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Abstract 

An Arg457Gln missense variant in the CREBRF gene (encoding for Cyclic AMP 

Response Element Binding Protein 3 Regulatory Factor) has previously been identified 

to paradoxically drive both excess body weight and reduced diabetes risk in numerous 

Pacific/Oceanic populations. Despite its apparent critical role in whole-body metabolism, 

few published studies have investigated this CREBRF missense variant at the molecular 

level. This thesis describes the metabolic characterisation of a novel mouse model in 

which the CREBRF Arg458Gln variant was knocked in to replace the endogenous 

CREBRF.  

To address the whole-body phenotype, male and female mice were examined on a regular 

chow diet or an 8-week high-fat challenge, followed by analyses of the tissue 

transcriptome and in vitro signalling to determine possible variant impacts to molecular 

pathways. Assessment of body composition found that lean mass and naso-anal length 

were significantly increased by the CREBRF variant in male mice, without effect on total 

body weight or fat mass. Glucose tolerance and indirect calorimetry assessments were 

likewise unchanged by genotype. Male chow-fed variant carriers displayed reduced 

sensitivity to insulin administration, as well as exaggerated fasting-induced trends in 

nutrient homeostasis, including alterations to tissue glycogen and lipid as well as plasma 

NEFA elevation. 

Microarray analysis performed on liver and gastrocnemius muscle tissue from this cohort 

revealed genotype-dependent differential expression of genes contributing to protein 

synthesis, processing, and turnover as well as cellular respiration and nutrient 

metabolism. A follow-up cohort saw no significant changes to muscle function assessed 

by exercise endurance or grip strength performance. In vitro examination of insulin and 

glucagon signalling pathways using a primary hepatocyte model revealed significant 

dampening of PKB signalling in cells isolated from male mice carrying the variant.  

Overall, this novel mouse model appears to show a whole-body growth phenotype effect 

of the CREBRF variant in males, with speculative roles in regulating energy homeostasis 

during periods of nutrient deprivation without benefit to insulin sensitivity or glucose 

tolerance. The mild effects of the Arg458Gln mutation in this mouse model may invite 

reconsideration of the link between CREBRF function and the risks of obesity and 

diabetes in variant allele carriers.   
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CHAPTER 1: General Introduction 

1.1 The health burden of obesity and diabetes 

Obesity and diabetes are metabolic conditions of increasingly widespread significance to 

modern populations. The global scale and gravity of their impacts on general health, life 

expectancy, and quality of life encourage the search for new treatment options. In 

Australia, two-thirds of the adult population, and almost one in four children, is 

overweight or obese (AIHW, 2017); over 1.2 million Australian adults are diabetic 

(AIHW, 2018). The former condition has been estimated to have an annual cost to the 

Australian economy of $8.6 billion (AIHW, 2017); the latter condition costs at least $1.7 

billion annually in directly attributable healthcare (AIHW, 2013). These figures are all 

rising and, with them, so too is the need for research aimed at understanding and 

ameliorating metabolic disease.  

Mechanisms which promote, instigate, or maintain these disorders are complex, 

interrelated, and certainly not simple to define. Homeostatic regulation of energy intake 

and expenditure underpins systemic and tissue metabolic activities which are unbalanced 

in obesity and diabetes. Excessive lipid accumulation provokes insulin resistance, 

although the precise causative pathways and indeed the specific lipids involved are 

uncertain. The correlative link between high adiposity and metabolic ill-health is held 

firm, albeit differentially modulated between individuals by factors of biological 

heterogeneity. A predisposition towards obesity can arise from environmental factors as 

well as from certain genetic variations. Evolutionary imperatives have been theorised to 

produce an inherent predisposition to metabolic disorders in the modern environment; 

specific ancestral groups, such as the historically isolated Pacific Island populations, have 

been suggested to represent partial corroboration of this idea. No single unifying theory 

exists. 

 

1.2  Metabolism 

1.2.1 Energy balance and obesity 

Physiological energy homeostasis is defined by the balance between energy intake and 

energy expenditure. Inequality between these measures over a given period of time is 

buffered by compensatory fluctuations between substrate storage or utilisation, resulting 
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in changes to body weight. In practical terms, energy intake is largely defined by diet, 

and expenditure by physical activity. The modern lifestyle which is typical of many 

developed countries increasingly incorporates (theoretically) unlimited access to calorie 

dense foods as well as reductions in physical activity. Such an environment is therefore 

conducive to chronic imbalance between energy intake and expenditure, the former 

exceeding the latter, leading to an excess of stored energy and consequently obesity 

(Romieu et al., 2017). In this framework, obesity can be considered to comprise a failure 

of energy homeostasis. Restoration (or preservation) of the correct balance warrants 

attention to both intake and expenditure rather than either side of the equation alone (Hill 

et al., 2012).   

Obesity during prolonged overnutrition is most often typified by abnormal, excess lipid 

accumulation. This is deposited primarily in adipose tissue, which has significant capacity 

for expansion to store nutrients as fat, but subsequently also in other tissues such as 

skeletal muscle, heart, and liver even more so once that expansive capacity of adipose is 

reached. Although fat accumulation provides the most visible marker, however, obesity 

is a multifactorial and systemic condition. Underlying the whole-body shift to increased 

energy storage are diverse modifications of neuroendocrine systems on cellular as well 

as tissue scales, producing new metabolic patterns which represent the attempt to adapt 

to obesity status. Indeed, Ghanemi et al. (2021) have as such most recently described 

obesity as a “neuroendocrine reprogrammer”. In like manner, energy balance and nutrient 

homeostasis incorporate more than lipid metabolism alone.  

1.2.2 Tissue energy metabolism 

The metabolic processes responsible for energy homeostasis convert nutrients to chemical 

energy and the substrates needed for cell function. Intracellular pools of stored nutrients 

can derive from dietary consumption as well as endogenous synthesis pathways. The 

central macronutrients of protein, carbohydrate, and lipid are postprandially digested in 

the mouth, stomach, and/or intestines to their component parts—namely free amino acids, 

monosaccharides, monoglycerides, and fatty acids. These are further metabolised upon 

tissue uptake for both storage and energy expenditure. Carbohydrate monomers are 

converted to glucose-1-phosphate for storage as glycogen; lipids are re-esterified to 

triglyceride (TG) for storage in lipid droplets, or to form lipoprotein particles for export. 

Intracellular lipid pools can additionally be populated by increased non-esterified fatty 
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acid flux from adipose tissue lipolysis, or via de novo lipogenesis. Two key pathways 

which facilitate the utilisation of stored nutrients in energy production are glycolysis 

(breakdown of glucose) and β-oxidation (breakdown of fatty acids). The former string of 

multi-enzymatic reactions occurs in the cytosol, the latter in the mitochondrion; the major 

end-products of both processes can enter the tricarboxylic acid (TCA) cycle in the 

mitochondrial matrix for further metabolism and subsequent ATP generation. These 

pathways are broadly common across tissues which otherwise possess distinct metabolic 

roles, capacities, and preferred fuels. In the maintenance of systemic nutrient 

homeostasis, however, skeletal muscle and liver are of particular importance.  

Skeletal muscle comprises a significant proportion of total tissue mass and as such its 

metabolic activities represent an important contribution to whole-body energy 

metabolism even by dint of that mass alone. This tissue can therefore account for up to 

30% of resting energy expenditure, despite its relatively low metabolic rate at rest, as well 

as up to 80% of glucose disposal in the body (DeFronzo et al., 1985; Zurlo et al., 1990; 

Rolfe & Brown, 1997). Muscular energy metabolism is especially vital during exercise, 

given the associated high energy demands, and accompanying increases in substrate 

utilisation. Those fuel sources can include glucose, fatty acids, and ketone bodies, as well 

as muscle glycogen reserves. In addition to comprising the primary site for glucose uptake 

and storage, skeletal muscle acts as a reservoir for amino acids, stored as protein and 

released as necessary to support protein synthesis or energy production (Argilés et al., 

2016). The amino acid pool can also interact with the TCA cycle, primarily though not 

entirely by utilising the carbon skeletons for de novo synthesis of cycle intermediates to 

increase cycle flux and meet energy demands during exercise (Wagenmakers, 1998). 

The liver represents the body’s main site of gluconeogenesis, glycogenolysis, lipogenesis, 

and ketogenesis. Its many energetic functions are more completely reviewed elsewhere 

(Rui, 2014). In the postprandial state, digested carbohydrates, fatty acids, and amino acids 

are taken up from the circulation. Glucose is converted to glycogen for storage; free fatty 

acids are re-esterified for storage as TGs or are secreted as very-low-density lipoprotein 

(VLDL) particles. During periods of energy demand, glycolysis and β-oxidation, 

supplemented with carbon sources taken up from the circulation, fuel the production of 

new glucose (gluconeogenesis) for hepatic output into circulation. The liver is 
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furthermore responsible for the formation of a variety of metabolites for systemic usage 

including, for example, cholesterol, bile salts, lipoproteins, and ketone bodies. 

There is significant crosstalk between the tissues. The greater glucose uptake seen in 

working muscle, for example, influences the levels of circulating hormones which in turn 

regulate metabolic events in the liver, provoking increased HGP to restore blood glucose 

levels and provide substrates for continued muscular energy metabolism (Wasserman & 

Cherrington, 1991). The products of muscle metabolism (for example, lactate) are 

transported through the circulation to the liver where they may be processed back to 

usable fuel sources. Hepatic ketogenesis reflects similarly systemic interplay, using 

NEFAs released from adipose to generate fuel for extrahepatic tissues. The concerted 

metabolic activities of systemic energy homeostasis are governed by stimuli including 

diet, exercise, and circadian rhythm; prime among the mediating factors are circulating 

hormones such as insulin. 

1.2.3 Endocrine hormone signalling 

The circulating endocrine hormone insulin, released from the β-cells of the pancreatic 

islets following postprandial nutrient absorption, regulates substrate movement into 

tissues for either oxidation or storage. Its many activities, both stimulatory and inhibitory, 

are implemented via a complex signalling pathway activated by the insulin receptor 

(Saltiel and Kahn, 2001; Taniguchi et al., 2006; Humphrey et al., 2015). Of particular 

relevance is insulin stimulation of glucose uptake and metabolism, as well as fatty acid 

metabolism; in the liver, insulin also suppresses gluconeogenesis. The circulating 

hormone glucagon is secreted from the pancreatic α-cells upon the transition from feeding 

to fasting states and operates as the primary hormonal counterbalance to insulin. The 

signalling network which is activated by its binding to the glucagon receptor accordingly 

impacts many of the same metabolic pathways which are regulated by insulin action. As 

such, glucagon can suppress the synthesis and enhance the catabolism of lipids, as well 

as promoting glucose release into circulation via glycogenolysis and, in the liver, 

gluconeogenesis (Eisenstein et al., 1974; Longuet et al., 2008; Oh et al., 2013; Pereira et 

al., 2020). Both hormones are linked to circadian rhythm synchronisation, further 

regulating the homeostatic response to nutrient intake (Sun et al., 2015b; Dang et al., 

2016; Kalvisa et al., 2018). 
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Tissue desensitisation to insulin, and the resultant failure of a normal insulin dose to elicit 

these responses, is known as insulin resistance (IR). The aetiology of this condition has 

recently been comprehensively reviewed (James et al., 2021). In brief, IR results in the 

increased pancreatic production and secretion of insulin, in a compensatory effort to 

maintain normal glucose homeostasis. Sustained overproduction can ultimately cause 

pancreatic β-cell failure, thereby disrupting blood glucose control and leading to type 2 

diabetes (T2D) onset (as recently reviewed by Galicia-Garcia et al., 2020). 

