulated 

by the N150H variant. However, it is interesting to note that both variants have been shown 

to be associated with greater gluteo-femoral fat with protection from cardiometabolic 

disease in the general population (1). At this point, we do not have a clear explanation for 

these findings. 

 

Although the reporter assay conducted in this study utilised an internal control for 

normalisation, one can still argue that any differences observed in luciferase activity could 

result from differences in the protein expression levels of the ALK-7 constructs. It is true that 

T194D expression was substantially higher than K222R, which might explain the difference in 

luciferase activity. Indeed, missense mutations can sometimes alter the expression of the 

corresponding protein, resulting in the disruption of the protein function which may in turn 
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cause diseases. For example, a selection of missense mutations associated with chronic 

pancreatitis in the pancreatic secretory trypsin inhibitor (SPINK1) gene have been shown to 

cause significantly reduced or complete loss of protein expression (589). Nevertheless, 

comparable expression levels of I195T and N150H were observed, and yet signalling 

transduction activity was significantly different between the two. Therefore, the observed 

receptor activity of ALK-7 constructs is not solely determined by protein expression levels. 

Another factor to consider is post-translational modification of ALK-7 as phosphorylation in 

the GS domain is key for its activation upon ligand stimulation, although deactivation of ALK-

7 by dephosphorylation has never been described. However, dephosphorylation of ALK-5 has 

been reported to be mediated by Smad7, an inhibitory Smad, which recruits the catalytic 

subunit of protein phosphatase 1 and forms a complex in order to antagonize TGF-b signalling 

(590–592). Another consideration is the regulation of receptor stability, especially the 

internalisation of receptor complexes (593). Studies on TGF-b receptors have shown that the 

receptor complex can be internalised via clathrin-mediated endocytosis for sustained 

signalling and receptor complex recycling, or caveolin-positive lipid rafts for degradation via 

proteasomal and lysosomal pathways (591–593). Degradation of ALK-4 receptor complex 

through the lysosomal pathway to downregulate Nodal signalling has been reported, but it is 

still unclear whether ALK-7 activity is also modulated in a similar manner (594).  

 

Signalling through Nodal activates the receptor complex, which in turn triggers the 

phosphorylation of intracellular Smad proteins to relay the signals to the nucleus to control 

gene transcription (592). As a result, phosphorylation of Smad2 was examined as a 

downstream target of ALK-7 mediated Nodal signalling in this study. All ALK-7 constructs 

tested in the study displayed varying levels of basal Smad2 phosphorylation, the trend of 

which mirrored the observed luciferase activity in unstimulated cells. Treatment with Nodal 

increased the phosphorylation of Smad2 to various degrees, indicating that the intracellular 

signalling cascade was indeed initiated by extracellular ligand binding. However, it should be 

highlighted that p-Smad2 was also detected in negative control cells, which were only 

transfected with empty pcDNA3.1 vector along with other ALK-7 associated components. 

Furthermore, p-Smad2 in EV expressing cells was also further induced by Nodal stimulation, 

suggesting that there might be some other endogenous receptor complex present on the cell 

membrane for Nodal signal transduction. Currently the other known type I receptor for Nodal 
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is ALK-4, which interacts with CRIPTO and also pairs with ACVR-IIB upon Nodal binding to 

activate R-Smads (595). Additional experiments need to be performed to validate this 

hypothesis. 
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4.6 Conclusion 

 

In conclusion, the PNPLA2 N252K variant did not alter LD-targeting properties, or have any 

impact on the ability to hydrolyse TG in vitro compared to WT when overexpressed. It should 

be noted that these findings were obtained in vitro where the expression levels between WT 

and N252K variant were designed to be comparable, which may not be the case in vivo. 

Indeed, reduced mRNA expression of PNPLA2 was observed in carriers with the heterozygous 

G allele. As presented in the previous chapter, silencing endogenous Pnpla2 gene expression 

in 3T3-L1 adipocytes diminished basal and stimulated lipolysis. Taken together, these 

observations indicate that reduced PNPLA2 expression could potentially lead to impaired 

lipolytic activity in carriers with N252K. It is yet to be elucidated why reduced PNPLA2 mRNA 

expression was observed in carriers, if it did not result from exon skipping.  

 

To summarise the data generated from the dual-luciferase reporter assay for Nodal signalling 

mediated by ALK-7, it demonstrated that I195T impairs Smad signalling, while N150H possibly 

enhances it regardless of Nodal stimulation, when overexpressed with its associated receptor 

components in HEK293 cells. Additional work is required to improve the current experimental 

settings by identifying whether CRIPTO is the cause for the unexpected high basal luciferase 

activity, as well as verifying possible endogenous signalling pathways. Although this study 

provides some insight into the functional consequences of the ALK-7 variants, their 

association with the observed phenotypes in the general population requires further work. 

As carriers with either variant seem to present similar phenotypes such as larger hip 

circumference, future studies should perhaps focus on human cellular studies to investigate 

the depot-specific effects of ALK-7 mutations in the regulation of adipocyte biology (1).  
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5 Functional characterisation of a PLIN1 missense variant associated 
with altered body fat distribution 

 

5.1 Abstract 

 

The impact of Plin1 depletion in 3T3-L1 adipocytes on both adipogenesis and lipolysis has 

been described previously in Chapter 3. This chapter will focus on the functional analysis of 

the p.L90P PLIN1 variant. This variant is predicted to alter the interaction of PLIN1 with HSL, 

thus potentially affecting the regulation of lipolysis. Therefore, BiFC was performed to study 

the PLIN1-HSL interaction. The data suggested that the interaction of the variant L90P with 

HSL was enhanced compared to that of WT in the non-stimulated (basal) state. In order to 

further investigate the impact of L90P on adipocyte biology, MEFs derived from Plin1 null 

mice were stably transduced with lentiviruses expressing the PLIN1 WT and mutant. Lipid 

accumulation assessed by Oil Red O staining did not show any differences between WT and 

L90P expressing MEFs. However, glycerol and FFA release assays demonstrated a reduced 

lipolytic response to isoproterenol and IBMX stimulation in MEFs expressing the L90P mutant 

compared with the WT.  

 

5.2 Introduction 

 

5.2.1 The Tet-On system 

 

To study the adipogenic and lipogenic responses of the PLIN1 variant, either the WT or the 

L90P mutant were ectopically expressed in Plin1 KO MEFs which lack endogenous Plin1 

expression. In order to generate stable expression, an inducible lentiviral delivery system 

(pSLIK vector) was used (Figure 5.1) (596–599). It is a conditional tetracycline-based system 

where the tetracycline-response element (TRE) is only activated through binding with the 

reverse Tet transactivator (rtTA) in the presence of tetracycline, or its derivative doxycycline 

(Dox), to drive the expression of the gene of interest (Figure 5.1) (596, 600). Therefore, the 

activation and expression of the gene of interest can be tightly controlled by the 

concentration of Dox in the culture medium (601). 
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5.2.2 Lipid droplet targeting of PLIN1 

 

PLIN1 is a lipid droplet coat protein but the exact mechanism for PLIN1 to target LDs is not 

fully understood. As described in Chapter 1, it has been proposed that the N-terminal 11-mer 

repeat region of PLIN1 folds into amphipathic helices to position PLIN1 onto the surface of 

LDs (179). In addition to the initial LD sensing by the 11-mer repeat region, a more recent 

study suggests that the C-terminal 4-helix bundle domain unfolds and stabilises PLIN1 

association with LDs (602). 

 

5.2.3 PLIN1 as a gatekeeper for intracellular lipolysis 

 

As a key regulator of lipid metabolism in adipocytes, PLIN1 resides on the surface of LDs to 

serve as a protective barrier restricting the access of lipases to suppress basal lipolysis, as well 

as a recruitment site for lipases to augment stimulated lipolysis (603). The switch between its 

dual roles is mediated by cAMP-dependent PKA phosphorylation (Figure 5.2). In the “basal” 

or “fed” state, the C-terminus of unphosphorylated PLIN1 sequesters the key lipolysis 

regulator ABHD5, so that it cannot interact with or activate ATGL (349, 350, 604). Upon b-

adrenergic stimulation or in a “fasted” state, PKA phosphorylates PLIN1 at S492 (S517 in 

murine PLIN1), which in turn rapidly releases ABHD5 to activate ATGL and initiate lipolysis to 
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convert TG into DG (351). Meanwhile, the phosphorylation of murine ABHD5 at S239 (S237 

in human) by PKA facilitates the dispersion of ABHD5 from PLIN1 and increases the availability 

of ABHD5 for ATGL activation (604). On the other hand, phosphorylation of PLIN1 in the N-

terminus PAT domain is essential for HSL binding and the conversion of ATGL-derived DGs 

into MGs (185, 342). Furthermore, PKA also phosphorylates HSL at S563 in rats 

(corresponding to human S552) which promotes the translocation of HSL from the cytosol to 

the surface of PLIN1-coated LDs, while phosphorylation at S659 and S660 (equivalent to 

human S649 and S650) of HSL are involved in the activation of its enzymatic activity (605–

607). 

 

 

 
 

 

5.2.4 Predicted functional impact of the PLIN1 variant 
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The mutated leucine residue (L90) lies in the highly conserved PAT domain of PLIN1, which 

provides a binding site for HSL (Figure 5.3 A). Sequence alignment shows that leucine at 

position 90 is conserved in mammals but can occasionally be replaced by tyrosine in other 

perilipin proteins (Figure 5.3 B). Since the leucine residue is located within a predicted a-helix, 

the substitution with proline could introduce a sharp bend due to the missing hydrogen bond, 

thus disturbing the helix (Figure 5.3 C) (1, 608). Furthermore, as this residue lies in the vicinity 

of the conserved S81, which is phosphorylated in order to interact with HSL, this mutation 

could potentially affect intracellular lipolysis by altering the interaction of PLIN1 and HSL (1). 
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5.3 Materials and Methods 

 

5.3.1 Cloning strategy 

 

To study the protein-protein interaction between PLIN1 and HSL by bimolecular fluorescence 

complementation (BiFC), full length YFP was split into two fragments, Yc and Yn, which were 

tagged to produce pcDNA3.1-myc-PLIN1-Yc and pcDNA3.1-Yn-HSL, respectively. Both 

constructs were generated by Dr Wei Yang, a previous PhD student in the laboratory. The 

L90P variant was introduced by site-directed mutagenesis as described in 2.1.10, the 

construct was then subcloned into the same vector backbone using EcoRV and NotI restriction 

sites. The set of primers used is listed in Appendix 2. 