Hyperglucagonemia has similarly been associated with diabetes, resulting from altered 

pancreatic α-cell proliferation and secretory regulation, and also as a compensatory 

consequence of glucagon resistance (Müller et al., 1973; Gelling et al., 2003; Suppli et 

al., 2016). This has traditionally been viewed in the context of driving hyperglycaemia 

but is equally strongly linked to disruption of amino acid signalling and lipid metabolism 

(Lee et al., 2011; Dean et al., 2017; Kim et al., 2017b; Janah et al., 2019). Discussion of 

diabetes aetiology often centres around the onset of IR in liver and/or skeletal muscle, as 

the (non-adipose) peripheral tissues most essential to insulin regulation of systemic 

energy homeostasis.  

 

1.3 Lipotoxicity 

1.3.1 Lipid-induced insulin resistance 

Obesity and diabetes are both known to be underpinned by IR. Although incompletely 

defined, a number of different mechanisms have been proposed to promote the 

development of systemic IR, including the accumulation of bioactive lipids in non-

adipose tissues (Kraegen et al., 1991; Summers, 2006; Chavez & Summers, 2012; Turner 

et al., 2013). Excessive tissue lipid accumulation is promoted by obesogenic 

environments on an organismal scale, but is also further enhanced by various factors 

operating at the cellular level. Alterations to adipose tissue function/metabolism that 

occur during obesity are thought to be intimately involved (as reviewed by Goossens, 

2017). Hypertrophic and hyperplasic responses both expand adipose storage capacity in 

apparent direct compensation upon lipid accumulation (Jo et al., 2009; Arner & Spalding, 

2010). Such increases in adipocyte size and number are also proven, however, to 

independently predict the development of IR. Controlled for body mass index (BMI), 

insulin resistant individuals have been found to possess a greater proportion of small 
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adipose cells than do insulin sensitive individuals, while their large adipose cells are fewer 

but larger (Weyer et al., 2000; McLaughlin et al., 2007; Johannsen et al., 2014; 

McLaughlin et al., 2014; Kim et al., 2015a). Moreover, adipogenesis is impaired with IR 

(Deurenberg et al., 1991; Yang et al., 2004; McLaughlin et al., 2007, 2014) and 

promotion of adipocyte differentiation improves insulin sensitivity (De Souza et al., 

2001; McLaughlin et al., 2011; Eliasson et al., 2014). Taken together, such findings tie 

IR to stunted expandability of adipose tissue, and a corresponding overspill of lipids from 

overloaded adipose depots into insulin-sensitive peripheral tissues such as skeletal muscle 

and liver. 

Lipids have well defined roles in signalling and gene transcription, as metabolic fuels and 

as structural components of cells. The combination of various backbones, headgroups and 

acyl chains gives rise to many thousands of lipids that are classified in distinct classes, 

subclasses and subgroups (Li et al., 2015a; Lydic & Goo, 2018). This diversity in 

chemical structure results in a vast spectrum of physicochemical properties across various 

lipids. At the level of peripheral tissues such as muscle and liver, intracellular lipid 

accumulation is logically caused by either heightened uptake, diminished utilisation or in 

some cases enhanced lipogenesis. The correlations between lipid accumulation and IR 

appear to be due not to changes in either lipid uptake or fatty acid oxidation (FAO) alone, 

but to the aberrant build-up of specific lipids with deleterious roles.  

Several such lipid species have been proposed—TG, long-chain acyl-CoA, acylcarnitine, 

phospholipid, diacylglycerol, and ceramide content included—although for the most part 

their contribution to IR aetiology is incompletely defined (Meikle & Summers, 2017; 

Petersen & Shulman, 2017). Interplay between lipid-related mechanisms is likely, as is 

the existence of as-yet-unidentified, non-canonical means of inducing IR. It is now 

becoming more broadly accepted, however, that seemingly contradictory evidence 

linking certain lipid species to IR is also perhaps a reflection of lipid subcellular location, 

the specific subspecies present and the timing of measurements relative to lipid fluxes 

(Meikle & Summers, 2017; Petersen & Shulman, 2017). The same is true on a broader 

macronutrient scale, with dietary carbohydrate and fat sub-types shown to differentially 

influence liver fat accumulation and metabolic health even when comparing isocaloric 

diets (Hydes et al., 2021). The necessity of these specifics in comprehending the 

development of lipid-induced IR provides an indicator of the complexity of the condition. 
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1.3.2 Adiposity, metabolic health, and confounding factors 

Lipid content and adiposity per se is not an unambiguous reflection of individual 

metabolic health. Failure of overloaded adipose tissue storage capacity leading to ectopic 

lipid deposition may provide the primary insult, offering a ready correlation between fat 

mass and metabolic syndrome. But the relationship is a complex one. A subset of the 

aforementioned risk alleles for obesity reportedly associates with the opposite: lower risks 

of metabolic disease (Krempler et al., 2002; Yaghootkar et al., 2016; Ji et al., 2019). 

Lipodystrophy has been positively associated with IR (Ganda, 2000; Gavrilova et al., 

2000; Kim et al., 2000). Pharmacological rescue of insulin sensitivity can be achieved 

despite fat mass gain (Fonseca, 2003) as is the case for thiazolidinediones. On a broader 

scale is the intriguing phenomenon of (so-called) “metabolically healthy obesity” (MHO) 

(Sims, 2001; Blüher, 2020). The phrase refers to individuals resistant to the adverse 

metabolic effects of weight gain including T2D, driven primarily by altered fat 

distribution, adipocyte morphology, and lipogenesis capacity, as well as an improved 

inflammatory profile compared to metabolically unhealthy obese persons (Primeau et al., 

2011; Samocha-Bonet et al., 2012; Stefan et al., 2013; Fabbrini et al., 2015; Alfadda et 

al., 2017). On an individual level, at least, it seems that the link between (total) adiposity 

and adverse metabolic consequences is not straightforwardly causal in all circumstances 

and other modulating factors exist. Overall, however, the correlation holds even for these 

MHO individuals. Terming the phenotype “healthy” is a simplification: meta-analyses 

demonstrate that the phenotype is transient and that most MHO individuals are ultimately 

at higher risk of developing T2D and cardiovascular disease over time (Appleton et al., 

2013; Kramer et al., 2013; Eckel et al., 2016; Fingeret et al., 2018; Tsatsoulis & Paschou, 

2020).  

Individual adipose depots are themselves heterogeneous. Proliferative capacity, glucose 

and lipid metabolism, insulin sensitivity, and cytokine pattern can each differ between 

visceral and subcutaneous adipose tissues (Lee et al., 2013; Kranendonk et al., 2015; 

Guglielmi & Sbraccia, 2018). The latter depots, for instance, have a larger pool of 

preadipocytes, while adipogenic genes are more highly expressed and more responsive to 

differentiation cues than in visceral depots (Lundgren et al., 2007). The different 

subcutaneous depots, too, have differing characteristics. Abdominal adipose provides a 

short-term energy store, with rapid uptake of dietary lipids and high lipolysis rates; 

gluteo-femoral adipose is longer-term storage, with reduced lipid turnover (Tchkonia et 
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al., 2013; Karpe & Pinnick, 2015). These distinct features have similarly distinct effects 

on metabolic health. Visceral fat mass is a strong predictor of IR (McLaughlin et al., 

2011); abdominal fat has been similarly associated (Goodpaster et al., 1997). The gluteo-

femoral depot shows the opposite: an association with a protective lipid and glucose 

profile, as well as decreased cardiovascular and metabolic risk (Manolopoulos et al., 

2010). Low gluteo-femoral fat mass is rather a risk factor for unfavourable metabolic 

conditions, independent of other adipose tissue (Snijder et al., 2005). Brown adipose 

tissue is further still disparate in function, acting more in thermogenesis and energy 

balance regulation than in energy storage per se (Cypess et al., 2009; Virtanen et al., 

2009; Vijgen et al., 2011). The depot-specific functions of adipose tissue are suggested 

to imply an evolutionary conserved adipogenic programme (Gesta et al., 2006). Total fat 

mass provides an inadequate risk measure; preferential distribution of fat mass better 

reflects metabolic consequences. 

Obesity furthermore exhibits sexually dimorphic characteristics, with patterns of fat 

content and distribution distinct between sexes. Human studies have found that females 

possess higher total body fat content than males (Jackson et al., 2002; Geer & Shen, 

2009); that lipids are stored predominantly in subcutaneous adipose tissue in females, and 

in visceral adipose tissue in males (Schreiner et al., 1996; Romanski et al., 2000; 

Demerath et al., 2007); and that males oxidise/mobilise dietary FAs more readily than do 

females who are more prone to storage (Nielsen et al., 2003; Uranga et al., 2005). Women 

derive proportionally more energy from fat oxidation during exercise; men primarily 

utilise carbohydrate oxidation (Horton et al., 1998; Tarnopolsky, 2000; Mittendorfer et 

al., 2002). The consequences of these (and similar) differentiations are moreover played 

out in the features of metabolic syndrome. The sexes differ in comparative insulin 

sensitivity, glucose metabolism, circulating lipid profile, and risk of individual metabolic 

syndrome factors such as cardiovascular disease and hypertension, with females being 

less susceptible than males (Regitz-Zagrosek et al., 2007; Vishram et al., 2014; Rochlani 

et al., 2015).  

The relationship between biological sex and body composition is not merely incidental, 

or correlative; metabolic effects are at least partially regulated by sex hormones and by 

chromosomal complement. Testosterone and oestrogens differentially affect lipolysis, 

adipogenesis, and pathogenic lipid profile (Ramirez et al., 1997; Lacasa et al., 2001; 
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Pedersen et al., 2004; Singh et al., 2006). Oestrogens moreover regulate central and 

peripheral fat distribution, with inverse effects on adiposity and muscle mass (Al-Qahtani 

et al., 2017; Yasrebi et al., 2017; Reusch et al., 2018). The relationship is not strictly one-

way: alterations in visceral and subcutaneous fat content can alter sex hormone profiles 

(Kim et al., 2017a). Independently of gonadal effects, the X chromosome influences food 

intake and is associated with fat mass gain, which is accordingly greater in XX than in 

XY status (Chen et al., 2012; Reue, 2017). Recognition of sex-based differentiation of 

phenotype has led the National Institute of Health to mandate that researchers consider 

sex as a biological variable and include both sexes in preclinical research designs (NIH, 

2015; Clayton, 2018).  

Ethnicity, as a proxy for genetic ancestry, is likewise a confounding factor. Total 

adiposity measures examined in multiethnic cohorts have consistently shown significant 

variation between ethnic-racial groups in both children and adults (Swinburn et al., 1999; 

Lear et al., 2007; Rush et al., 2009; Staiano et al., 2013a). More precise measures of 

intrabdominal adiposity, including comparative accumulation and distribution patterns of 

trunk, visceral, and liver fat, are also significantly affected by ethnicity (Nazare et al., 

2012; Staiano & Katzmarzyk, 2012; Lim et al., 2019; Martos-Moreno et al., 2020). BMI 

and/or adiposity values remain strong predictors of metabolic derangements for all ethnic 

groups, and thus can account for significant fractions of the ethnic disparity in metabolic 

syndrome prevalence, but contributions to risk can nevertheless differ (Lim et al., 2019; 

Maskarinec et al., 2020; Martos-Moreno et al., 2020). For example, both Hispanic and 

African American cohorts exhibit high obesity and IR rates, but these risk factors 

accompany high non-alcoholic fatty liver disease (NAFLD) prevalence in only the former 

group (Agbim et al., 2019). Evidence suggests that ethnic-specific anthropometric targets 

would be of practical utility for diagnosis of metabolic health; this would require greater 

understanding of differential risks between populations. Nor do potential confounders 

operate in isolation, with sexual maturation status shown to attenuate ethnic differences 

in girls’ adiposity (Staiano et al., 2013b). Many questions—regarding molecular 

mechanisms, interactions with factors such as diet or age, and metabolic consequences 

(reviewed by Reusch et al., 2018)—fall, however, into the many gaps in extant research 

and require significant further investigation before concrete conclusions may be drawn. 
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1.4 Obesity, Genetics, and the Environment 

1.4.1 Genetic variant risk alleles 

Obesity can develop from interplay between genetic and environmental (or behavioural) 

factors. In the broadest view, this interaction can be seen in the inter-individual variability 

in responses to diet which has proven to be a challenge for development of practical public 

health recommendations addressing obesity (Berry et al., 2020). Rodent studies likewise 

reveal complex phenotypic variation in obesity-related traits, including diet effect size, 

that is largely strain-dependent (Montgomery et al., 2013; Yam et al., 2020). In the 

ongoing attempt to identify the genes underlying an individual predisposition to obesity, 

large-scale genome-wide association studies (GWAS) in human populations have been 

used to assess associations between genetic variation and phenotypic traits. Variations at 

certain gene loci are associated with susceptibility (or, alternately, resistance) to weight 

and fat mass gain; risk alleles have been identified for monogenic or, more commonly, 

polygenic forms of obesity. Indeed, the ob/ob and db/db obese mice, which harbour 

spontaneously-arisen deficiency mutations in the genes encoding for leptin and the leptin 

receptor respectively, have long been utilised to study obesity aetiology (Ingalls et al., 

1950; Hummel et al., 1966). In recent years, research has also identified epigenetic 

modifications linked to obesity and metabolic disease, as reviewed elsewhere (Chiurazzi 

et al., 2020). 