 

For generation of the inducible Plin1 KO MEF stable cell line, both WT and L90P versions of 

myc-PLIN1 were amplified by PCR from pcDNA3.1-myc-PLIN1-Yc and pcDNA3.1-myc-PLIN1-

L90P-Yc, respectively. The sequences of the primers are provided in Appendix 1. The 

sequences were cloned into the entry vector pEN-Tmcs using BcuI and NotI restriction sites. 

The expression cassettes were then subcloned into the pSLIK-Hygro lentiviral vector by site-

specific recombination using Gateway LR Clonase II Enzyme mix (Thermo Fisher Scientific, USA) 

according to the guide from the manufacturer. Lentiviruses stably expressing EGFP were also 

transduced in Plin1 KO MEFs and served as a negative control.  

 

All clones were confirmed by Sanger sequencing against the PLIN1 reference sequence 

(Transcript ID: ENST00000300055.10) obtained from Ensembl. 

 

5.3.2 Cell culture 

 

The 3T3-L1 preadipocytes were maintained as described in 2.2.1. MEF cells were cultured and 

differentiated into mature adipocytes as described in 2.2.1 and 2.2.3, respectively. 
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5.3.3 Transient transfection 

 

As described in 2.5.2, 3T3-L1 preadipocytes were seeded in 12-well tissue culture plates at a 

density of 50,000 cells per well. The following day, cells were transfected with 1 µg of plasmid 

DNA in total containing equal amounts of pcDNA3.1-myc-PLIN1-Yc (WT or L90P) and 

pcDNA3.1-Yn-HSL, using Lipofectamine LTX with PLUS Reagent according to the 

manufacturer’s manual. 

 

5.3.4 MEF stable cell line generation 

 

To characterise the adipogenic and lipolytic functions of the PLIN1 variant, the Plin1 KO MEF 

cell line was employed to generate PLIN1 WT and L90P overexpressing stable cell lines as 

described in 2.2.6. Positively transduced MEF cells were selected using 200 µg/ml hygromycin. 

The expression of the gene of interest was induced by Dox administration. To determine the 

final concentration of Dox required in the media in order to achieve a comparable expression 

level between WT and L90P, a range of Dox concentrations was tested. Both mRNA and 

protein expression of PLIN1 were assessed. Dox at a concentration of 150 ng/ml was selected 

for WT, and 1000 ng/ml for L90P or EGFP. 

 

5.3.5 Oil Red O assay 

 

Stably transduced Plin1 KO MEF cells were differentiated into mature adipocytes and 

subjected to Oil Red O staining to quantify intracellular lipid accumulation as described in 

2.2.10. The whole wells were scanned by an Epson V550 scanner and individual images were 

taken by a DP20 digital camera connected to an Olympus CKX41 inverted microscope. 

 

5.3.6 Glycerol release assay 

 

MEF cells stably expressing EGFP, PLIN1 WT or L90P were differentiated into mature 

adipocytes until day 9. Protein expression was induced from day 3 onwards by adding Dox, 

which was then replaced every 24 hours. Cells were serum starved and treated with either 
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basal or lipolytic medium as described in 2.9.1. Medium was collected for the glycerol release 

assay as described in 2.9.2. Meanwhile, 50 µl of medium from each stable cell line under both 

non-stimulated and stimulated conditions was sent to the Core Biochemical Assay Laboratory 

(Cambridge, UK) for a FFA assay. Glycerol or FFA release was normalised to the total protein 

amount or lipid content and then further normalised from non-stimulated WT cells.  

 

5.3.7 Real-time quantitative PCR (qPCR) 

 

Differentiated MEF adipocytes were lysed in 350 µl RLT supplemented with 1% (v/v) b-

mercaptoethanol and kept at -80°C until RNA extraction commenced. Isolation of RNA and 

cDNA synthesis were performed as described in 2.3.1 and 2.3.2, respectively. cDNA was 

diluted and used as the template for qPCR to determine gene expression at a transcription 

level as described in 2.3.3. The primers used in this study are listed in the Appendix 4. The 

mRNA expression of PLIN1 was normalised to beta-2-microglobulin (B2m) housekeeping gene 

expression level, and further normalised to WT plus Dox. 

 

5.3.8 Western blotting 

 

Protein samples were prepared as described in 2.4.1 and were subjected to SDS-PAGE 

followed by transfer onto a nitrocellulose membrane as described in 2.4.2. Western blotting 

was performed as described in 2.4.2. Details of antibodies used in this study are listed in the 

Appendix 5. 

 

5.3.9 Biomolecular fluorescence complementation (BiFC) 

 

BiFC experiments were performed in 3T3-L1 preadipocytes as described in 2.5.2 and 5.2.3. 

Fluorescence intensities were quantified as described in 2.7. The total intensity of YFP 

fluorescence was normalised to the total myc intensity and then further normalised to non-

stimulated PLIN1 WT control cells. To establish the specificity of the observed BiFC signals, a 

negative control was included in each experiment. This was achieved by mutating both serine 
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residues in human PLIN1 (S81 and S277) to alanine (S81/277A, generated by Dr Wei Yang) to 

abolish the phosphorylation at these sites, thus eliminating the interaction with HSL.  

 

5.3.10 Confocal microscopy 

 

For BiFC, transfected 3T3-L1 preadipocytes were fixed and permeabilised as described in 2.5.1. 

Cells were then stained with an anti-myc antibody (Millipore, USA), followed by secondary 

antibody incubation with goat anti-mouse Alexa Fluor 405 (Thermo Fisher Scientific, USA). 

Lipid droplets were stained with the HCS LipidTOX Deep Red Neutral Lipid Stain as described 

in 2.5.1. Fluorescence of myc-tagged PLIN1 was excited at 405 nm and emission was detected 

between 420 and 460 nm. The yellow fluorescence for BiFC signal was excited at 514 nm and 

emission was detected between 520 and 560 nm. 

 

To characterise Plin1 KO MEF cells, WT MEFs were cultured alongside KO MEFs and seeded in 

12-well tissue culture plates. MEFs were differentiated, fixed and permeabilised on day 9 as 

described previously in section 2.2.3. Cells were then incubated with an anti-PLIN1 primary 

antibody (Cell Signalling Technology, USA), followed by incubation with goat anti-mouse Alexa 

Fluro 647 on the following day. Lipid droplets were stained by BODIPY 493/503 (Thermo 

Fisher Scientific, USA) before mounting. PLIN1 was detected by excitation at 647 nm and 

emission detected between 650 and 690 nm. BODIPY 493/503 was excited at 493 nm and 

detected between 505 and 525 nm. 

 

Plin1 KO MEFs overexpressing EGFP, PLIN1 WT or L90P following Dox induction were either 

differentiated into adipocytes or loaded with 400 µM oleic acid as preadipocytes. EGFP 

expressing stable MEF cells were then fixed, while MEFs stably overexpressing either PLIN1 

WT or L90P were fixed and permeabilised, as described in 2.5.1. PLIN1 overexpressing cells 

were then stained with an anti-myc antibody (Millipore, USA), followed by goat anti-mouse 

Alexa Fluor 488 antibody (Thermo Fisher Scientific, USA). Lipid droplets in all MEF cells were 

stained with HCS LipidTOX Deep Red Neutral Lipid Stain and mounted as described in 2.5.1. 

EGFP and myc-tagged PLIN1 were detected by excitation at 488 nm; emission of the former 

was detected between 490 and 530 nm, and the latter was between 510 and 530 nm. 3D 

images were acquired as described in 2.6. 
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In all cases, DAPI was excited at 405 nm with emission detected between 420 and 460 nm and 

LipidTox Deep Red Neutral Lipid Stain was excited at 633 nm with emission detected between 

640 and 680 nm. 

 

Antibodies and fluorescent dyes used for immunofluorescence in this study are listed in 

Appendix 5.  

 

5.3.11 Lipid droplet size measurement 

 

The size of lipid droplets in stably transduced Plin1 KO MEF preadipocytes was measured. 

Cells were seeded into 12-well tissue culture plates and cultured until they have reached 

approximately 70% confluency. Cells were then loaded with 400 µM oleic acid, followed by 

treatment with or without Dox for 24 hours. On the following day, cells were fixed and stained 

for confocal microscopy as described previously. 3D images were taken, and the volume of 

LDs was measured using Imaris x64 9.2.1 software as described in 2.7. An average of 400 LDs 

from WT or L90P cells were measured in each experiment.
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5.4 Results 

 

5.4.1 Interaction of PLIN1 and HSL 

 

As described in the introduction, the mutation site L90 is located close to a conserved 

phosphorylation site S81, which is believed to be involved in the interaction with HSL. 

Therefore, to assess the interaction between PLIN1 and HSL under both non-stimulated and 

stimulated conditions, PLIN1 and HSL were fused with non-fluorescent split fragments of YFP 

and co-transfected into 3T3-L1 preadipocytes. Their interaction would facilitate the 

association of the YFP fragments to form a functional YFP, which could be visualised by 

confocal microscopy. 

 

Firstly, Figure 5.4 A shows that both WT and L90P were localised on the surface of LDs, based 

on the staining of myc tag of PLIN1 constructs. Secondly, BiFC signals were also detected, 

indicating that both constructs were able to interact with HSL on the surface of LDs (Figure 

5.4 A). The intensity of BiFC signals was quantified and normalised to PLIN1 expression, which 

was assessed by myc intensity. Figure 5.4 B demonstrates that detected BiFC signals were 

induced by approximately two-fold when Yn-HSL was co-expressed with myc-PLIN1-L90P-Yc 

than with WT myc-PLIN1-Yc in the basal state. However, this difference in BiFC intensity in 

L90P compared to WT was smaller when cells were stimulated with isoproterenol and IBMX 

(Figure 5.4 B). In fact, stimulation tended to reduce, rather than enhance, the BiFC signals in 

both genotypes by approximately 50% (Figure 5.4 B). The protein expression of PLIN1 was 

validated by probing the immunoblot with an anti-myc antibody, which does not show any 

differences in the level of expression between WT and L90P (Figure 5.4 C). Similar expression 

levels of HSL were also observed, and phosphorylation of PLIN1 and HSL were both 

upregulated following lipolytic stimulation (Figure 5.4 C). 
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5.4.2 Characterisation of the Plin1 KO MEF cell line 

 

To determine the differentiation potential of Plin1 KO MEFs, cells were seeded into 12-well 

tissue culture plate for differentiation as described previously. As a positive control, WT MEFs 

frozen by Dr Kristina Kozusko, a former PhD student in the laboratory, were thawed and 

cultured at the same time. 

 

Both WT and KO MEFs were able to accumulate lipids when cells were differentiated, despite 

the fact that Plin1 had been depleted in the KO MEFs (Figure 5.5 A). This is because the KO 

MEF cell line has been stably transfected with retrovirus expressing mouse PPARg to drive 

adipogenesis (Figure 5.5 B) (435). The absence of PLIN1 in KO MEFs was verified by 

immunofluorescence microscopy (Figure 5.5 A). In WT MEFs, PLIN1 was observed coating the 

surface of LDs, while no fluorescent signal corresponding to PLIN1 was detected in Plin1 KO 

MEFs (Figure 5.5 A). Western blotting against PLIN1 further confirmed that the KO MEF cell 

line was indeed lacking endogenous PLIN1 expression (Figure 5.5 B). 
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5.4.3 Generation of Plin1 KO MEFs stably expressing the PLIN1 variant 

 

Having established the differentiation capacity of MEFs derived from Plin1 null mice, stable 

cell lines expressing PLIN1 constructs were generated. In order to study the function of the 

PLIN1 L90P variant in adipocyte biology, Plin1 KO MEFs were lentivirally transduced with EGFP 

or PLIN1 constructs and then differentiated into mature adipocytes. Dox was added from the 

third day throughout the course of differentiation to maintain a sustained expression of EGFP, 

PLIN1 WT or L90P (Figure 5.6 A). The expression of PLIN1 induced by Dox addition was 

confirmed by qPCR and western blotting as indicated in Figure 5.6 B and D, respectively. 

Compared to cells without Dox addition, PLIN1 expression was significantly induced in the 
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presence of Dox (Figure 5.6 B). However notably, MEFs stably transduced with L90P seemed 

to have significantly higher mRNA expression of PLIN1 than that from WT expressing cells 

(Figure 5.6 B). In contrast, protein expression of the L90P mutant was reduced to 

approximately 80% of what was detected in WT expressing cells quantified by protein 

densitometry (Figure 5.6 D and E). However, this finding did not reach statistical significance. 

As expected, mRNA expression of PLIN1 was undetectable in control MEFs stably expressing 

EGFP regardless of Dox administration (Figure 5.6 B). 

 

Historically, MEFs lacking Plin1 have been transduced with PPARg by retroviruses to drive the 

progression of adipogenesis (435). The differentiation potential of Plin1 KO MEFs was 

validated in the previous section. MEFs stably expressing EGFP, PLIN1 WT or L90P retained 

differentiation potential, as shown by Pparg2 mRNA expression by qPCR in Figure 5.6 C, as 

well as protein expression by western blotting in Figure 5.6 D. 
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5.4.4 Intracellular localisation of PLIN1 variant 

 

As described previously, the PLIN1 constructs overexpressed in oleic acid-loaded 3T3-L1 

preadipocytes were localised on the surface of LDs. To determine whether a similar 

localisation can be observed in lentiviral transduced MEF stable cell lines, these cells were 

differentiated using the same protocol as illustrated in Figure 5.6 A, fixed and stained for 

immunofluorescence microscopy. As shown in Figure 5.7, all stable MEF lines were able to 

differentiate and accumulate lipids irrespective of Dox conditions. The expression of PLIN1 or 

EGFP was evidently induced by Dox addition (Figure 5.7). Both WT and the L90P variant were 

able to localise to LDs, while EGFP appeared to be diffused in cells (Figure 5.7).  
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5.4.5 Adipogenesis of Plin1 KO MEFs stably expressing PLIN1 variant 

 

To investigate the impact of PLIN1 WT and the L90P variant on adipogenesis, all Plin1 KO MEF 

stable cell lines were differentiated in the absence or presence of Dox from day 3 as described 

previously. Lipid accumulation was assessed by Oil Red O staining (Figure 5.8 A and B). 

Quantification of Oil Red O staining suggests the induction of PLIN1 expression by Dox, 

regardless of its genotype, markedly promoted lipid accumulation compared to EGFP (Figure 

5.8 C). Lipid accumulation was not significantly different between WT and L90P in this 

condition (Figure 5.8 C). While a significant increase in lipid accumulation was observed in 

PLIN1 expressing MEFs induced by Dox compared to minus Dox, this phenomenon was 

however not observed in EGFP stable cell lines (Figure 5.8 D).  
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5.4.6 Lipid droplet size in Plin1 KO MEFs stably expressing PLIN1 variant 

 

To investigate the impact of the L90P mutation on the regulation of LD size, undifferentiated 

MEFs were loaded with oleic acid prior to the induction of protein expression by Dox. 

Quantification of lipid droplet size was performed in preadipocytes 24 hours post Dox 

induction. As demonstrated in Figure 5.9 A, both WT and L90P specifically targeted LDs, while 

EGFP did not. Analysis of lipid droplet size distribution showed no difference between WT and 

L90P expressing preadipocytes (Figure 5.9 B). However, a statistically significant larger 

proportion of small LDs with a volume less than 1 µm3 was observed in EGFP positive 

preadipocytes, indicating that EGFP failed to promote lipid accumulation (Figure 5.9 B). At the 

same timepoint, western blotting showed an increase in protein expression when PLIN1-

expressing preadipocytes were exposed to media containing oleic acid (Figure 5.9 C).  
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5.4.7 Lipolysis of Plin1 KO MEFs stably expressing PLIN1 variant 

 

To determine the impact of the L90P mutant on intracellular lipolysis, the rate of lipolysis was 

assessed by the quantification of glycerol as well as FFA released into the medium from 

differentiated MEF stable cell lines. When normalised to total protein amount, MEFs stably 

expressing WT and L90P showed elevated basal lipolysis, measured by glycerol and FFA, 

compared to EGFP, which is unexpected as introducing PLIN1 to Plin1 KO MEFs should inhibit 

basal lipolysis (Figure 5.10 A and C) (435). Isoproterenol and IBMX stimulated glycerol release 

was markedly induced in WT expressing MEFs, but tended to be lower in L90P (Figure 5.10 A). 

This difference between WT and L90P expressing MEFs was significant when expressed as 

fold change of the ‘stimulated’ versus ‘basal’ states (Figure 5.10 B). The data from FFA analysis 

showed a substantial increase of FFA release from PLIN1 expressing MEFs upon lipolytic 

stimulation, although significantly less FFA was released from L90P than that from WT 

expressing MEFs (Figure 5.10 C). With regard to the ability of stable MEFs to respond to 

isoproterenol and IBMX stimulation, both datasets indicated a potent response in PLIN1 

expressing MEFs, while L90P showed less fold induction than WT (Figure 5.10 B and D). 

 



 189 

 
 



 190 

 
As described in the previous section, ectopic expression of PLIN1 (WT and L90P) in KO MEFs 

enhanced differentiation potential compared to EGFP expressing MEFs when protein 

expression was induced by Dox addition, at least in terms of lipid accumulation in the 

adipocytes (Figure 5.8 C). This could explain the apparently higher basal lipolysis rate in cells 

expressing WT or L90P PLIN1. Therefore, glycerol or FFA released from each cell line was also 

normalised to the Oil Red O quantification data, which was used as an indicator of lipid 

content. In the non-stimulated state, no difference in glycerol release was observed between 

the cell lines (Figure 5.11 A). However, in contrast to basal glycerol release, FFAs released in 

the basal state from MEF adipocytes stably expressing WT PLIN1 was still significantly 

increased compared with the other two stable cell lines (Figure 5.11 C). The results for 

stimulated lipolysis assessed by both the glycerol and FFA assay were in agreement with data 

obtained using total protein content as the normalisation method (Figure 5.11 A and C). 

Consistent with previous observations, introducing PLIN1 into Plin1 KO MEFs restored the 

ability to respond to stimulation, with WT PLIN1 expressing MEFs displaying a significantly 

higher fold induction of isoproterenol and IBMX stimulated lipolysis than that of L90P cells 

(Figure 5.11 B and D).  
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Western blot analysis showed that the expression of PLIN1 was consistently lower in L90P 

cells compared to WT cells regardless of which antibody was used for PLIN1 detection (Figure 

5.12 A). In addition, a significantly lower degree of PLIN1 phosphorylation was also observed 

in L90P expressing cells than that from WT when stimulated, which was quantified by protein 

densitometry (Figure 5.12 A and B). Total HSL expression appeared to be higher in MEFs stably 

expressing WT than other genotypes, while the phosphorylated HSL levels did not seem to 

differ (Figure 5.12 A). The expression of ABHD5 was significantly upregulated alongside the 

induction of PLIN1 WT expression by Dox addition, but no statistically significant difference 

was observed in MEFs stably expressing L90P and EGFP (Figure 5.12 A and C). Although there 

was a significant reduction of ABHD5 expression in L90P compared to WT cells in the basal 

state, this reduction was not significant in cells in the stimulated state (Figure 5.12 C). 

Furthermore, the expression of ATGL seemed to be comparable between cell lines under both 

basal and stimulated conditions regardless of Dox addition, except for L90P which seemed to 

have lower ATGL expression when treated with Dox (Figure 5.12 A and D). 
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5.5 Discussion 

 

Data presented in this chapter suggests that the interaction between the PLIN1 L90P mutant 

and HSL was more intense than that of WT with HSL when overexpressed in 3T3-L1 

preadipocytes under basal conditions of the BiFC assay. Functional studies were also 

conducted to characterise the impact of L90P on adipose biology by generating stable lines of 

Plin1 KO MEFs expressing PLIN1 WT or L90P. In these stably transfected MEF adipocytes, L90P 

was able to localise on the surface of LDs as does WT PLIN1. Adipogenesis measured by Oil 

Red O staining in PLIN1 expressing MEF adipocytes was not affected by the L90P mutation. 

Although basal lipolysis was observed to be similar in WT and L90P expressing MEFs, 

stimulated lipolysis was significantly impaired in cells expressing L90P, indicating that the cells 

were less responsive to lipolytic stimulation. 