Perhaps the most highly cited of these genetic contributors in humans is the fat mass and 

obesity-associated (FTO) gene, which harbours fifteen single nucleotide polymorphisms 

(SNPs) within the first intron, each one associated with increased obesity risk (Church et 

al., 2009; Speliotes et al., 2010; Mao et al., 2017). At the time of its discovery, and until 

recent years, the FTO locus was the largest known (single) genetic influence on polygenic 

obesity. Crucially, however, although the FTO variants occur in many populations, for 

example European, African, or Hispanic ancestries (Dina et al., 2007; Frayling et al., 

2007; Scuteri et al., 2007; Hubacek et al., 2008; Liu et al., 2010), the association with 

obesity is not conclusively replicated worldwide (Ohashi et al., 2007; Yajnik et al., 2009; 

Karns et al., 2012).  

The mechanisms by which FTO risk alleles are theorised to operate provide a convenient 

illustration of the integration of genetic and other factors in obesity development. The 

intronic variants which induce FTO gain of expression act primarily via the hypothalamus 
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to alter neural responses to food signals and thereby influence food intake (Speakman et 

al., 2008; Haupt et al., 2009; Wiemerslage et al., 2016). More broadly, the (heritable) 

dysregulation of food intake and behaviour is indeed suggested to be one definition of 

obesity (O’Rahilly & Farooqi, 2008; Wardle & Carnell, 2009; Choquet & Meyre, 2011). 

The behavioural susceptibility theory presents appetite as a causal factor, purporting that 

obesity results from genetic susceptibility to overeating in an ‘obesogenic’ food 

environment (Llewellyn & Wardle, 2015; Llewellyn & Fildes, 2017). The genetic effects 

of FTO are also modulated by factors including physical activity, aerobic fitness, and/or 

glycaemia (Andreasen et al., 2008; Kilpeläinen et al., 2011; Qi et al., 2015; Celis-Morales 

et al., 2016; Sailer et al., 2016; Wagner et al., 2017).  

Genetic susceptibility to obesity extends further to co-morbidities encompassing a variety 

of metabolic disorders. The FTO risk alleles, for example, have been associated with not 

only obesity and BMI but also with cerebrocortical IR (Tschritter et al., 2007), T2D 

(Frayling et al., 2007; Freathy et al., 2008; Sabarneh et al., 2018), hypertension (He et 

al., 2014), and inflammation (Fisher et al., 2012). These and similar relationships to 

aspects of the metabolic syndrome are recapitulated in studies focussed on other gene 

variants shown to favour obesity which are located, for example, near MC4R (Loos et al., 

2008; Qi et al., 2008), ENPP1 (Meyre et al., 2005; McAteer et al., 2008), or CDKAL1 

(Steinthorsdottir et al., 2007; Okada et al., 2012). The correlations frequently seen 

between obesity and metabolic disease indicate some correspondence in the underlying 

molecular mechanisms, and thereby demonstrate research avenues of interest. 

1.4.2 Evolution and the Thrifty Genotype Hypothesis 

Theories proposed in the attempt to elucidate interactions between genetics and 

environment, in the context of obesity and metabolic syndrome, are many. One such 

explanation is provided by the Thrifty Genotype Hypothesis (TGH), initially posed by 

Neel (1962). According to the hypothesis, an evolutionary history incorporating repeat 

exposure to famine periods is a breeding ground for the positive selection of genetic 

features favouring efficient—that is, “thrifty”—energy balance: leveraging metabolism 

to maximise storage and limit expenditure of energy. In a modern environment which 

provides abundant sources of energy, such genes would logically predispose their carriers 

to obesity and metabolic syndrome (Neel, 1962, 1999). Candidate genes are occasionally 

proposed: the Gly482Ser variant in the PPARGC1A gene, for example, has a high 
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frequency in Polynesia and was hypothesised to contribute to the high BMI and T2D 

prevalence in that population (Myles et al., 2007, 2011). No compelling evidence, 

however, has been identified either for its positive selection or for an association with 

BMI or T2D (Myles et al., 2011; Cadzow et al., 2016).  

More broadly, however, thrifty gene candidates are generally uncorroborated by 

population studies worldwide (Southam et al., 2009; Ayub et al., 2014; Koh et al., 2014; 

Steinthorsdottir et al., 2014; Wang & Speakman, 2016). The TGH is therefore somewhat 

controversial. It is argued (perhaps justifiably) to be inadequate as a stand-alone 

explanation for human susceptibility to an obesogenic environment given the multiplicity 

of selection pressures, of the genes and biological pathways involved, and of factors such 

as population dynamics (Hales & Barker, 2001; Bouchard et al., 2007; Speakman, 2008; 

Baig et al., 2011; Speakman & Westerterp, 2013; Gosling et al., 2015; Reales et al., 2017; 

Qasim et al., 2018; Garduño-Espinosa et al., 2019). Nevertheless, it is comparatively 

uncontroversial that long-term trends in body composition and metabolic capacity appear 

to have developed throughout hominin evolution to better ensure individual and species 

survival in response to local environmental pressures, including energy stress (Wells, 

2006, 2017). These trends contribute to overall susceptibility to metabolic conditions 

including diabetes in a manner which both resembles and is exacerbated by nutritional 

exposure during individual lifespan. As such, the concept of an underlying determinant 

of in vivo metabolic response to the contemporary environment has persisted in the 

literature.  

Alternative theories have been proposed, suggesting that the predisposition towards 

metabolic syndrome may be a function of genetic drift (rather than selection) (Speakman, 

2008); or of a “thrifty phenotype” as an adaptive maternal effect associated with 

intrauterine growth restriction and/or as a consequence of poor nutrition in early life 

(Hales & Barker, 2001; Wells, 2007b, 2011; Priante et al., 2019); or of a “thrifty 

epigenotype” driven by potentially heritable epigenetic variations (Stöger, 2008). The 

thriftiness concept tends to be used somewhat interchangeably between these mechanisms 

in current discussions, operating more as umbrella terminology than referring specifically 

to the mechanisms of Neel’s original hypothesis. As such, the proposal most recently 

published names PTEN as the candidate primary thrifty gene, modified in utero by 

nutrient availability rather by natural selection per se (Venniyoor, 2020). Bouchard 
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(2007) suggests five (non-mutually exclusive) genotype classes, of which “thrifty” is but 

one among “hyperphagic”, “sedens”, “low lipid oxidation”, and “adipogenesis”. The 

mitochondrial efficiency hypothesis, meanwhile, postulates that energetic thriftiness from 

reduced heat production is a consequence of adaptation to low-calorie diets in hot climates 

(Bhopal & Rafnsson, 2009). 

Not all such hypotheses are mutually exclusive, or wholly incompatible with the base 

TGH concept. Adaptive evolutionary selection of “thrifty”-type genes, driven by feast-

famine cycles, may have also been catalysed by cycles of alternating physical activity and 

rest (Chakravarthy & Booth, 2004). Modern disadvantage may thus be a consequence of 

not only dietary excess but also of comparatively sedentary lifestyle. In this scenario, 

where physical capacity is a key determinant of survival and thus of evolutionary 

adaptation, it is feasible that genes would be selected in the interests of preserving that 

capacity during food deprivation, as well as energy storage (Stannard & Johnson, 2004). 

For a more broadly integrative paradigm, Johnson et al. (2013) took a comparative 

biology approach to argue that the metabolic syndrome represents a normal physiological 

process—a survival mechanism to avert starvation—that has been subverted by 

continuous food availability. No single framework has yet been conclusively proven.  

Many of these conceptual paradigms are underlain by common physiological processes. 

If the “thrifty” concept is indeed representative of an evolutionary adaptation designed to 

enhance survival during privation, then perhaps some ready parallels can be drawn from 

studies of starvation resistance. These have primarily been performed in Drosophila, 

revealing physiological plasticity which is both heritable and triggered by immediate 

circumstance. Starvation resistance is shown to be driven by a shift to greater metabolic 

frugality which involves alterations to carbohydrate and lipid metabolism, including 

redirection of glucose from oxidation in skeletal muscle to storage in white adipose tissue 

(WAT) (Dulloo et al., 2006; Rion & Kawecki, 2007). Phenotypic expression of this 

resistance is determined in part by nutrition. Relative proportion of dietary protein and 

carbohydrate influences both supply and demand of energy—where ingested 

carbohydrate promotes lipid storage, ingested protein is routed to the energetically 

demanding processes of lean mass maintenance—and the balance between these 

macronutrient intakes can impact body composition, lifespan, reproduction, and 

metabolism across multiple species including humans and mice as well as Drosophila 
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(Sørensen et al., 2008; Lee & Jang, 2014; Wali et al., 2021). Preferential utilisation of 

endogenous fuels by Drosophila during starvation, where lipids are prioritised for long-

term deprivation, ensures that diets which contain more carbohydrate content and provide 

greater sequestration of lipid reserves also confer greater starvation resistance (Lee & 

Jang, 2014; Henry et al., 2020). The correlation with greater body lipid content is also 

evolutionary, seen outside diet-based studies (Chippindale et al., 1996; Ballard et al., 

2008; Parkash & Aggarwal, 2012). The link to the TGH-based phenotype is clear. 

Adaptations to privation may be generally maladaptive outside that environment. Trade-

offs which are associated with evolutionary and physiological starvation resistance in 

Drosophila include reduced fecundity and slower development, as energy reserves are 

conserved (Chippindale et al., 1996; Lee & Jang, 2014). The net benefits of pathways 

activated during nutrient deprivation are context-dependent. Immune and inflammatory 

signals, for example, cannot be simply categorised (Fazeli et al., 2020). Transitions 

between adaptive starvation phases are orchestrated partially by hormonal loops including 

states of hypoleptinemia and hypercortisolemia (Steinhauser et al., 2018). Alterations to 

glucose and lipid metabolism are transduced in part by selective or tissue-specific 

modulation of insulin sensitivity (Soeters et al., 2012). Dysregulation of any of these 

pathways, outside survival-oriented starvation resistance, is detrimental. “Catch-up 

growth” in humans, seen when mechanisms active during nutrient deprivation persist 

during refeeding, is a risk factor for T2D (Dulloo et al., 2006; Dulloo, 2008). If starvation-

induced physiological plasticity indeed comprises a potentially-maladaptive evolutionary 

holdover in human populations, then this may present the shared basis for the various 

TGH paradigms (even if a single gene or pathway is an insufficient driver). Further 

research may be required into relevant populations impacted by an apparent 

predisposition to metabolic dysfunction.  