 

5.5.1 The impact of L90P on the interaction with HSL 

 

The L90P site lies in the highly conserved PAT domain in PLIN1 which has been shown to be 

involved in the interaction with HSL (342). Therefore, a BiFC assay was performed to visualise 

and compare the interaction of WT and L90P PLIN1 with HSL. Both PLIN1 and HSL were fused 

with non-fluorescent fragments of YFP (Yc and Yn, respectively), followed by co-transfection 

into 3T3-L1 preadipocytes treated with oleic acid to promote LD formation. Theoretically the 

interaction between the two proteins would bring the split YFP fragments into close proximity 

and facilitate the formation of a functional YFP complex. The detection of a YFP signal, as an 

indicator for BiFC, using fluorescence microscopy confirmed that the interaction between 

PLIN1 and HSL takes place on the surface of LDs. Previous reports have suggested that 

phosphorylation of the first three PKA sites at the N-terminus of mouse PLIN1, which are 

equivalent to S81 and S277 in human PLIN1, controls the dynamic PLIN1-HSL interaction (342). 

Thus, a PLIN1 mutant harbouring replacements of both serine residues with alanine was 

included in this experiment and served as a negative control. The PLIN1 S81/227A mutant 

indeed lost the ability to interact with HSL regardless of stimulation, indicating that the signal 

detected in this assay reflects a specific protein-protein interaction (data not shown). In fact, 
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the same method has been utilised previously to demonstrate the interaction between PLIN1 

and HSL, which were cloned from other species such as rat and mouse (605, 609). Both groups 

observed a physical interaction of PLIN1 with HSL under basal conditions, which was 

visualised by the BiFC assay (605, 609). However, whether there are any changes in the 

intensity of BiFC signals upon lipolytic stimulation has not been reported (605, 609).  

 

Although the subcellular localisation of HSL in adipocyte is mainly cytosolic, there is evidence 

suggesting that up to 60% of HSL can be associated with LDs under non-stimulated conditions 

(345, 435, 610, 611). Moreover, low levels of phosphorylated PLIN1 and HSL were detected 

by western blotting under basal conditions. Thus, it is not surprising to observe BiFC signals 

in the basal state where it also shows a significantly higher BiFC intensity in cells co-

transfected with L90P and HSL than that with WT and HSL. It has been shown that the 

fluorescence intensity is positively correlated with the strength of the interaction between 

two interaction partners (612). Therefore, considering that the L90P mutation did not alter 

the protein expression, nor the intracellular localisation of PLIN1, it is concluded that L90P 

presents a relatively higher efficiency of complex formation than WT when co-expressed with 

HSL. This suggests that HSL binds more strongly with L90P than WT PLIN1 under basal 

condition. 

 

Following lipolytic stimulation, cAMP-dependent PKA is activated which subsequently 

phosphorylates both PLIN1 and HSL in adipocytes. Although it is still debatable whether the 

translocation of phosphorylated HSL from the cytosol to the surface of LDs requires PKA-

dependent phosphorylation of PLIN1, it is undoubtedly true that stimulation triggers HSL 

translocation specifically to PLIN1 containing LDs in adipocytes (345, 435, 605). In addition to 

colocalization of PLIN1 and HSL detected by fluorescence microscopy, studies using various 

techniques including Förster resonance energy transfer (FRET) and co-immunoprecipitation 

have showed enhanced PLIN1-HSL interaction after PKA stimulation (342, 343, 435, 603). 

Therefore, the formation of YFP complex assessed by the BiFC assay in the current study was 

hypothesised to be more efficient under lipolytic conditions. Surprisingly, when transfected 

cells were stimulated with isoproterenol and IBMX, the BiFC intensity was not induced as 

expected compared to the basal state, regardless of genotype. This is probably due to at least 

one limitation of the BiFC assay, namely the slow maturation time of the fluorophore, which 
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can take hours until fluorescence is detected (437). This could potentially prevent the 

accurate detection of a rapid rise in PLIN1-HSL interaction caused by lipolytic stimulation, 

which occurs in minutes in vitro (435, 605, 613). Therefore, newly formed interactions 

between PLIN1 and HSL might not be given enough time to produce the fluorescent BiFC 

complex in the current experimental setting (two-hour stimulation), especially when 

comparing BiFC efficiencies between WT and the mutant for quantitative analysis. However, 

one advantage of the BiFC analysis is that the formation of a BiFC complex is essentially 

irreversible after the association of the split fragments (437, 614). Thus, the BiFC signals 

detected after stimulation include the interaction between PLIN1 and the pool of HSL which 

has pre-positioned to LDs under basal conditions. Moreover, PKA-mediated phosphorylation 

of PLIN1 following chronic lipolytic stimulation is known to direct LD remodelling such as 

fragmentation and dispersion (353). It has been proposed that PLIN1 slowly departs from the 

large LDs where HSL remains and continues with lipolysis, which might be another possible 

explanation for not observing increased BiFC signals in the present study (345). 

 

In order to detect the rapid association between PLIN1 and HSL in real-time upon lipolytic 

stimulation, efforts have been made to monitor their interaction in live cells using the 

NanoBiT protein-protein interaction assay (615). The assay is based on a two-subunit system 

which are fused to the proteins of interest. The interaction of the two proteins would bring 

the subunits into close proximity and form a functional enzyme to produce a luminescent 

signal (615). Unlike the BiFC assay, it offers real-time measurement and allows kinetic analysis 

which makes it a valuable tool when comparing binding efficiencies with HSL between WT 

and L90P in the current study. Initial experiments were focused on the optimisation of the 

expression constructs to determine the orientation for fusing to the subunits, as well as the 

length of linker sequence to allow optimal space for contact between the subunits. No further 

attempts were possible to assess whether there is any difference in the binding efficiency 

with HSL between WT and L90P because of time constraints and the COVID pandemic, but 

this approach is worth pursuing. 

 

The advantage of using the 3T3-L1 preadipocytes to study the interaction of PLIN1 with HSL 

is that the cells normally lack endogenous expression of these proteins of interest (354, 616). 

However, the BiFC signals detected could be artefactual due to the abundance of each 
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interaction partner by overexpression. In addition, the split fragments of the fluorescent 

protein do have limited ability to associate with each other independent of an interaction 

between the proteins that are fused to them (437). Therefore, it is possible that a false 

positive interaction may be detected in the BiFC assay. Consequently, alternative approaches 

to study PLIN1-HSL interaction need to be carried out to validate the findings presented in 

the current study. For example, FRET experiments can be performed to detect and track the 

interaction between PLIN1 and HSL in live cells, thus changes in the protein interactions upon 

lipolytic stimulation can be analysed (342, 605). Other methods such as pull-down assays or 

co-immunoprecipitation could also be utilised to verify the findings (342, 343, 435).  

 

5.5.2 Ectopic PLIN1 expression in Plin1 KO MEFs 

 

As indicated in the BiFC analysis, a stronger interaction between PLIN1 L90P and HSL was 

observed when overexpressed in non-stimulated 3T3-L1 preadipocytes, which led to the 

investigation of the function of the mutation in regulating lipolysis using the Plin1 KO MEF 

system. 

 

The MEFs were originally generated from 12.5 – 14.5 day embryos of Plin1 KO mice (435). 

Additionally, the Plin1 KO MEFs have been transduced with retrovirus expressing PPARg to 

allow the cells to differentiate into adipocytes (435). This has been confirmed in the current 

study which shows the overexpression of PPARg in the KO cell line. Furthermore, the 

adipogenic potential of these cells was intact as shown by immunofluorescence and western 

blotting analysis, in line with a previous report (435). 

 

To establish comparable levels of Dox induced expression of PLIN1 constructs in the stable 

cell lines, different viral titres of lentiviral constructs and doses of Dox ranging from 0 to 2000 

ng/ml were tested and analysed using qPCR and western blot analysis (data not shown). 

Eventually two concentrations of Dox were selected based on the minimum difference 

observed on both transcriptional and post-transcriptional levels between the WT and L90P 

expressing MEFs. As indicated in the results, at 1000 ng/ml Dox the protein expression level 

of PLIN1 in L90P expressing MEF adipocytes was comparable with WT expression induced by 
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150 ng/ml Dox administration. However, it should be noted that on average the PLIN1 mRNA 

expression level of L90P was approximately 1.4-fold higher than that of WT. It might be due 

to the instability or relatively rapid degradation of the mutated L90P protein, as such a 

substitution might destabilise the protein. Although the mechanisms for controlling PLIN1 

degradation in adipocytes are largely unknown, previous studies have shown that it is 

mediated via the ubiquitin-proteasome pathway, as well as lysosomal proteolysis (617–619). 

In addition, WT PLIN1 has been shown to be highly stable with an estimated half-life of 40 to 

over 70 hours when associated with LDs (556, 618). The impact of the L90P on PLIN1 protein 

stability could be assessed by performing a cycloheximide chase assay, which functions 

through the inhibition of translation elongation (620).  

 

As the L90P containing N-terminal PAT domain is close to the 11-mer repeat region which has 

been shown to be essential for LD targeting of PLIN1, we also sought to inspect whether this 

mutation has any effect on LD targeting (179). The results showed that in both 3T3-L1 and 

Plin1 KO MEF cell lines, the L90P mutant is able to target LDs. Ectopic expression of PLIN1, 

either the WT or the L90P mutant, has been proven to promote lipid accumulation compared 

to that of EGFP. Moreover, no significant changes in LD size distribution were observed in 

MEF preadipocytes expressing L90P compared with that of cells expressing WT, indicating 

that this mutation does not alter lipid accumulation. A similar observation was also made for 

lipid accumulation in differentiated MEF adipocytes determined by Oil Red O staining. This is 

in agreement with a previous report which demonstrated that the C-terminus of PLIN1 is 

critical in promoting TG storage, while the PAT domain does not seem to affect this aspect of 

PLIN1 function (340). 

 

The lack of endogenous Plin1 expression in Plin1 null cells makes them suitable for the 

characterisation of specific functions of PLIN1 mutants as presented in previous studies, 

including the role of multiple PLIN1 phosphorylation sites in PKA-stimulated lipolysis (352, 

435, 618). As described previously, PLIN1 is a key regulator of lipolysis as the absence of Plin1 

results in elevated basal lipolysis and attenuated stimulated lipolysis in vivo (358, 359). By 

introducing PLIN1 WT into the Plin1 KO MEFs, it was anticipated that the KO phenotype could 

be rescued so that basal lipolysis would be repressed, while stimulated lipolysis would be 

enhanced, comparing with KO MEFs expressing EGFP. The results presented in this chapter 



 199 

suggest that ectopic expression of PLIN1 WT indeed had the ability to increase lipolysis 

following isoproterenol and IBMX treatment but failed to block basal lipolysis as expected. 

Unlike previously published studies where reduced basal lipolysis, as measured by glycerol 

release, was observed in MEFs expressing PLIN1, this phenomenon never occurred in my 

experiments despite the assessment of both lipolytic products (glycerol and FAs) using 

multiple normalisation methods (352, 435, 618). 

 

One major concern in the current experimental design is the lack of an appropriate positive 

control, which ideally would be the WT MEFs isolated from littermates. Thus, it is unclear 

whether the level of PLIN1 expression achieved in the stable cell lines is comparable with 

endogenous PLIN1 expression in the WT MEFs and it is known that the modulation of PLIN1 

protein expression regulates lipolytic rates (618, 621). It is possible that the PLIN1 expression 

in Plin1 KO MEF adipocytes stably expressing PLIN1 WT may be lower than endogenous levels 

and hence not sufficient to inhibit basal lipolysis. Similarly, as the protein expression of PLIN1 

L90P was comparable or even less than WT, it was not too surprising to learn that L90P also 

failed to block basal lipolysis in MEF adipocytes. On the other hand, phosphorylation of PLIN1 

was unaffected in WT expressing stable MEFs since all putative PKA phosphorylation sites 

were intact, resulting in increased stimulated lipolysis, although the magnitude of the fold 

induction was not as substantial as previously reported (approximately 12 folds) (435). 

Immunoblot data seemed to suggest that the phosphorylation of PLIN1 L90P at S522 was 

significantly reduced compared to WT, which may contribute to the impaired stimulated 

lipolysis and limited fold induction upon stimulation. While we currently cannot offer any 

explanation as to how the L90P mutant affects PLIN1 S522 phosphorylation, the result is in 

agreement with previous studies which suggest that the phosphorylation of S517 of mouse 

PLIN1 (equivalent to human S522) is the master regulator of PKA stimulated lipolysis mainly 

by regulating the lipolytic action of ATGL (352). Previous studies revealed that the mutation 

of all three PKA sites at the N-terminus of mouse PLIN1 (corresponding to two of human PLIN1) 

partially blocked stimulated lipolysis since phosphorylation of these sites is required for HSL 

translocation (341, 345, 352, 622, 623). Moreover, replacement of serine at 81 alone with 

alanine in mouse PLIN1 has been shown to be sufficient to reduce HSL translocation following 

PKA activation, although it does not have any effect on lipolysis (342, 352). However, the 

possibility that a malfunction of S81 of human PLIN1 in the control of HSL activity upon 
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lipolytic stimulation due to this point mutation L90P cannot be ruled out. Therefore, a 

customised phospho-specific antibody alongside co-immunoprecipitation could help to 

assess the effect of the L90P mutation on S81 phosphorylation, as well as the interaction with 

HSL under stimulated conditions.  

 

One technical difference in the choice of viral gene delivery system, which could perhaps 

account for the discrepancies between the phenotype described in previous reports and what 

was observed in the current data. Firstly, an adenoviral transduction system was applied in 

the previous studies, the advantage of which is high transduction efficiency to achieve high 

levels of protein expression transiently (435, 624). In contrast, the lentiviral system employed 

in this work allows stable gene expression, although the level of protein expression may not 

be as high as in the adenoviral system. The intention for adopting this approach was to take 

advantage of the conditional Tet-On system in order to assure comparable expression levels 

between PLIN1 WT and L90P by adjusting the concentration of Dox in the media. Secondly, 

while adenoviruses remain episomal, lentiviruses integrate into the host genome randomly 

which is known to cause potential insertional mutagenesis (600, 625). It should be noted that 

although the effect of random insertion was mitigated by including uninduced cells (minus 

Dox) within individual stable cell lines, a limitation of the current study is that the sites of 

insertion are not necessarily identical for all stable cell lines. Therefore, an inducible 

adenoviral system might be a better strategy to study the role of the PLIN1 mutant using the 

Plin1 KO MEF model. 
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5.6 Conclusion 

 

In summary, the experiments outlined in this chapter suggest that the substitution from 

leucine to proline at residue position 90 in PLIN1 may enhance its interaction with HSL under 

non-stimulated conditions, assessed by BiFC assay. In addition, this point mutation may also 

interfere with lipolysis in response to isoproterenol and IBMX stimulation. However, whether 

this effect is modulated through the interaction with HSL upon lipolytic stimulation still 

requires further work. 

 

The L90P variant is associated with overall adiposity but lower WHR owing primarily to larger 

hip circumferences, suggesting that the variant may enhance the storage of gluoteo-femoral 

adipose tissue (1). This variant is also associated with lower levels of TG, as well as other 

beneficial lipid profiles with protection from cardiometabolic disease, implying that it may 

also affect intracellular lipolysis (1). Therefore, human genetic studies implicate regional 

differences in response to biological cues with this variant, which may be involved in the 

PLIN1-HSL interaction. Further characterisation of the function of L90P in depot-specific 

adipocyte biology with human cellular studies ought to be considered though these may 

prove to be technically challenging.
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6 General Discussion 

 

Body fat distribution is an independent predictor of metabolic and cardiovascular disease and 

is heritable (626). As a surrogate for the measurement of body fat distribution, BMI adjusted 

WHR shows a heritability of up to approximately 60% (626). Previous studies also indicate 

that genetic factors seem to have a greater effect on abdominal VAT than abdominal SAT (216, 

217, 626). Therefore, it is postulated that the heterogeneity of adipose tissue, in terms of 

differential gene expression profiles between VAT and SAT, as well as polymorphisms in genes 

leading to functional changes, could potentially regulate body fat distribution. 

 

A plethora of novel genes/loci that are associated with WHR have been identified using GWAS 

in recent years. It is also noteworthy that many WHR associated loci have also shown 

associations for cardiometabolic traits (626). As mentioned in Chapter 1, the vast majority of 

the identified variants are predominantly located in the non-coding regions of the genome. 

Hence, it is difficult to establish the functionality of these SNPs and disease causality (219). In 

contrast, low frequency nonsynonymous variants often offer strong link between gene and 

phenotype since the functional effect is mostly due to the variant itself (239). Most 

importantly, the study of low frequency nonsynonymous alleles has also catalysed the 

translation from gene identification to therapeutic drug development (1, 627). Therefore, a 

better knowledge of the functional consequences caused by these coding genetic variants 

leading to altered body shape and cardiometabolic risk is crucial for understanding the 

underlying mechanisms of association. Prompted by the initial GWAS conducted by Lotta et 

al., the aim of this thesis was to investigate the role of ALK7, CALCRL, PLIN1, PDE3B and 

PNPLA2 in adipocyte biology and to characterise the molecular and cellular effects of the 

nonsynonymous alleles at ALK7, PLIN1 and PNPLA2 that are associated with altered body fat 

distribution (1). 

 

6.1 Loss-of-function studies by gene knockdown 

 

Lotta et al. have conducted detailed in silico analyses using a variety of online algorithms such 

as SIFT and Polyphen, to predict the possible functional impact of the identified variants (1). 
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As the PDE3B p.R783X variant is expected to truncate the protein within its catalytic domain 

(as illustrated in Figure 3.2), the evidence for a deleterious impact was very strong (1). 

Prediction of the functional impact on CALCRL p.L87P was mild, while a likely deleterious 

impact was predicted for the PLIN1 p.L90P variant (1). Between the two variants at the ALK7 

locus, p.I195T was predicted to have a more deleterious functional impact than the p.N150H 

variant (1). Similarly, the overall predication of the PNPLA2 p.N252K was also to be likely 

deleterious (1). Since all genes of interest are expressed in adipose tissue and the 

bioinformatic annotation of the variants was all likely to be deleterious, a loss-of-function 

study was therefore conducted aiming to highlight the physiological significance of Alk7, 

Calcrl, Plin1, Pde3b and Pnpla2 in adipocyte biology using the 3T3-L1 cell model (1). 

 

Repeated siRNA mediated gene knockdown was performed in 3T3-L1 (pre)adipocytes, which 

were then analysed for adipogenesis and intracellular lipolysis. The 3T3-L1 cell model has 

been used extensively in the research of lipogenesis and lipolysis as they offer an abundant 

supply of homogeneous cells that responded reliably and predictably to treatments, which 

makes them suitable for studying molecular mechanisms that are involved in adipocyte 

biology (444, 628, 629). By combining with gene silencing techniques such as siRNA 

transfection, it allows the study of the function of a specific gene associated with adipogenesis 

and lipolysis (444). However, there are a few limitations using the 3T3-L1 cell model. Firstly, 

the differentiation capacity decreases when passaged extensively (444, 628). Secondly, as the 

3T3-L1 cell line is originated from one single clone, it may fail to recapitulate the 

characteristics of the primary cells it models (444, 548). Thirdly, differentiated 3T3-L1 

adipocytes which display features of multiple adipocytes lineages, are phenotypically and 

metabolically different from white adipocytes (630). Lastly, they are relatively difficult to 

transfect as transient transfection normally requires subconfluent cells (444, 548). Therefore, 

to ensure a proper suppression of gene expression, several rounds of siRNA transfection were 

performed prior to and during the course of 3T3-L1 differentiation. It should be noted that 

the block of gene expression is rarely complete, thus some protein function may be retained 

due to incomplete knockdown by this approach (631, 632). 

 

6.1.1 ALK-7 
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The loss-of-function study by knocking down Alk7 in 3T3-L1 cells was performed twice in this 

thesis. While lipolysis was consistently reduced in both sets of studies, the impact of ALK-7 

knockdown on 3T3-L1 adipogenesis was conflicting. In the first set of experiments, siRNA of 

Alk7 had no impact on adipogenesis, while in the second set of experiments where the 

knockdown efficiency of Alk7 siRNA reached 90%, adipogenesis was impaired. As detailed in 

Chapter 3, this discrepancy might be due to differences in the passage number of cells 

between experiments as well as the variable knockdown efficacy. However, previously 

published work argues against a role of ALK-7 in adipogenesis. Firstly, Alk7 KO mice show 

apparently normal development of adipose tissue (268). Secondly, ALK-7 expression is only 

induced during the late phases of adipocyte differentiation (267, 542). At present, there is no 

publicly available data demonstrating the impact of knocking down Alk7 in in vitro cell models 

and its role in adipogenesis. While the data in this thesis (due to technical challenges) does 

not provide a definitive conclusion for a role of ALK-7 in adipogenesis, further investigations 

are warranted.  