1.4.3 Pacific Islands: a case study 

Modern Pacific Island (PI) populations have an evolutionary history of relative isolation, 

although ancestral migrations into and within the region were nevertheless incremental, 

complex, and debated. Oceania is typically considered to have experienced two major 

waves of migration: the Papuan people who, approx. 50,000 years ago, settled much of 

Near Oceania; and the Austronesian (AN)-speaking or Lapita people who, approx. 3,500 

years ago, ultimately colonised Remote Oceania, reaching the most isolated islands of the 



15 
 

eastern and southern Pacific approx. 700-1000 years ago (Friedlaender et al., 2008; 

Duggan et al., 2014; Isshiki et al., 2020). The location and timing of admixture between 

these waves, with modern PI groups exhibiting ubiquitous Papuan ancestry, provides the 

main point of contention. Phylogenetic analysis suggests extensive and bidirectional gene 

flow between the incoming AN people and the indigenous non-AN population of 

Melanesia, ancestors of both the modern Polynesian and AN-speaking Melanesian groups 

(Ohashi et al., 2006; Kayser et al., 2006, 2008; Issiki et al., 2018). Whether this admixture 

occurred when AN-speaking migrants initially passed through Melanesia, or in later 

exchanges, sums up the primary debate. Secondary expansion of admixed populations, 

considerably after the initial settlement of Polynesia, likely further contributed to the 

substantial genetic contacts between PI sub-populations (Wollstein et al., 2010; Delfin et 

al., 2012; Duggan et al., 2014; Skoglund et al., 2016; Hudjashov et al., 2018; Pugach et 

al., 2018). That these PI groups retain distinct genetic ancestries, largely isolated from 

any other global gene pools until more recent years, has rendered them attractive 

prospects for studying genetic predisposition to metabolic conditions. 

Population studies in PI communities describe a significant prevalence of the metabolic 

syndrome. Modern public health statistics of urban or modernising Pacific groups are 

characterised by extreme obesity prevalence and high diabetes incidence. In American 

Samoa, for example, over 93% of the adult population were found to be overweight or 

obese, and 47% were diabetic (Maga et al., 2007). These findings are reflected across the 

majority of PI countries and territories, with similar obesity rates reported for populations 

including Tonga, Tokelau, Nauru, and Niue (Kessaram et al., 2015). Compared to 

Europeans living in the same region, both adult and child Pacific peoples are reported to 

have as much as twice the obesity and three times the diabetes prevalence (Simmons et 

al., 2001; Defay et al., 2007; Chiavaroli et al., 2019). This is not purely a recent 

development: Polynesian men on Niihau surveyed in the early 1960s were distinctly 

overweight, hypertensive, and diabetic (Bassett et al., 1966). The trend to comparative 

metabolic ill-health is, however, worsening. Obesity prevalence in Western Samoa 

dramatically increased between 1978 and 1991 (Hodge et al., 1994); between 1980 and 

2008, the rise in mean adult BMI was in some Pacific regions five times the mean 

worldwide increase (Finucane et al., 2011). Increase in mean fasting blood glucose was 

similarly unbalanced (Danaei et al., 2011).  



16 
 

Incidence of diabetes and obesity in these communities, although often grouped together, 

are however not the only factors. The increased obesity rates undoubtedly contribute to 

abnormal glucose tolerance but cannot wholly explain the significantly enhanced 

prevalence which persists after values are adjusted for BMI (Taylor & Zimmet, 1981a, 

1981b; Zimmet et al., 1981). Measures of BMI are themselves not without some debate 

regarding their applicability to Polynesians, who are reported to have a higher ratio of 

lean mass to fat mass than do Europeans (Swinburn et al., 1999). It has therefore been 

suggested that different, ethnicity-based cut-offs should apply—paired with the argument 

that risk should anyway be based on associated comorbidities, not body composition 

alone (McAuley et al., 2002). In line with this concept, Maori women have been reported 

to exhibit higher fasting glucose and insulin levels, and lower insulin sensitivity, than 

European women of similar BMI and adiposity levels (McAuley et al., 2002). The 

diabetic phenotype may therefore be partially attributed to defects in insulin response, 

which other population-based surveys suggest are related to ethnic variability in insulin 

secretion capacity (Zimmet et al., 1979; Defay et al., 2007). The cause of this variation 

remains somewhat uncertain. 

Population studies in the Pacific Islands have repeatedly shown the prevalence of diabetes 

and obesity in urban regions to be significantly greater than is found in rural or 

“traditional-living” groups. In 1980s Western Samoa, for instance, diabetes was nearly 

three times as prevalent in the urban population (10.1%) as the rural (3.6%), and obesity 

similarly more common (Zimmet et al., 1981); the following decade, the trend remained 

(Hodge et al., 1994). In roughly contemporary studies of Wallis Island Polynesians, the 

low diabetes prevalence found among rural residents (1.9% in men, 3.5% in women) 

became seven and four times greater for Wallisian men and women respectively living in 

urban Noumea (Taylor et al., 1983, 1985). Rural-urban differences have likewise been 

identified in Micronesian and Melanesian populations (King et al., 1984; Russell-Jones 

et al., 1990; Taylor et al., 1991; Furusawa et al., 2011). There seems, moreover, to be 

something of a gradient effect: among the non-AN Melanesian peoples of Papua New 

Guinea, circa 1989, both the semi-traditional and peri-urban groups had little diabetes 

incidence, but this was accompanied in the latter group by an unexpectedly high insulin 

response perhaps indicative of metabolic transition to glucose intolerance (King et al., 

1989). The urbanisation effect appears further exacerbated by migration, with Polynesian 

migrant populations in New Zealand, Australia, and the USA reporting greater increased 
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prevalence of obesity and diabetes than observed in the native island population (Ostbye 

et al., 1989; McGarvey, 1991; Hawley & McGarvey, 2015). There has thus long been a 

consensus that the prevalence of metabolic syndrome in the Pacific Island region is likely 

driven primarily by introduction of urban, Westernising influences.  

Specific environmental and lifestyle factors which underpin this population-level shift in 

metabolic health, and in particular glucose tolerance, are for the most part less 

comprehensively defined. Decline in physical activity, for example, has been associated 

with worsening health in this as in other populations (Weinstein et al., 1981; Taylor et 

al., 1983; King et al., 1984; Hodge et al., 1994). Several studies in Samoa and American 

Samoa have explored the influence of dietary pattern. The “neo-traditional” or “mixed-

modern” patterns, in adults, are associated with lower abdominal circumference and 

higher serum HDL cholesterol, and inversely associated with metabolic syndrome 

(DiBello et al., 2009; Wang et al., 2017). In contrast, the “modern” pattern—comprised 

mostly of imported, processed foods—is significantly positively associated with 

metabolic syndrome in adults and children alike (DiBello et al., 2009; Wang et al., 2017; 

Choy et al., 2020). This diet, which has become increasingly commonly consumed, is 

thus held to be a key contributor to obesity and non-communicable disease rates among 

Pacific Islanders; and a shift to healthier foods is recommended—here, as elsewhere—as 

a strategy to prevent metabolic syndrome. While these environmental factors may help 

drive the development of metabolic syndrome, and can potentially confound cohort study 

analyses, they cannot entirely resolve its outstandingly high prevalence in Pacific Island 

populations compared to other ethnicities affected by similar lifestyle influences.  

The question is made additionally complex by evidence of a differentiated metabolic 

response between the Polynesian, Micronesian, and Melanesian communities of the 

Pacific Islands. Polynesian adult populations can exhibit diabetes prevalence exceeding 

15%, often higher in women than men (Taylor & Zimmet, 1981a, 1981b; Kessaram et al., 

2015; Lin et al., 2017). In Micronesia, a pair of 1970s studies reported that Nauru’s 

diabetes rates were, at 34.4% and 44%, among the highest in contemporary literature 

(Zimmet et al., 1977, 1978). Melanesian peoples, however, (historically) possess 

comparatively low rates of non-communicable disease, with lower diabetes rates, 

abnormal glucose tolerance, and fasting blood glucose levels than Polynesians or part-

Polynesians (Zimmet et al., 1982; Taylor et al., 1991; Defay et al., 2007). In the 1980s 
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Solomon Islands, fewer than 1% of Melanesians had abnormal glucose tolerance 

compared to 9.7% of Micronesians (Eason et al., 1987); two decades later, obesity rates 

remained likewise disparate between these populations (Furusawa et al., 2011). Even 

within Melanesian groups, distinctions are drawn: a non-AN-speaking cohort in Papua 

New Guinea displayed a high insulin response, whereas the AN-speaking sample had 

diabetes and severe hyperglycaemia (King et al., 1989). Genetic ancestry across PI 

populations, therefore, seems to provide an additional differentiator in metabolic health. 

Indeed, a recent study of genetic risk factors in Native Hawaiians at chromosomal and 

sub-chromosomal scales found risks of obesity and T2D to be significantly associated 

with Polynesian ancestry (Sun et al., 2021). This may be a further indicator in support of 

the concept that a predisposition to metabolic ill-health may be evolutionary and heritable, 

per theories of the thrifty genotype. 

 

1.5 CREBRF R457Q Variant 

A recent GWAS on a Samoan population identified an SNP strongly associated with BMI 

(Minster et al., 2016). Located at a highly conserved position within the CREBRF gene 

on chromosome 5, the SNP rs373863828 is a missense variant (Arg457Gln, R457Q) 

predicted to have a high probability of altering CREBRF function (Minster et al., 2016). 

This R457Q variant produced significant dose-dependent increases in BMI and obesity 

risk while simultaneously reducing risk of type 2 and gestational diabetes. This intriguing 

phenotype is quite paradoxical, given the well-documented correlation between obesity 

and diabetes. Initially observed by Minster et al. (2016), these effects have since been 

recapitulated in subsequent studies.  

The heightened obesity risk is primarily underlain by measured increases in BMI, but the 

variant has additionally been positively associated with increased body fat percentage, as 

well as waist and hip circumference (Minster et al., 2016; Naka et al., 2017; Krishnan et 

al., 2018). More recently, associations with increased height and fat-free mass have also 

been described (Berry et al., 2018; Krishnan et al., 2018; Metcalfe et al., 2020; Carlson 

et al., 2020; Arslanian et al., 2021; Oyama et al., 2021). The reduction in diabetes risk is 

retained even following adjustment for BMI but the causative factors are unknown. 

Studies have attributed the R457Q variant to (undefined) effects on glucose homeostasis, 

causing significantly lower fasting blood glucose levels (Minster et al., 2016; Krishnan 
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et al., 2018; Hanson et al., 2019). Associations with greater capacity for compensatory 

insulin secretion or with greater serum lipids are reported only inconsistently across 

cohorts and seem unlikely to comprise key mediators (Minster et al., 2016; Ohashi et al., 

2018; Hanson et al., 2019; Krishnan et al., 2020; Lin et al., 2020; Burden et al., 2021). 

Of note, carriers of the missense variant seem to develop their phenotypic differentiation 

early in life, with effects on weight, height, and waist circumference seen also in 

childhood (Minster et al., 2016; Berry et al, 2018; Carlson et al., 2020; Arslanian et al., 

2021; Oyama et al., 2021). 

Strikingly, occurrence of this R457Q missense variant is tightly restricted by descent and 

geography. It is present in all surveyed Polynesian populations, with reported minor allele 

frequencies as high as 0.259 in the Samoan cohort, but virtually non-existent in 

individuals outside the Pacific Islands (Minster et al., 2016; Berry et al, 2018; Naka et 

al., 2017; Krishnan et al, 2018; Hanson et al., 2019; Lin et al., 2020). Indeed, presence 

of the missense variant in Native Hawaiians was found to be significantly correlated with 

proportion of Polynesian ancestry (Lin et al., 2020). Importantly to questions of 

phenotypic advantage, Minster et al. (2016) also identified evidence of positive selection 

at the Arg457Gln variant in Samoan genomes. This has not yet been matched in other 

reports, likely due in part to sample size limitations. The apparent evolutionary incentive 

for this CREBRF variant, despite its obesogenic effects, encourages closer examination 

to determine any potentially relevant selective pressures.  