 

Further clarification is also required for ALK-7 regulation of lipolysis. All previously published 

data suggest that ALK-7 is a negative regulator of lipolysis since depletion of Alk7 in mice 

results in increased lipolysis (277, 448). On the contrary, knocking down Alk7 in 3T3-L1 

adipocytes led to reduced basal and catecholamine stimulated lipolysis in this thesis. At 

present, we hypothesise that this might be a reflection of the impaired adipogenesis that is 

concurrently observed with Alk7 knockdown. It is worth noting that in vivo analysis is a 

complex phenotype to analyse with cross communication from multiple tissues and cell types 

as ALK-7 serves as a receptor for multiple ligands in the TGF-b family that are not only 

expressed in mature adipocytes, but also secreted from cells in the SVF, in vitro cellular model 

thus may not replicate the in vivo findings (270). Therefore, it is necessary to confirm the 

findings in this thesis with alternative approaches in order to fully reveal the physiological 

function of ALK-7 in adipocyte biology. For example, the use of CRISPR could potentially 

improve Alk7 targeting and the study of differentiated SVF adipocytes from Alk7 KO mice 

could also be informative. 

 



 205 

6.1.2 CALCRL 

 

Deletion of Calcrl expression globally, or, specifically within lymphatic endothelium during 

adulthood results in reduced body weight. This phenotype was shown to be due to impaired 

lipid absorption in the intestine in mice, highlighting its role in maintaining lymphatic function 

in intestines (459, 460). However, the exact role of CALCRL in adipocyte biology has not been 

fully investigated. In fact, in vitro loss-of-function studies of CALCRL in adipocytes or adipose 

tissue has not been done to my knowledge. Findings from this thesis support a potential role 

of CALCRL in lipolysis. The data presented in Chapter 3 indicated that knocking down Calcrl in 

two independent sets of experiments suppresses lipolysis in 3T3-L1 adipocytes. As the 

receptor for ligands ADM and CGRP,  which are known to induce lipolysis, the loss of CALCRL 

could impair the signal transduction pathway (322, 554). However, previous reports also show 

that ADM inhibits stimulated lipolysis via oxidation of isoproterenol by NO, suggesting that 

the absence of CALCRL could potentially result in elevated stimulated lipolysis, which however 

was not seen in this thesis (314). This might suggest different signalling pathways of ADM and 

isoproterenol in the regulation of lipolysis. Therefore, the question as to which signalling axis 

is predominant due to the silencing of Calcrl expression still needs to be answered. 

 

We have hypothesised that the impaired differentiation due to the knockdown of Calcrl in the 

second set of experiments might also contribute to the observed reduced lipolysis. Therefore, 

a knockdown experiment at a later stage of differentiation could be performed to validate 

this possibility. The inconsistent results for CALCRL on adipogenesis could be affected by the 

difference in knockdown efficiency as well as the passage number of the cells, as discussed in 

Chapter 3. The limitation of this particular experiment that cannot be overlooked is the lack 

of a suitable antibody to test the knockdown efficacy of CALCRL at the protein level. Therefore, 

any residual CALCRL protein remaining could be sufficient in transducing signals in response 

to ligand. The possible mechanism for the observed impaired adipogenesis in the current 

study could be related to the inability to elevate cAMP levels due to the lack of CALCRL in 3T3-

L1 preadipocytes. As a result, failing to activate PKA by cAMP would inhibit downstream CREB 

activity, which may affect transcription of early adipogenic markers such as C/EBPb, thus 

blocking adipogenesis (633). This hypothesis does not rule out other mechanisms as CALCRL 

mediated cAMP/PKA pathway regulates multiple downstream targets (Figure 1.9). Significant 
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investigation will be required to uncover which mechanisms are actually altered in the 

absence of CALCRL. 

 

As described in Chapter 1, CALCRL can bind with different RAMPs to form different receptor 

complexes for CGRP, ADM and ADM2. These peptides are potentially involved in the 

pathophysiology of the metabolic syndrome, although much remains unclear (291, 634, 635). 

Some correlation between the expression levels of these peptides and obesity or diabetes 

mellitus has been reported (462, 467, 468, 470, 636–638). However, only a few determined 

the association with the expression level of the corresponding receptor components. For 

example, recently it has been shown that obese rats had increased endogenous protein 

expression of ADM, CALCRL, RAMP2 and RAMP3 in VAT (638). Similar observations were 

made in mRNA expression level from human omental adipose tissue isolated from gestational 

diabetes mellitus pregnancies (468). Taken together, elevations in the peptides and the 

receptor complexes in adipose tissue locally could potentially alter lipid metabolism. In 

addition, CGRP released from sensory nerves could modulate the innervated WAT to initiate 

lipolysis, indicating a dynamic crosstalk between the CNS and WAT (639). Therefore, the 

impact of its receptor CALCRL on the control of lipid mobilisation could also be related to 

sympathetic activation rather than intrinsic regulation within adipose tissue (640, 641). 

 

While the functional characterisation of the CALCRL variant was not investigated in this thesis, 

the L87P mutation is predicted to be deleterious to downstream signalling (1). The mutation 

is located in the ECD where it interacts with RAMPs, which could potentially result in a 

readjustment of the secondary structure, thereby affecting ligand binding and signal 

transduction (1). Based on the findings from Chapter 3 where the loss of Caclrl expression 

impairs lipolysis and possibly signalling, one therefore could infer that carriers with the p.L87P 

variant could benefit from the reduced FA thus leading to the protective role of this variant 

from cardiometabolic diseases. Given this notion, external collaborations to study the signal 

transduction of this particular variant have been initiated. 

 

6.1.3 PLIN1 
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Data presented in this thesis suggests that cells lacking Plin1 failed to block basal lipolysis, 

while stimulated lipolysis was attenuated. This is in line with the established role of PLIN1 as 

the gatekeeper of intracellular lipolysis, as it is critical in restricting basal lipolysis and 

facilitating stimulated lipolysis at the lipid droplet within adipocytes (331). The results were 

also verified by previous knockdown studies carried out in 3T3-L1 adipocytes and a similar 

phenotype was observed in Plin1 null mice (349, 351, 358, 359). As opposed to previous 

knockdown assays that were performed in differentiated 3T3-L1 adipocytes, the current 

experiment was conducted before the initiation of differentiation with impaired adipogenesis 

observed (349, 351). This was accompanied by a significant reduction in the expression of a 

few key adipogenic markers. The finding of impaired adipogenesis was unexpected since 

adipocyte differentiation appeared to be normal in white adipocytes isolated from the KO 

mice as well as exhibit normal mRNA expression of Pparg and Cebpa (359). However, as 

discussed in Chapter 3, there is evidence to suggest a role of Plin1 in adipogenesis, as Plin1 

KO SVC showed defective adipocyte differentiation (485). Furthermore, within the same 

study an impairment of SREBP1c function was observed and implicated in adipogenesis due 

to the reduction of target genes, TG synthesis and LD formation (484, 485). SREBP1 regulation 

was not examined in this thesis, therefore the contribution of this axis in siPlin1 regulation of 

adipogenesis remains unknown. Rather, the more definitive role of Plin1 in lipolysis may 

underlie the reduction in LD accumulation seen in the knockdown cells. Collectively, the loss-

of-function study has emphasized the role of PLIN1 in the regulation of lipolysis, although the 

exact mechanism as to how PLIN1 affects adipogenesis requires further studies. 

 

6.1.4 PDE3B 

 

PDE3B is known for its role in hydrolysing cAMP in response to insulin in adipocytes. As cAMP 

levels decrease, PKA action reduces which prevents HSL activation thereby inhibiting lipolysis. 

Furthermore, in vivo studies indicate that stimulated lipolysis was enhanced in Pde3b null 

mice, while basal lipolysis was not affected (509). Therefore, knocking down Pde3b should 

theoretically result in elevated lipolysis. However, data presented in Chapter 3 showed that 

silencing Pde3b expression in 3T3-L1 adipocytes did not have any impact on lipolysis. The 

discrepancy between the observed phenotypes could be due to two reasons. Firstly, the in 

vivo lipolysis was measured systemically where lipolysis is also influenced by other systems 
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(509). Secondly, differentiated 3T3-L1 adipocytes are morphologically different as they 

remain multilocular compared to unilocular white adipocytes. Nonetheless, previous in vitro 

studies suggest that insulin-mediated regulation of lipolysis is partly dependent on the ability 

of PDE3B to catalyse the breakdown of cAMP (558, 559). In the few attempts made here in 

this thesis, the role of PDE3B in insulin mediated suppression of lipolysis proved to be 

inconclusive. This was mainly due to the lack of an observable inhibition of lipolysis by insulin 

in control cells and also a lack of effect with siPde3b. Due to the lack of a suitable PDE3B 

antibody, the evaluation of knockdown efficacy at the protein level is not available. Hence, 

the possibility of a partial loss-of-function of PDE3B protein also needs to be taken into 

consideration when interpreting these results. The same applies for not observing any impact 

on adipogenesis following Pde3b knockdown as it has been reported that the mRNA 

expression of a subset of adipogenic transcription factors such as Cepba and Cebpb were 

upregulated in the WAT of Pde3b KO mice compared with WT counterparts (510). As 

discussed in Chapter 3, knocking down the PDE3B gene in human preadipocytes led to 

increased lipid accumulation which was explained by a higher lipogenesis/lipolysis ratio (512). 

Therefore, since basal lipolysis was not affected by Pde3b knockdown in this study, it seems 

plausible for not visually observing any difference in lipid accumulation. Future work is 

required to verify the findings as to whether PDE3B is dispensable in adipogenesis.  

 

Functional studies for the variant R783X are being carried out by other members of the 

laboratory and are ongoing. As mentioned previously in Chapter 3, this nonsense mutation 

occurs in the catalytic domain and the product of which is predicted to result in a loss of 

function of PDE3B (1). Studies from the KO mice have revealed different responses in different 

tissues (Table 3.4) with beneficial effects mainly include lower fat mass, enhanced lipolysis 

and energy expenditure, linking the association of this predicted loss-of-function variant with 

lower levels of TG in carriers (1, 367, 377, 384, 398, 509). However, Pde3b null mice are known 

to develop insulin resistance as evidenced by the impaired suppression of glucose production 

in liver (398, 509). Therefore, as tempting as it sounds, the outcome of inhibiting PDE3B 

activity is rather difficult to predict.  