Analysis of CREBRF allele frequency among Pacific Island populations reveals that the 

R457Q variant common among modern Polynesians is present at only low frequencies in 

Micronesian and AN-speaking Melanesian groups, and wholly absent in non-AN-

speaking Melanesians (Naka et al., 2017; Hanson et al., 2019). The latter lack is relatively 

unremarkable: Polynesians have very limited genetic relation to non-AN-speaking 

Melanesians (Friedlaender et al., 2008). Both AN-speaking Melanesians and 

Micronesians, however, are reported to be (comparatively) genetically close to 

Polynesian populations (Issiki et al., 2018). That the minor allele frequency in these 

populations is low compared to the Polynesian values may imply that the R457Q variant 

appeared primarily among Polynesian ancestors, who had some admixture with native 

groups of near Oceania, but developed strength of frequency during their expansion 

across the Pacific (Naka et al., 2017; Hanson et al., 2019).  
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Some aspect of the colonisation process may therefore have acted as a positive selection 

force. The apparent phenotypic duality of the CREBRF variant, pairing obesity with 

diabetes protection, recalls the concept of the “thrifty gene” (as discussed above). This 

hypothesis would suggest that force to be feast/famine periods: the (logically) limited 

food resources during long sea voyages and early settlements of each newly discovered 

island (Minster et al., 2016; Naka et al., 2017). Although Loos (2016) argues against the 

applicability of CREBRF to the finer details of Neel’s original insulin-centric thrifty 

genotype hypothesis, the broader outline fits and it is in this framework that Minster et 

al. (2016) present their initial study. This evolutionary perspective, however, cannot yet 

provide any definitive answers regarding the stark absence of the CREBRF variant from 

almost all non-Polynesian populations, or the basis of the strong protection against T2D. 

Further inquiries into CREBRF action on a molecular as well as a systemic level will be 

needed to answer these important questions. 

 

1.6 CREBRF and CREB3: in review 

1.6.1 CREBRF 

The cAMP-responsive element binding protein 3 regulatory (or recruitment) factor 

(CREBRF; originally identified as Luman recruitment factor, LRF) is a highly 

evolutionarily conserved bZIP protein. It is comprised of a basic region flanked by two 

leucine zippers, an acidic region, and an N-terminal transcriptional activation domain (as 

illustrated in Figure 1.1). At the amino acid level, there is more than 95% sequence 

identity between the human, mouse (GenBank GeneID 77128), and rat (GenBank GeneID 

303016) homologs; the bZIP region in particular retains great similarity also to the 

orthologues that have been identified in Drosophila melanogaster (Tiebe et al., 2015) and 

in metazoans (Jindrich & Degnan, 2016). CREBRF mRNA transcripts are reportedly 

ubiquitous, but with levels that vary according to tissue type: especially high in heart and 

kidney, and low in the brain (Audas et al., 2008). The CREBRF protein is tightly 

regulated, being highly unstable and prone to proteasomal degradation with a half-life of 

approximately 20 minutes (Audas et al., 2008). Protein expression is consequently 

difficult to survey, as levels typically fall below detection limits in the absence of 

proteasome inhibition and specific antibodies are moreover not commercially available 

(Audas et al., 2008; Minster et al., 2016; Tiebe et al., 2019).  
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Figure 1.1: Schematic of the CREBRF protein.  

Approximate location of the acidic region (AR) is indicated in red; the basic region (BR) 

in blue; and the leucine zippers (LZ) in yellow. Also indicated are the transcriptional 

activation domain as well as the locations of the hypothesised nuclear export and nuclear 

localisation signals. Position of the R457Q mutation is shown at the red arrow.  

Initial immunofluorescence studies aiming to clarify CREBRF location and function 

within the cell reported that the protein was found primarily in the nucleus, where it 

formed discrete foci (Audas et al., 2008, 2016). These in vitro localisation efforts utilised 

both FLAG- and GFP-tagged CREBRF constructs, transfected into multiple cell lines, to 

conclude that nuclear body formation occurred under all experimental conditions, albeit 

with epitope tag-dependent variation in protein abundance. Indeed, these authors 

observed neither the wild-type CREBRF protein nor any mutant variant within the 

nucleus without foci formation (Audas et al., 2016). Some doubt, however, has 

nevertheless recently been cast upon these findings: similar N-terminal epitope-tagging 

studies performed by another group were inconclusive, revealing mixed nuclear and 

cytoplasmic CREBRF localisation which varied with tag, cell line, and even from cell to 

cell (Tiebe et al., 2019; Oh-Hashi et al., 2021b). The cause of the discrepancy between 

these reports is not fully understood. The case for CREBRF function, which has been 

derived in great part from the earlier studies, justifies a more extended discussion of their 

findings despite the disagreement. 

The conditions for CREBRF nuclear translocation, and consequent foci formation, are 

somewhat uncertain. Audas et al. (2016) utilised CREBRF deletion mutants to assign 

potential localisation sequences: distinct nuclear and sub-nuclear (foci) targeting signals 

within the middle region of the protein, as well as a more tentative nuclear export signal 

in the vicinity of the acidic region (as outlined in Figure 1.1). This theorised shuttling in 

and out of the nucleus implies another level of regulation for CREBRF by an as-yet 

unidentified factor. The equivalent mechanism in the Drosophila ortholog is controlled 
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by a 30-residue region that includes both a 14-3-3 binding site and two TORC1-sensitive 

phosphorylation sites, but the precise parallel is not confirmed (Tiebe et al., 2015). One 

precondition identified for the CREBRF sub-nuclear bodies, although perhaps not a 

trigger per se, is active transcription; pharmacological disruption of this process relocates 

CREBRF to the cytoplasm (Audas et al., 2016). Consequent speculation that mRNA 

templates may serve as templates for foci formation suggests CREBRF involvement with 

transcription activation or repression, but specificity of this regulatory activity is not fully 

defined. 

These in vitro studies provided the initial evidence, on a subcellular scale, for CREBRF 

activity. The primary (and eponymous) function of CREBRF is to regulate activity of 

CREB3, a transcription factor (TF) important in cellular stress response protein folding 

and secretion. The direct physical interaction occurs via binding at the leucine zipper 

region and recruits the active, nuclear CREB3 to sub-nuclear foci. CREB3 activity is 

consequently reduced, firstly by sequestration away from transcriptional co-factors, and 

secondly by induction of its rapid turnover (Audas et al., 2008, 2016). This CREBRF-

mediated suppressive mechanism is not restricted only to CREB3 but has been shown to 

apply also to the glucocorticoid receptor (GR) as well as viral proteins (Martyn et al., 

2012; Audas et al., 2016). The means by which this foci-localised degradation occurs has 

not been wholly elucidated but seems likely to incorporate the 26S proteasome (Baumann 

et al., 2001; Martyn et al., 2012). Audas et al. (2008, 2016) have further speculated that 

CREBRF foci-specific interactions might provide CREB3 (or perhaps CREBRF itself) 

with a separate or alternate function, likely to centre on the processes of protein 

(re)folding or degradation. This is not conclusively proven, however, and repression of 

activity remains the more definitive CREBRF foci role.  

Even this key function, however, might be not uncontroversial. Oh-Hashi et al. (2021b) 

show in vitro that CREBRF can positively regulate CREB3 activity. The mechanism is 

uncertain; CREBRF did not impact CREB3 protein stability or intracellular localisation. 

Both the nature of the protein-protein interaction and its consequence were therefore 

entirely unlike previous reports. The authors suggest that the discrepancy posed by this 

study, which was performed in Neuro2a cells, might be due to differences in cellular 

context. Too few studies exist, thus far, for any more definitive conclusions. The 

CREBRF-CREB3 interaction, being integral to the proteins’ functionality, dictates that 
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any review of CREBRF action should also examine CREB3. A synthetic incorporation 

of the latter protein’s cellular and organismal activities, which have been more 

extensively investigated, can offer greater insights into the relatively understudied 

CREBRF than is otherwise feasible. 

1.6.2 CREB3 

The cAMP-responsive element binding protein 3 (CREB3; elsewhere identified as Luman 

or LZIP) is a member of the CREB/ATF family of bZIP transcription factors, sharing 

both structural and functional elements. More specifically it is the eponymous member of 

the five-member CREB3 subfamily (see Figure 1.2), which also includes CREB3-like 1 

to 4 (CREB3L1-4; also identified, respectively, as OASIS, BBF2H7, CREBH, and 

AIbZIP). These proteins are highly conserved in their shared central bZIP domain, as 

indicated in Figure 1.2, but otherwise show relatively limited overall homology. Their 

regulation of gene transcription is primarily via binding at cAMP-responsive element 

(CRE) and CCAAT/enhancer-binding protein-β (C/EBPβ) sites. Although the 

individualised tissue expression and specific mechanics of these proteins are diverse, all 

CREB3 subfamily members broadly share functional roles in the context of ER and Golgi 

stress responses, and the regulation of cellular homeostasis (Kondo et al., 2011; Sampieri 

et al., 2019). 

Three isoforms of CREB3 are reported: the canon protein, which comprises 371 amino 

acid residues in its full-length form; an atypical isoform, identical but for an additional 

24-residue sequence inserted near the N-terminal; and a shortened isoform named sLZIP 

(for “small LZIP”) which reportedly lacks a transmembrane domain. No defined three-

dimensional protein structure has yet been published for the human (or rodent) CREB3 

protein although certain domains and motifs have been identified. As depicted in Figure 

1.2, these primary CREB3 features comprise a potent N-terminal transactivation domain, 

which incorporates two LxxLL motifs; a basic (DNA-binding) region; a leucine zipper; 

and a transmembrane domain. The full-length CREB3 is glycosylated: four potential sites 

for N-linked glycosylation are identifiable within the protein sequence (as noted in Figure 

1.2).  



24 
 

 

Figure 1.2: Schematics of the CREB3 subfamily of transcription factors.  

The five transcription factors are here shown aligned at their homologous region, which 

is indicated by the grey shading and comprises a sequence of approximately 130 amino 

acid residues. Approximate location of the acidic region (AR) is indicated in red; the basic 

region (BR) in blue; the leucine zipper (LZ) in yellow; and the transmembrane region 

(TM) in green. Potential sites of N-linked glycosylation are indicated by purple 

arrowheads. Protease cleavage sites are indicated by red dashed lines. 

CREB3 tissue expression, like that of CREBRF, exhibits swift protein turnover and is 

examined primarily at the mRNA transcript level. Mammalian Creb3 mRNA is 

essentially ubiquitous, although levels are reported highest in liver and in brain tissue (Lu 

et al., 1997; Qi et al., 2009; Ying et al., 2015b). CREB3 protein has more limited coverage 

in literature: the nuclei of central nervous system (CNS) neurons, monocytes, dendritic 

cells, and bone tissue-derived cell lines (Lu & Misra, 2000; Ko et al., 2004; Eleveld-

Trancikova et al., 2010; Zeng, 2014; Kanemoto et al., 2015). Expression may differ 

between cell maturation stages (Eleveld-Trancikova et al., 2010), while post-translational 

modifications may also differ between cell types (Kanemoto et al., 2015). Difficulties in 

determining protein expression may present some interpretive problems: demonstrable 

fluctuations in CREB3 protein levels and transcriptional activity alongside unchanging 

transcript levels suggest that protein degradation is, in at least some contexts, the primary 

regulatory mechanism (Hasmatali et al., 2019). 
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Intracellularly, CREB3 in its full-length form is an endoplasmic reticulum (ER)-resident 

protein, existing as a monomer or a dimer (Nadanaka et al., 2007). When appropriately 

stimulated, the protein undergoes regulated intramembrane proteolysis prior to activity in 

the nucleus as a transcription factor. The proteolytic process, common among the 

CREB/ATF family bZIPs, entails sequential cleavage by site-1 protease (S1P) and site-2 

protease (S2P) in the Golgi (as illustrated in Figure 1.2) (Raggo et al., 2002). The resultant 

active fragment, comprising 228 amino acid residues, is released for nuclear 

translocation. This canonical activation process seems not, however, to be strictly 

universal: full-length CREB3 can also act both within and without the nucleus, given 

alternate functions by retention of the C-terminal fragment; the truncated sLZIP isoform 

cannot be held within the ER membrane and so undergoes no cleavage. The divergence 

in processing prior to proteolysis likely represents a further fine-tuning of cellular 

functions. 

The precise mechanistic interactions involved in CREB3 activation are currently largely 

undefined. Sequestration of full-length CREB3 within the ER may be mediated by the 

ER chaperone protein GRP78 (BiP) (Oh-hashi et al., 2018). Transport to the Golgi, where 

cleavage occurs, may be associated with the glycosylation which is identified in full-

length CREB3 but lost in its proteolytic product (Hacker et al., 2018). Marginally more 

is known of S1P and S2P action. S1P cleaves CREB3 at the RxxL motif in its ER luminal 

domain; S2P acts within the transmembrane domain which is consequently exposed, 

potentially cutting as many as three sites to produce small peptide fragments derived from 

the segment between S1P and S2P sites (Raggo et al., 2002; Matsuhisa et al., 2020). The 

two cleavages require separate stimuli, as S2P action on CREB3 seems not to 

automatically follow cleavage by S1P (Raggo et al., 2002). S1P maturation is controlled 

by its cofactor, partner of site-1 protease (Xiao et al., 2020); it has been suggested that 

S2P may respond to cellular oxidative stress (Gu et al., 2014). The precise nature of these 

stimuli in the CREB3 context is uncertain. 

1.6.3 Cell stress and protein secretion 

The cellular signals which trigger CREB3 expression and activity are largely undefined. 

Oxidative stress may promote CREB3 activity, although the specific redox sensing 

mechanism outlined by Sabaratnam et al. (2019) is not present in the human or murine 

protein. CREB3 has recently been identified as a candidate component of a centralised 
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lipotoxicity response in C. elegans (Venz et al., 2020), although stimulation by membrane 

lipid disturbances has not yet been confirmed elsewhere. Lysosomal stress signals seem 

uninvolved (Oh-Hashi et al., 2019). Despite initial assumptions that the ER-resident 

CREB3 was heavily regulated by ER homeostasis, the stimulus is generally also thought 

to be distinct from canonical ER stress particularly given that the standard-use ER 

stressors thapsigargin and tunicamycin commonly fail to activate CREB3 in vitro (Chen 

et al., 2002; Nadanaka et al., 2007; Sanecka et al., 2012; Kanemoto et al., 2015; Kang et 

al., 2017; Oh-Hashi et al., 2021c). Instead, in vitro proteolytic activation is most 

consistently induced by Golgi stressors, albeit with some cell line-specific differentiation 

and treatment-specific effects on full-length protein which imply subtleties in the 

stimulating mechanism (Reiling et al., 2013; Kanemoto et al., 2015; Kang et al., 2017; 

Oh-Hashi et al., 2018, 2019, 2021a). Studies in human islets have independently 

identified Creb3 expression in association with a common signature of Golgi stress (Bone 

et al., 2020). Overall, cellular stress signals comprise the major stimulus for CREB3 

activation. 

Stress-responsive CREB3 mediates the tightly regulated processes which ensure protein 

folding and quality control at the ER. It stimulates the transcriptional upregulation of 

important stress response genes, binding to unfolded protein response elements (UPRE) 

and/or to ER stress response elements (ERSE) within gene promoters (DenBoer et al., 

2005). Such targets fall within both the unfolded protein response (UPR) and the ER-

associated degradation (ERAD) mechanisms. These closely related ER stress-responsive 

signalling pathways exhibit bidirectional feedback regulation, working to enhance protein 

chaperone expression and promote proteasomal degradation of misfolded proteins 

(Dreher & Hoppe, 2018; Fun & Thibault, 2020). CREB3 is positively associated with the 

activity of both UPR and ERAD, shown to enhance stress-induced expression and/or 

activity of key proteins including, for example: the cellular homocysteine-induced ER 

protein (Herp); the ER degradation enhancing α-mannosidase-like protein (EDEM); and 

the ubiquitin segregase valosin-containing protein (VCP; p97) (DenBoer et al., 2005; 

Liang et al., 2006; Arora & Golemis, 2015; Singh et al., 2015). Endogenous CREB3 is, 

furthermore, itself a substrate for ERAD and proteasomal degradation which thereby 

provide an additional regulatory layer for CREB3 activity (Oh-Hashi et al., 2019, 2021c). 

Given the demonstrable stress-induced transcriptional regulation exercised by CREB3, 

and also extrapolating from the known activities of the broader CREB/ATF family in this 
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context, the role in ER homeostasis is commonly espoused as the protein’s primary 

function. 

The second, equally vital stress-responsive role of CREB3 is the maintenance of Golgi 

homeostasis. The autoregulatory Golgi stress response, which is reviewed more 

comprehensively by Taniguchi & Yoshida (2017), augments the apparatus’ functional 

capacity if stress renders it insufficient. The Golgi stressor BFA, used to induce CREB3 

expression and activity, acts by collapsing the Golgi and blocking secretory traffic. 

CREB3 subsequently upregulates the transcription of multiple genes involved in vesicle 

coating, delivery, tethering, and cargo selection for both anterograde and retrograde 

trafficking (Sanecka et al., 2012; Reiling et al., 2013; Penney, 2017; Zhang et al., 2017b; 

Howley et al., 2018; Penney et al., 2018). This increased expression of ER-Golgi 

transport proteins enhances secretory capacity of the cell in response to high demand. 

This heightened demand can be driven by cell metastasis, maturation, or differentiation, 

and indeed CREB3 expression is reported to be upregulated in each of these contexts and 

to facilitate the metastatic phenotype via trafficking effects (Eleveld-Trancikova et al., 

2010; Kim et al., 2010a; Mahmoud et al., 2015; Howley et al., 2018; Hu et al., 2019). 

The UPR, which involves maximisation of protein synthesis to recover from stress, is 

likewise associated with greater protein secretion demand. The UPR, ERAD, and Golgi 

stress response arms of CREB3 function thus comprise a concerted programme to 

maintain ER-Golgi homeostasis. 

The detrimental impacts of CREB3 deficiency emphasise its importance to the cellular 

stress response. In vitro, lack of CREB3 can stifle BFA-induced increases in ER-Golgi 

trafficking proteins, thereby logically increasing protein burden in the ER (Penney et al., 

2018). Proteotoxic stress following CREB3 knockdown has been independently shown 

to consequently upregulate expression of ER stress indicators, protein folding chaperones, 

and ubiquitin-proteasome pathway genes (Hu et al., 2019; Zhao et al., 2020). That these 

results have been identified in glioblastoma and in murine ESCs undergoing 

decidualisation, both representing growth states with high demand for protein, suggests 

physiological relevance beyond the induced stressors of an in vitro system. Indeed, 

Penney et al. (2018) indicate that compromised cellular secretion capacity and resultant 

ER stress may account for in vivo dysregulation of the physiological stress response seen 

in CREB3-deficient mice. Suppression of CREB3 action also comprises the major 
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canonical target of CREBRF function, and Audas et al. (2008) provide in vitro evidence 

that CREBRF can consequently suppress the UPR in mouse embryonic fibroblast cells, 

altering the expression of key UPR proteins. Alignment between CREB3 and CREBRF 

activities extends beyond the cellular stress response and these intersecting functions, 

some derivative, are worth closer investigation.  

1.6.4 CREBRF-CREB3 crosstalk and convergences 

Glucocorticoid signalling represents an integral convergence between CREBRF and 

CREB3 activities, with functions in systemic maintenance of metabolic homeostasis. The 

cholesterol-derived steroid hormones signal through the glucocorticoid receptor (GR), a 

ligand-inducible transcription factor which acts via direct binding to glucocorticoid 

response elements (GREs) or via interaction with other DNA-bound factors. CREBRF 

and CREB3 physically interact with the GR to regulate its transcriptional activity. 

CREBRF acts in vitro as a corepressor by mediating degradation of the ligand-bound GR 

protein (Audas et al., 2008; Martyn et al., 2012). This interaction, like the previously 

described negative regulation of CREB3, occurs (in vitro) in discrete nuclear foci 

colocalised with the known GR repressor RIP140 and significantly reduces ligand-

induced transactivation. CREB3 coregulation of GR activity is perhaps more 

complicated. Full-length CREB3 represses ligand-induced transcriptional activity by 

binding cytosolic GR (presumably preventing nuclear translocation) (Penney et al., 2018; 

Taylor, 2018); the sLZIP isoform provides similar negative regulation via HDAC3 

recruitment (Kang et al., 2009; Kim et al., 2021b). The cleaved (N-terminal) CREB3, in 

contrast, binds nuclear GR (and/or target gene GREs) to activate transcription additively 

in the presence of GR ligands but also even in their absence (Penney et al., 2017; 2018). 

Degrees of theoretical interdependence between these combined coregulatory effects 

have not been speculated. Although possible that CREBRF colocalises with the GR as an 

incidental consequence of targeting the (bound) CREB3, the CREBRF-GR and CREB3-

GR interactions in vivo may be independent functions if spatially or temporally separated. 

It is clear regardless that CREBRF and CREB3 between them manage close regulation of 

GR transactivation. 

The interactions identified in vitro produce whole-body consequences in vivo. These have 

primarily been shown using CREBRF and CREB3 knockout mouse models which 

possess remarkably similar phenotypes ultimately underlain by (developmental) 
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dysregulation of hypothalamic-pituitary-adrenal (HPA) axis stress signalling. CREBRF-

KO mice display a behavioural phenotype including hyperactivity, reduced anxiety-like 

behaviours, and impaired social recognition, which in females culminates in a maternal 

instinct deficit (Martyn et al., 2012; Frahm et al., 2020). This deficit is more severely 

present in CREB3-KO females, whose pups have a zero percent survival rate, and which 

show similar depressive-like behaviours (Penney et al., 2017). In both mouse lines these 

behavioural changes are accompanied by decreased circulating prolactin and/or 

corticosterone levels likely driven by increased GR activity associated with altered HPA 

axis and stress responsiveness. Larson et al. (in press) recently reported that genetic 

variation at the CREB3 locus can similarly alter behavioural stress response in purebred 

Yorkshire pigs. More broadly linked is the bidirectional coupling of glucocorticoid action 

to circadian rhythm (Caratti et al., 2018; Shimba & Ikuta, 2020), which is dysregulated 

in CREBRF-KO mice and linked to CREB3 expression in models of adrenal disorders as 

well as sleep deprivation (Massart et al., 2014; Zhang et al., 2017d; Venneri et al., 2018; 

Frahm et al., 2020).  

Penney et al. (2017) have theorised that the seemingly paradoxical enhancement of GR 

function in the CREB3-KO mice is the consequence of developmental compensation; GR 

activity in CREBRF-KO mice may derive directly from loss of GR degradation or 

indirectly from loss of CREB3 degradation (if not both). The more complex explanation 

may offer the better reflection: the most recent CREBRF-KO study presents the protein 

as a coregulator mediating GR transcriptional response, rather than purely as a 

corepressor (Frahm et al., 2020). Beyond the overt whole-body phenotypic consequences 

discussed here, it is feasible that the CREBRF/CREB3 association with the GR might 

produce additional cellular or organismal effects which are not yet explicitly linked in 

literature to this interaction. 