 

6.1.5 PNPLA2 
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Depletion of Pnpla2 in 3T3-L1 cells had no visible effect on lipid accumulation when 

differentiated into mature adipocytes. However, both basal and stimulated lipolysis were 

severely impaired due to the loss of expression of PNPLA2. This is in line with previous reports 

showing the reduction in lipolytic products in 3T3-L1 adipocytes treated with Pnpla2 siRNA 

(407). Similarly, the decreased TG turnover rate was also observed in both global and adipose 

tissue specific Pnpla2 KO mice (422, 523). The results presented in this thesis corroborate the 

role of PNPLA2 in the regulation of TG hydrolysis. Although impaired TG mobilisation in 

Pnpla2 deficient mice led to increased fat mass and massive accumulation of TG in multiple 

non-adipose tissues which ultimately caused premature death, the glucose tolerance and 

insulin sensitivity were in fact improved (523, 525, 529, 530). Moreover, increased glucose 

uptake and enhanced insulin signalling were observed in skeletal muscle and liver of these 

mice, indicating that PNPLA2 affects whole-body glucose homeostasis (523, 525, 530). Similar 

improvement in glucose and insulin tolerance was observed in adipocyte-specific Pnpla2 KO 

mice, primarily due to enhanced hepatic insulin signalling (422, 530). It is worth noting that 

these mice exhibited BAT expansion resulting from impaired lipolysis and/or lipid oxidation 

(530). However, the contribution of PNPLA2 mediated lipolysis to whole-body energy 

metabolism still needs to be validated in human (431). 

 

6.2 Functional consequences of the rare nonsynonymous variants and translation to 

human body fat distribution and cardiometabolic risk 

 

The functional consequences of the selected genetic variants were evaluated using in vitro 

cell models in the experiments, which mainly involve the overexpression and ectopic 

expression of the constructs into the host cell line. This allows the study of the biological 

function of target gene products under controlled conditions, thus providing insights into the 

possible effect of the mutations. However, not only could overexpression studies give rise to 

false positive results in the functional analyses, but the scope provided by the in vitro cell line 

itself is also limited, thus may not be representative of the in vivo conditions (642). 

Furthermore, the functional effects of rare nonsynonymous variants could be expected to be 

mild since the change of amino acid mostly affects protein expression or stability, or protein-

protein interaction, which will be discussed in the sections below. My own studies reported 
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in this thesis highlight how difficult it can be to generate definitive data on the functional 

impact of many variants identified in GWAS, even when these focus on coding variants. This 

is perhaps not too surprising as these variants have very modest phenotypic consequences 

on their own. Hence a robust assay system is vital for detection of subtle difference of variants 

in functional analysis.  

 

6.2.1 PNPLA2 (p.N252K) 

 

An association of a higher BMI adjusted WHR and a higher cardiometabolic risk was identified 

in participants carrying the PNPLA2 p.N252K mutation (1). Initial characterisation of this 

particular variant showed a reduced overall mRNA expression in the heterozygous carriers 

with the mutant allele compared with homozygous carriers of the WT allele. Depot-specific 

differences in PNPLA2 mRNA expression have been reported though this has not always led 

to changes in protein expression (643). Therefore, a comparison of the protein expression 

between WT and N252K in various adipose tissue depots would provide more information as 

to how PNPLA2 expression contributes to altered body shape. Furthermore, the exact 

mechanisms by which the mutant reduces overall mRNA expression is still missing since this 

particular nucleotide substitution did not seem to affect splicing. Other factors that may affect 

mRNA stability such as codon usage or RNA modification might be interesting to explore (644–

646). 

 

Previous studies have described loss-of-function mutations in PNPLA2 causing a rare 

autosomal recessive disorder known as NLSDM (428–430, 647). The disease is characterised 

by ectopic fat deposition and has been reported to be associated with dyslipidaemia and 

diabetes in some cases (1, 428, 429). Patients carrying PNPLA2 missense mutations disrupting 

the catalytic site manifest a rather severe disease phenotype, indicating that there is a link 

between lipolytic activity and disease severity (648). As indicated in Chapter 4, this mutant 

retained its ability to target LD and possessed normal lipase activity at least in vitro, hence 

how this then leads to differences in lipolysis is still unclear. As described above and 

elsewhere, it could simply be surmised that the reduced mRNA observed (and subsequent 

protein expression) in the p.N252K carriers results in a reduced lipolytic rate, which might 
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explain the shift towards lower FFA levels (521). Further analyses of this N252K variant will 

be needed to explain the association between lipolytic activity and increased metabolic risk. 

 

6.2.2 ALK7 (p.I195T and N150H) 

 

The data presented in Chapter 4 aimed to shed some lights on the functional impact of the 

two variants p.I195T and N150H at the ALK7 locus on Smad signalling transduction. The I195T, 

is predicted to have a deleterious functional consequence as it lies between the GS and the 

kinase domain that would impact on the activation of ALK-7, as well as the interaction with 

downstream Smads (1). It is therefore possible that this loss-of-function mutation I195T may 

act in a dominant negative manner, which then subsequently impedes Smad signalling in the 

carriers. In agreement with the in silico analysis where N150H is predicted to have a rather 

mild impact, N150H mediated Smad signalling transduction did seem to be normal compared 

with the WT. However, this does not exclude the possibility that other Smad-independent 

pathways might be affected. Future work will be required to test these hypotheses. 

 

The findings that the I195T and N150H variants lead to the loss of ALK-7 function are in 

agreement with other studies (18, 451). Emdin et al. further demonstrated another two 

damaging variants are also associated with lower WHR and protected against T2D in human 

(18). Particularly the non-coding variant in ALK7 (rs72927479) has been shown to be 

associated with reduced expression in SAT and pancreas, indicating that a depot-specific 

model may be required to understand the relationship between these genetic variants and 

body fat distribution (18). Similarly, Alk7 deficient mice and mice treated with chemical 

inhibitors of Alk7 have been reported to have reduced lipid accumulation and enhanced 

lipolysis, suggesting that reduced ALK-7 receptor function in carriers with ALK-7 variants alters 

body fat (277, 280, 448). However, enhanced lipolysis can be a contributor to insulin 

resistance in humans, which consequently contradicts the protective effect that reported in 

human genetic studies (1, 18). Although data generated from Chapter 3 demonstrated 

reduced lipolysis supporting a protective role for reduced ALK-7 function, further 

characterisation of these variants is necessary to more convincingly provide a molecular 

mechanism for the observed protective association. 

 



 212 

6.2.3 PLIN1 (p.L90P) 

 

Frameshift mutations of human PLIN1 have been associated with FPLD4, which is 

characterised by the loss of gluteo-femoral adipose tissue, dyslipidaemia and insulin 

resistance (361, 362). Functional analysis showed that these mutations failed to suppress 

basal lipolysis, leading to the lipodystrophic phenotype (360–362). In this study, carriers with 

the L90P variant in PLIN1 manifest enhanced lipid storage in the gluteo-femoral adipose tissue 

which might offer protection against cardiometabolic risk (1). This prompted the 

characterisation of this mutant to investigate the impact on lipid storage and mobilisation in 

various adipocyte models. As the mutated residue is located in the vicinity of a conserved 

phosphorylation site (S81) which is believed to be involved in the interaction with HSL, a 

protein-protein interaction assay was performed for an initial characterisation. The BiFC assay 

showed enhanced interaction with HSL compared with the WT although no difference was 

observed in the BiFC signals upon lipolytic stimulation. Based on this observation, elevated 

basal lipolysis might be predicted, although ectopic expression of L90P in Plin1 null MEFs did 

not seem to enhance basal lipolysis compared to WT. Indeed, enhanced interaction between 

L90P and HSL in the basal state does not necessarily elevate basal lipolysis which is mainly 

influenced by the expression of PNPLA2 (649). Further work with other methods therefore 

should be explored to verify the findings presented in this thesis.  

 

Although the possibility that decreased protein stability of L90P could result in reduced 

lipolysis and subsequently reduced FA levels, thus explaining the apparently protective role 

in carriers with this variant was proposed according to the findings presented in Chapter 5, 

the molecular explanation as to how this variant affects body fat distribution remains largely 

unknown. A good starting point would be examination of the expression profiles from 

different adipose tissue depots in both WT and L90P carriers. Previous studies have shown 

that the mRNA expression of PLIN1 was significantly reduced in abdominal omental compared 

with the subcutaneous adipose tissue in obese subjects, although no significant difference 

was observed in the protein levels, suggesting that PLIN1 may be regulated at a post-

transcriptional level (487, 650). In non-obese subjects, no difference was observed in the 

mRNA expression level between abdominal and gluteal SAT although whether there is any 

difference on the protein level has not yet been reported (643). Therefore, future work that 
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involves the investigation of depot-specific expression of PLIN1, particularly in the abdominal 

versus the gluoteo-femoral regions, would be useful to reveal the underlying mechanisms 

linking the PLIN1 variant to altered body fat distribution. 

 

6.3 Implications in drug discovery and development 

 

Based on human genetic findings, genes that influence human health and disease can 

potentially transform the process of the selection of drug targets (651). Identification of rare 

missense variants has led to therapeutic drug development, particularly since the ones that 

offer protection against disease risk mimic the effect of modulating drug target genes (652, 

653). The most successful example being the discovery of the loss-of-function low-frequency 

coding variants in PCSK9 (proprotein convertase subtilisin/kexin type 9) which led to the 

development of a monoclonal antibody evolocumab, resulting in lower levels of low-density 

lipoprotein (LDL) cholesterol with a reduced risk of coronary heart disease on a background 

of statin therapy (654–656). 

 

As for the alleles that have been associated with greater disease risk, they can potentially be 

used as biomarkers for personalised medicine (652). However, cautions must be taken to 

determine whether the detected variant is truly a pathogenic variant in order to deliver a 

genotype-based prediction in a safe and effective manner (652, 657). 