CREBRF and CREB3 each play roles in early embryonic development processes. Murine 

reproductive systems of both sexes express CREBRF, with mRNA and protein levels in 

females fluctuating with oestrous cycle phase and enhanced during pregnancy (Yang et 

al., 2013a, 2013b, 2018; Wang et al., 2021). CREBRF expression promotes stromal cell 

decidualisation, uterine receptivity and epithelial endometrial cell adhesion at 

implantation sites, and thereby the establishment of a maternofetal vascular connection 

(Yang et al., 2013b; Li et al., 2016; Yang et al., 2018). CREB3 shows similar 
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functionality, associated with oocyte maturation (Mahmoud et al., 2015), ovulation rate 

(Zeng, 2015), and endometrial stromal cell (ESC) decidualisation (Zhao et al., 2020). 

Both CREBRF and CREB3 seem to interact with the hormonal environment: synthesis 

and secretion of the sex steroid hormones oestradiol and progesterone, for example, are 

partially facilitated by CREB3 and induce CREBRF expression in vitro (Yang et al., 

2013b; Zhao et al., 2016; Yang et al., 2018). CREB3 deficiency is associated with greater 

synthesis and/or secretion of testosterone in murine Leydig cells (Taylor, 2018; Wang et 

al., 2019, 2021). Female CREBRF-KO and CREB3-KO mice have lower serum prolactin, 

while males of the latter line have reduced testosterone (Martyn et al., 2012; Penney, 

2017). Overarching effects on fertility seem borne out in vivo: litter size is reduced in 

mice lacking either CREBRF or CREB3, with an apparent gene dosage effect; mating 

pairs which are mutually homozygous for CREBRF deficiency are 100% infertile (Zeng, 

2015; Penney, 2017). In this context, CREBRF and CREB3 seem to work in the same 

direction even if not together. 

Both CREBRF and CREB3 have roles in the regulation of cell cycle progression. In vitro, 

CREBRF has been reported to promote cell proliferation; its knockdown or 

downregulation provokes S phase cell cycle arrest (Li et al., 2016; Han et al., 2018; Yang 

et al., 2018). In direct contrast, knockdown of CREB3 promotes cell proliferation, 

increasing percentage of cells in G1 phase and decreasing the percentage in S phase (Yang 

et al., 2018; Zhao et al., 2020; Wang et al., 2021). These in vitro effects are largely 

mediated by cyclins, regulated at mRNA and protein levels. Attenuation of CREBRF 

expression downregulates the cyclins A, B1, and D1, and CDK2 (Li et al., 2016; Han et 

al., 2018; Yang et al., 2018). CREB3 deficiency produces the opposite results, 

upregulating the cyclins A1, B1, B2, D2, and E, as well as CDK1 and 2 (Yang et al., 

2018; Zhao et al., 2020; Wang et al., 2021). These studies were performed primarily in 

murine granulosa or endometrial stromal cells, environments predisposed to rapid 

proliferation under specific hormonal conditions, and may not necessarily reflect protein 

function in other tissue or cell types. The directly oppositional action of CREBRF and 

CREB3, whether mutually or incidentally coordinated, is nevertheless instructive 

regarding the inverse nature of their functions. 

During cancer progression, CREB3 and CREBRF operate as tumour promoter and 

suppressor respectively, at the pivot point between autophagy and apoptosis. Their 
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inverse activities are reflected in reciprocal expression patterns: significantly increased 

CREB3 and/or significantly reduced CREBRF expression is seen in high-grade glioma, 

osteosarcoma, acute myeloid leukemia, gallbladder cancer, prostate cancer, and 

metastatic breast cancer specimens compared to controls (Jang et al., 2012; Kim et al., 

2015b; Xue et al., 2016a, 2016b; Howley et al., 2018; Wu et al., 2019a; Wu et al., 2019c; 

Feng et al., 2020; Han et al., 2020). Tumour cell autophagy, proliferation, migration, and 

invasion have each been shown to be mediated by CREB3 (or sLZIP) and repressed by 

CREBRF expression, while the reverse is true for tumour cell apoptosis (Wu et al., 2019a; 

Feng et al., 2020; Kim et al., 2021b; Tang et al., 2021). Effects may be context-specific, 

as in vitro models of the reproductive environment show reversal of the CREBRF-

induced autophagic effects (Yang et al., 2018). The involvement in metastatic progression 

is driven at least partially by CREB3 upregulation of ER-Golgi trafficking, which is 

significantly correlated with metastatic phenotype as well as reduced relapse-free and 

overall survival in breast cancer patients (Howley et al., 2018). The CREB3-CREBRF 

interaction in tumour cells therefore demonstrates a physiological consequence of the 

transport kinetics modulation, including counter-regulatory functions. 

Viral infection upregulates both CREBRF and CREB3, which each exhibit antiviral 

activity. Indeed, the CREB3 protein was initially discovered due to its protective effects 

against herpes simplex virus (HSV-1) infection (Lu et al., 1997). The membrane-bound 

CREB3 precursor was found to bind and sequester human factor C-1 to prevent it from 

facilitating viral gene transcription and thereby HSV-1 lytic infection (Lu et al., 1997, 

1998). By inhibiting the HIV protein Tat, CREB3 similarly attenuates the production and 

assembly of infectious viral particles (Blot et al., 2006). The role of CREBRF, although 

less detail is known, seems to proceed in much the same manner: sequestration of viral 

co-factors and repression of viral gene transcription and particle production (Audas et al., 

2016). Despite this apparently cooperative antiviral action, however, CREB3 has also 

been implicated in the viral reactivation process (Lu and Misra, 2000). As such, Yadavalli 

et al. (2020) recently termed it a pro-viral host protein which mediated ER stress-induced 

(viral) protein synthesis. Some of its known transcriptional targets (e.g., p97/VCP, ARF4) 

also have pro-viral roles (Farhat et al., 2016; Zhang et al., 2017b; Carissimo et al., 2019). 

This may suggest a dual role for CREB3, where the cytoplasmic full-length protein is 

anti-viral but the nuclear cleaved protein, as an active TF strongly linked to protein 
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synthesis and trafficking, is pro-viral. The interaction between CREB3 and CREBRF in 

this context, direct or indirect, is unclear.  

Immune cell function is influenced by CREB3 signalling but has not been connected to 

CREBRF. Monocytes and dendritic cells have particularly evident CREB3 protein 

expression (Lu et al., 2000; Eleveld-Trancikova et al., 2010). In the latter professional 

antigen-presenting cells, CREB3 expression is induced by receptor activator of nuclear 

factor κ-B ligand (RANKL) signalling, functioning as a dendritic cell survival and 

maturation factor (Kanemoto et al., 2015). CREB3 transcriptionally upregulates the 

dendritic cell-specific transmembrane protein (DC-STAMP), which is stabilised and 

localised through interaction with CREB3, and is critical to dendritic cell immune 

function (Eleveld-Trancikova et al., 2010). CREB3 is further implicated in monocyte cell 

migration via chemokine signalling. The cleaved CREB3 increases transcription and 

protein expression of chemokine receptors (e.g. CCR1, CCR2, CXCR4) (Sung et al., 

2008; Kim et al., 2010a). The full-length CREB3 directly interacts with CCR1 at the 

plasma membrane to enhance leukotactin-1-induced chemotaxis via the NF-κB pathway 

(Ko et al., 2004; Jang et al., 2007a, 2007b). This signalling pathway is at least partially 

subject to positive feedback: full-length CREB3 expression dose-dependently enhances 

NF-κB-mediated gene activation; among the genes consequently upregulated is CREB3 

(Jang et al., 2007a, 2007b; Kim et al., 2010a; Torres-Odio et al., 2017). The lack of any 

clear CREBRF link to immune cell function may be due simply to the absence of 

published studies in that context, rather than an absence of function. 

CREB3 has neuronal functions which are primarily reported in the context of regenerative 

axon growth. Axonally synthesised and activated in response to nerve injury, CREB3 acts 

as a retrograde injury signal, able to transduce stress signals from the injury site to the 

cell body and consequently stimulates axonal elongation (Ying et al., 2014, 2015a; 

Hasmatali et al., 2019). The injury-induced UPR is mediated by CREB3 and 

consequently stimulates biosynthesis of cholesterol which is required for sensory axon 

outgrowth (Ying et al., 2015a). The association is corroborated in vivo: CREB3-deficient 

mice have altered hippocampal structure including truncated dendrites (Penney, 2017). 

This truncation is associated with reduced expression of BDNF, a neurotrophin critical to 

induction of the regeneration response in sensory neurons (Penney et al., 2018). Penney 

(2017) theorised that CREB3 may alter neurogenesis and neuron survival via modulation 
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of GR activity. Nerve injury increases circulating levels of endogenous corticosterone 

(rodents) and cortisol (humans), and such increases are demonstrated to regulate dendritic 

morphology, hippocampal volume, and increase neurite growth through GR-dependent 

mechanisms (Wooley et al., 1990; Tata and Anderson, 2010; Jafari et al., 2012; Lerch et 

al., 2017). There is no known association with CREBRF, although it too is expressed in 

the relevant tissues. These pro-growth neuronal activities seem to represent another facet 

of the established CREB3 roles in both ER stress and glucocorticoid signalling. 

1.6.5 Cellular bioenergetics and systemic energy metabolism 

CREBRF is implicated in cellular and organismal bioenergetics as a starvation response 

factor connected to the highly conserved mammalian target of rapamycin (mTOR) 

signalling pathway. The mTOR protein is the eponymous component of two separate 

complexes, mTORC1 and mTORC2, with central regulatory roles in growth and 

metabolism in response to nutrients or growth factors. In vitro, nutrient starvation has 

been shown to induce rapid significant increases in Crebrf mRNA levels in a mouse 

adipocyte model; the inhibition of mTORC1 alone by rapamycin treatment induces 

weaker (and tardier) increases in multiple cell types (Minster et al., 2016; Tiebe et al., 

2019). The implication is that this CREBRF response to nutrient deprivation follows 

mTORC1-independent cell stress signalling, to which it is particularly sensitive, in 

addition to signals mediated by mTORC1 itself. The effect is protective: CREBRF 

overexpression in the same model significantly reduced cell death rate (vs. controls) 

within the first 6 hours of nutrient starvation, with improvements in cell survival retained 

through 24 hours of starvation (Minster et al., 2016). 

Supporting these findings, Tiebe et al. (2015) have reported that the Drosophila ortholog 

REPTOR is similarly induced by starvation, and aids survival during nutritional stress: in 

REPTOR-/- flies, diluted food concentration had 50% lethality. Drosophilae exhibit a 

direct relationship between TORC1 inhibition and consequent REPTOR nuclear 

translocation and activity. REPTOR, complexed with its binding partner REPTOR-BP, is 

a key mediator of the downstream transcriptional response triggered by TORC1 

inhibition. This transcriptional programme acts as a metabolic brake, decreasing protein 

and lipid synthesis, increasing autophagy, and consequently blunting growth and 

proliferative capacity. Indeed, obesity and growth defect phenotypes seen in TORC1 loss-

of-function models can be rescued by REPTOR knockout. Although this TORC1-
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REPTOR signalling pathway may not be wholly replicated in the mammalian context, 

the physical association between CREBRF and Crebl2 (the REPTOR-BP ortholog) has 

been reported in mice (Tiebe et al., 2019). The recapitulated protection against nutrient 

deprivation further suggests that any other potential parallels are also due consideration.  

CREBRF protection against starvation is suggested to be linked to (perhaps longer-term) 

effects on energy storage. CREBRF-KO mice have significantly lower body weight than 

WT for both sexes (Martyn et al., 2012); REPTOR-KO flies are similarly leaner, with less 

TG/weight and less glycogen/protein content than WT (Tiebe et al., 2015). This whole-

body phenotypic effect seems at least partially underpinned by an altered transcriptional 

programme. In vitro, CREBRF expression is induced by adipogenesis and can in turn 

induce adipogenic marker expression in an adipocyte cell line, suggesting that the protein 

can enhance storage of lipid content (Minster et al., 2016). It promotes ATP production, 

basal glycolysis, and both basal and maximal respiration levels (Minster et al., 2016). 