 

In addition, as presented in this thesis as well as previous literature, all the genes we focussed 

on are potentially implicated in the regulation of intracellular lipolysis. This pathway is 

pharmacologically modifiable (1). As summarised in Chapter 1, ALK-7 has become an 

interesting target for obesity, while PDE3B inhibitors have been utilised in cardiovascular 

therapies (658). Similarly, pharmacological inhibition of PNPLA2 is also considered as a 

potential therapeutic strategy to treat obesity and its associated metabolic complications, 

although it is only effective in mouse models (433, 434, 659). Therefore, validating the 

biological consequences of these gene variants for correct annotation may offer new 

opportunities in modulating intracellular lipolysis, leading to progress in the prevention and 

treatment of cardiometabolic diseases. 
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6.4 Future directions 

 

The investigation of the roles of the selected genes/variants could benefit from another 

approach by employing a more powerful gene editing tool, the CRISPR/Cas method, in order 

to improve the current cellular models. Firstly, the outcome of the loss-of-function studies 

presented in Chapter 3 was limited by the knockdown efficacy where the expression of the 

target gene was not blocked completely. Implementation of CRISPR KO methodology could 

more efficiently silence endogenous expression of selected genes which would probably give 

clearer insights into the gene functions in the regulation of adipogenesis and lipolysis, 

particularly in the case where the precise roles of ALK-7 and CALCRL are unknown. Secondly, 

a single nucleotide change can also be introduced by CRISPR, which could be a more suitable 

approach, compared to overexpression, to study the functional consequences of a genetic 

variant. 

 

The functional characterisation of the genetic variants was performed with in vitro cell models, 

but the mechanisms by which genetic variants alter body fat distribution has yet to be 

delineated in this thesis as it cannot not fully reflect the physiological responses in a whole 

organism (660). Therefore, transgenic mouse models could be useful to identify the molecular 

mechanisms in relation to altered body fat distribution, especially if the mouse model can be 

genetically manipulated in a depot-specific manner (661, 662). As discussed in Chapter 1, 

depot-specific transcriptomic and proteomic profiles may be involved in the cardiometabolic 

disease risk associated with body shape, thus it would be beneficial to examine the expression 

levels of the genes of interest in the abdominal and gluteo-femoral adipose tissue from the 

‘affected’ study participants, while comparing with the WT allele carriers. Recently a GWAS 

of human SAT has revealed a genetic locus on HIF3A (hypoxia-inducible factor 3a) that is 

associated with lipolysis, indicating that local oxygen tension could potentially be an 

interesting parameter to compare in various fat depots (663). Furthermore, the impact of 

these gene variants on adipocyte biology could also be investigated directly using human 

primary preadipocytes. Although the 3T3-L1 cell model is the most commonly used cell model 

to study adipocyte function, an important limitation is that multiple cytosolic lipid droplets 
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are normally formed when differentiated into mature adipocytes. This presents a distinct 

morphological difference from human adipocytes with a single large lipid droplet (603). 

Additionally, whether 3T3-L1 adipocytes resemble any particular depot-specific adipocytes 

found in vivo is still unclear (662). Human primary preadipocytes, on the other hand, possibly 

represent more closely to the context of adipose function in vivo with depot-specific 

properties when differentiated into adipocytes (629, 642, 662). Although it is technically 

challenging to isolate preadipocytes from other fibroblast-like cells, the proliferation, 

differentiation and responsiveness to treatment of primary preadipocytes are influenced by 

anatomic site of the depots, which may make them an improved model to address the 

underlying mechanisms affecting body fat distribution (629, 664).
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6.5 Concluding remarks 

 

In conclusion, this work reinforces the crucial roles of PLIN1 and PNPLA2, as well as the 

potential roles of ALK-7 and CALCRL in the regulation of lipid metabolism. The effects of all 

genes of interest on lipid homeostasis are potentially interesting fields of investigation. The 

work described in this thesis extends GWAS findings by demonstrating functional 

characterisations of ALK-7, PNPLA2 and PLIN1 variants in vitro. These findings provide some 

early insights into the potential impact of these genetic variants on altered body fat 

distribution and cardiometabolic risk. 
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Appendix 1. Primers for cloning 
 
Name Type Sequence (5’ to 3’) 
SpeI-myc-Plin1_Fwd Forward TTTTTTTACTAGTACCATGGAACAGAAACTCATCTCAGAAG 
Plin1-NotI_Rev Reverse TTTTTTTGCGGCCGCTCAGCTCTTCTTGCGCAGCTGG 
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Appendix 2. Primers for site-directed mutagenesis 
 
Name Type Sequence (5’ to 3’) 
PLIN1_L90P_Fwd Forward  CTGCCAATGAGCCGGCCTGCCGAGG 
PLIN1_L90P_Rev Reverse CCTCGGCAGGCCGGCTCATTGGCAG 
PNPLA2_S47A_Fwd Forward  CTACGGCGCCGCGGCCGGGGC 
PNPLA2_S47A_Rev Reverse GCCCCGGCCGCGGCGCCGTAG 
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Appendix 3. siRNAs for knockdown studies 
 
Target gene Catalogue No 
Acvr1c L-045747-01-0005 
Calcrl L-045370-00-0005 
Plin1 L-056623-01-0005 
Pde3b L-043781-00-0005 
Pnpla2 L-040220-01-0005 
Non-targeting pool (NC) D-001810-10-20 
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Appendix 4. Primers for qPCR 
 
Gene Species TaqMan gene expression assay Type Primer sequences (5’ to 3’) 
Acvr1c Mouse Mm03023957_m1   
Calcrl Mouse Mm00516986_m1   
Plin1 Mouse Mm00558672_m1   
Pde3b Mouse Mm00691635_m1   
Pnpla2 Mouse Mm00503040_m1   
Pparg2 Mouse  Forward GATGCACTGCCTATGAGCACTT 

Reverse AGAGGTCCACAGAGCTGATTCC 
Probe 6FAM-AGAGATGCCATTCTGGCCCAC-TAMRA 

Ppia Mouse  Forward TTCCTCCTTTCACAGAATTATTCCA 
Reverse CCGCCAGTGCCATTATGG 
Probe 6FAM-ATTCATGTGCCAGGGTGGTGACTTTACAC-TAMRA 

Adipoq Mouse  Forward GTTGCAAGCTCTCCTGTTCC  
Reverse ATCCAACCTGCACAAGTTCC 
Probe 6FAM-TCATGCCGAAGATGACGTTA-TAMRA 

Lep Mouse  Forward CCAGGATGACACCAAAACCCT 
Reverse GATACCGACTGCGTGTGTGA 

Slc2a4 Mouse  Forward TTATTGCAGCGCCTGAGTCT 
Reverse GGGTTCCCCATCGTCAGAG 
Probe 6FAM-TAAAACAAGATGCCGTCGGG-TAMRA 

HPRT1 Human Hs02800695_m1   
PNPLA2 Human Hs00386101_m1   
B2m Mouse  Forward ACCGGCCTGTATGCTATCCAG 

Reverse GTAGCAGTTCAGTATGTTCGGCTTC 
PLIN1 Human  Forward CCCCCTGAAAAGATTGCTTCT 

Reverse GGAACGCTGATGCTGTTTCTG 
Probe 6FAM-CATCTCCACCCGCCTCCGCA-TAMRA 
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Appendix 5. Antibodies and fluorescent dyes for Western blotting and immunofluorescence 
 
Target protein Host Application Dilution Supplier Catalogue No 
Primary antibodies 
ACVR1C (A-1) Mouse WB 1:1000 Santa Cruz Biotechnology, USA sc-374538 
Myc tag (clone 4A6) Mouse WB/IF 1:1000 Millipore, USA 05-724 
PLIN1 Mouse WB 1:1000 Vala Sciences, USA 4854 
PLIN1 (K117) Rabbit IF 1:50 Cell Signalling Technology, USA 3467 
p-PLIN1 (Ser522) Mouse  WB 1:1000 Vala Sciences, USA 4856 
HSL Rabbit WB 1:1000 Cell Signalling Technology, USA 4107 
p-HSL (Ser660) Rabbit WB 1:1000 Cell Signalling Technology, USA 4126 
Smad2 Rabbit WB 1:5000 Cell Signalling Technology, USA 3122 
p-Smad2 (Ser465/467) Rabbit  WB 1:500 Cell Signalling Technology, USA 3108 
GFP Mouse WB 1:1000 Roche, Switzerland 11814460001 
ABHD5 Rabbit WB 1:1000 Proteintech, USA 12201-1-AP 
PNPLA2 Rabbit WB 1:1000 Cell Signalling Technology, USA 2138 
PPARγ (C26H12) Rabbit WB 1:1000 Cell Signalling Technology, USA 2435 
FABP4 (C-15) Goat WB 1:5000 Santa Cruz Biotechnology, USA sc-18661 
Calnexin Rabbit WB 1:4000 Abcam, UK ab22595 
GAPDH Rabbit WB 1:10000  GeneTex, USA GTX100118 
HRP-linked secondary antibodies 
Mouse IgG Horse WB 1:5000 Cell Signalling Technology, USA 7076 
Rabbit IgG Goat WB 1:5000 Cell Signalling Technology, USA 7074 
Goat IgG Rabbit WB 1:5000 Thermo Fisher Scientific, USA 81-1620 
Fluorescent probe-linked secondary antibody 
Mouse IgG Alexa Fluor 405 Goat IF 1:1000 Thermo Fisher Scientific, USA A31553 
Mouse IgG Alexa Fluor 488 Goat IF 1:1000 Thermo Fisher Scientific, USA A11029 
Mouse IgG Alexa Fluor 647 Goat IF 1:1000 Thermo Fisher Scientific, USA A28181 
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Appendix 5. Antibodies and fluorescent dyes for Western blotting and immunofluorescence (continued) 
 
Target protein Host Application Dilution Supplier Catalogue No 
Fluorescent dyes 
BODIPY 493/503 N/A IF 1:1000 Thermo Fisher Scientific, USA D3922 
HCS LipidTox Deep Red N/A IF 1:1000 Thermo Fisher Scientific, USA H34477 
ProLong Gold Antifade Mountant  N/A IF N/A Thermo Fisher Scientific, USA P36930 
ProLong Gold Antifade Mountant with DAPI N/A IF N/A Thermo Fisher Scientific, USA P36931 
ProLong Diamond Antifade Mountant with DAPI N/A IF N/A Thermo Fisher Scientific, USA P36966 

 