REPTOR-KO flies show downregulation of gluconeogenesis and TG biosynthesis genes, 

paired with upregulation of genes involved in lipid and glycogen breakdown, in addition 

to the aforementioned effects on genes downstream of TORC1 (Tiebe et al., 2015). This 

role in mediating glucose and lipid storage, utilisation, and metabolism seems to align 

with the mammalian in vitro model. The CREBRF involvement in nutrient homeostasis 

nevertheless requires further study to elucidate these effects beyond the two extant reports 

as described here. 

Unlike CREBRF, CREB3 is not explicitly involved with the starvation response per se 

but has nevertheless been peripherally implicated in hepatic nutrient metabolism. 

Regulatory roles in hepatic gluconeogenesis have been suggested for both the canonical 

(cleaved) and the sLZIP isoforms (Zeng, 2015; Kang et al., 2020). The latter isoform has 

the more convincing connection: Kang et al. (2020) show that starvation-induced sLZIP 

expression promotes gluconeogenic enzyme expression and glucose levels in human liver 

cells and murine primary hepatocytes; and, in vivo, show abnormal blood glucose 

homeostasis in sLZIP transgenic mice. Observations regarding the canonical CREB3 

were made primarily in CREB3-deficient mice, which (in contrast) exhibit increased 

fasting blood glucose concentration, without any significant change to insulin or glucose 

tolerance, and perhaps therefore indicate an opposite effect to sLZIP (Zeng, 2015; 

Penney, 2017). Molecularly, CREB3 may also be involved in mediating (nutrient-
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sensitive) upregulation of Foxo1, Sirt1, and Glut1 transcripts in response to high fat or 

high glucose (Penney, 2017). The role of CREB3 in lipid metabolism is not clearly 

delineated. Penney (2017) reports that it can mediate HFD-induced increases in lipid-

related genes including acetyl-CoA synthetase 2, which catalyses formation of malonyl-

CoA for local regulation of the mitochondrial enzyme carnitine palmitoyltransferase I in 

the prelude to β-oxidation. CREB3 also stimulates transcription of apolipoprotein A-IV 

(ApoA4), which is likewise highly expressed in steatotic liver and can increase secretion 

rates to reduce hepatic lipid burden (VerHague et al., 2013; Cheng et al., 2016; Kang et 

al., 2017). Further associations between CREB3 and hepatic glucose or lipid metabolism 

are unknown.  

Systemic effects of CREB3 functions may ultimately impact body composition. Both 

canonical CREB3 and sLZIP are implicated in adipose, muscle, and bone differentiation. 

Endogenous CREB3 stimulates osteoclastogenesis (Kanemoto et al., 2015); CREB3-

interacting proteins DC-STAMP and RANKL are closely involved in bone resorption and 

remodelling (Miyamoto, 2006; Chiu et al., 2017; Park et al., 2017a). sLZIP can suppress 

myogenic gene expression (An et al., 2014); it represses PPARγ2 and enhances Runx2 

transcriptional activity, thereby suppressing adipogenesis and promoting osteogenesis 

(Kim & Ko, 2014). Mice overexpressing sLZIP show greater bone mass and mineral 

density, faster bone formation, and reduced fat mass (Kim & Ko, 2014; Kim et al., 2020). 

CREB3-KO mice seem to possess the opposite associations: they are likewise reported to 

lack (perhaps any) visceral fat content (Penney, 2017), accompanied by severe reductions 

in body weight compared to WT animals (Zeng, 2015). It has been suggested that this 

leanness phenotype may derive from dysregulation of energy balance in the CNS, and 

particularly appetite/satiety signalling. CREB3 targets include ApoA4 and FoxO1, both 

of which are able to regulate hypothalamic POMC neurons to suppress or promote food 

intake (Kim et al., 2006; Shen et al., 2008). Bienvenu et al. (2020) suggested CREB3 as 

a candidate gene involved in anorexia nervosa aetiology, part of a neuron differentiation 

and dopamine signalling pathway.  

There is little to no explicit overlap between CREBRF and CREB3 activities in systemic 

energy metabolism. Although both proteins seem to be involved in homeostatic responses 

to nutrient availability, current knowledge would suggest that they address different 

facets. Where CREBRF is primarily associated with mTORC1 signalling, CREB3 has 
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roles in hepatic glucose and lipid metabolism. With the tentative exception of the in vitro 

adipocyte model, where it is linked to adipogenesis, CREBRF has not yet been shown to 

act in tissue differentiation. The distinct phenotypic similarities between CREB3-KO and 

CREBRF-KO mouse models, particularly in the reduced weight and fat mass which are 

seen in both lines, do nevertheless leave open the possibility that CREBRF may also act 

(even if only indirectly) in the fat-muscle-bone axis as shown for CREB3. A cohesive 

model which draws together these disparate associations, seen at molecular and tissue as 

well as whole-body levels, remains to be defined for the conjunction of CREBRF, 

CREB3, and systemic energy metabolism. 

 

1.7 CREBRF variant: phenotype, interactions, theories 

1.7.1 Summary of literature 

Knowledge of the molecular interactions and/or functions of the CREBRF R457Q variant 

protein is limited. The 3T3-L1 mouse adipocyte model used by Minster et al. (2016), 

transfected to overexpress either wildtype or variant CREBRF, remains the sole 

(published) study into the cellular bioenergetic context. The variant protein was observed 

to alter cellular energy storage, with slightly weaker expression of adipogenic markers 

but significantly greater lipid/TG accumulation than the WT protein (Minster et al., 

2016). Cellular energy usage was also differentially impacted: measures of mitochondrial 

respiration, ATP production, and basal glycolysis were increased by the WT but 

decreased by the variant overexpression (compared to empty vector controls) (Minster et 

al., 2016). This apparent cellular shift towards a “thriftier” phenotype, increasing storage 

and decreasing usage of energy, reflects the broader phenotype and the TGH. Indeed, the 

overexpressed CREBRF conferred protection against cellular nutritional stress (Minster 

et al., 2016), although the WT and variant proteins produced similar effects when it might 

have otherwise been expected that the variant would further promote survival. This could, 

potentially, be due to the model: protein overexpression may force effects to artificially 

hit their ceiling, masking any differentiation that is due to, for example, an altered half-

life. 

But the precise molecular mechanisms underlying the bioenergetic shift which is seen 

with variant CREBRF activity are uncertain. Nor is it known whether the effects seen in 

Minster et al. (2016)’s adipocyte model are also visible in other cell or tissue types, or 
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indeed in vivo. Further research is required to determine what other CREBRF actions, 

whether effected independently or via CREB3, are impacted by this mutation (and what 

else is impacted in turn) on organismal and/or molecular scales. Extant theories are nearly 

wholly speculative in nature: the mutated residue may impact intracellular localisation, 

altering longevity of CREBRF nuclear activity; it may impact protein turnover and half-

life, whether positively or negatively. Considering what we know of CREBRF functions 

more broadly, some aspects warrant closer attention as possible candidates for variant 

action. These include cell stress, glucocorticoid signalling, and the starvation response.  

1.7.2 Cell stress signalling 

The CREBRF missense variant could potentially interact with the cellular ER, Golgi, or 

oxidative stress responses. The connection is primarily theoretical. Facilitation of these 

signalling pathways, which seek to restore homeostasis following insult, comprises the 

main known function of CREB3 (Reiling et al., 2013; Kanemoto et al., 2015; Kang et al., 

2017; Oh-Hashi et al., 2018, 2019; Bone et al., 2020). This function is further shown to 

be at least partially regulated, presumably indirectly via action on CREB3, by the WT 

CREBRF protein (Audas et al., 2008). Dysregulation of CREB3 will compromise protein 

folding and cellular secretory capacity, increasing protein burden and ER stress, and 

CREBRF (over)activity can likewise suppress the stress response (Audas et al., 2008; 

Penney et al., 2018; Hu et al., 2019; Zhao et al., 2020). It is therefore logically feasible 

that any variant-induced alterations to CREBRF action might impact these outcomes.  

Cellular stress signalling is furthermore associated with obesity and diabetes 

pathogenesis. This is particularly true of ER stress, which is heightened by chronic 

hyperglycaemia and hyperlipidemia conditions to produce an adverse cellular 

environment in multiple tissues, as reviewed more comprehensively elsewhere 

(Fernandes-da-Silva et al., 2021). Briefly, ER stress in liver and adipose contributes to 

inflammation and IR, while in the pancreas it can impair insulin synthesis and induce β-

cell apoptosis (Back & Kaufman, 2012; Cnop et al., 2012; Rocha et al., 2016). Alleviation 

of ER stress in diet-induced obese or diabetic mice can improve systemic insulin 

sensitivity and glucose tolerance as well as enhancing insulin action specifically in liver 

and adipose tissues (Ozcan et al., 2006; Zanotto et al., 2016; Wang et al., 2018). These 

links between CREBRF, cellular stress, and diabetes pathogenesis may provide grounds 
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for a speculative further link between these three factors and the CREBRF missense 

variant association with protection against diabetes. 

1.7.3 Glucocorticoid signalling 

The mechanistic basis underlying the effects of the CREBRF variant on whole-body 

metabolism could involve glucocorticoid regulation. Although the variant protein has not 

itself been explicitly connected, both CREBRF and CREB3 impact glucocorticoid 

signalling via interactions with the GR (as outlined above). There is furthermore a logical 

thematic link: glucocorticoids are critical to systemic energy metabolism, regulating 

glucose supply to ensure survival under stress and starvation conditions. Glucocorticoids 

also play roles in, for example, immune cell function, reproductive or gonadal function, 

hepatic glucose homeostasis, musculoskeletal physiology, and neural signalling, 

processes also broadly linked to the WT CREBRF and/or CREB3.  

Chronic glucocorticoid imbalance produces pathophysiological conditions (e.g., Cushing 

syndrome, Addison’s disease, steroid diabetes mellitus). Peripheral glucocorticoid 

metabolism is seen to be altered under conditions such as genetic obesity and acute HFD 

exposure (Drake et al., 2005). Chronic glucocorticoid exposure has been seen to result in 

central obesity, muscle atrophy, hyperglycaemia, IR, suppressed BAT function, and 

reduced bone mineralisation and mass, among other features of a perturbed energy 

metabolism (Tanaka et al., 2017; Thuzar et al., 2018). The reverse associations have also 

been proven: GR genetic ablation and/or pharmacological inhibition, even when tissue-

selective, can demonstrably improve systemic insulin sensitivity and glucose tolerance, 

as well as attenuate the weight gain and altered body composition induced by HFD 

(Zinker et al., 2007; Shimizu et al., 2015; Cooper et al., 2016; Mueller et al., 2017; Kroon 

et al., 2018). A closer examination of these facets in individuals possessing the CREBRF 

variant may aid any theorising as to the relationship between that variant and GR 

signalling. 

1.7.4 Starvation response 

The starvation response, in which both WT and variant CREBRF appears to play a role, 

is especially integral to speculation of missense variant function. Periods of fasting 

initiate a homeostatic response to maintain glucose supply which is essential to meet 

whole-body energetic requirements. In the liver, the initial stages of this response are 

defined by glycogenolysis and gluconeogenesis which serve to release new glucose into 
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circulation. These glucose levels are maintained in part by diminished uptake in muscle 

and adipose tissues, and by the transition in muscle and liver from glucose to FAs 

(released by adipose lipolysis) and, ultimately, to ketone bodies as the major fuel source. 

As precursor stores become progressively depleted, further glucose synthesis uses 

carbons sourced from lipolysis-derived glycerol and from proteolysis-derived amino 

acids. Given that uninhibited breakdown of protein will inevitably produce loss in 

function, including reduced muscle mass, the body’s secondary priority during fasting is 

the preservation of protein mass. 

The signalling cascades which regulate tissue responses to feeding, fasting, and refeeding 

are in large part governed by pancreatic hormones insulin and glucagon. The dysregulated 

secretion and action of these circulating hormones, as is seen in diabetes, contributes to 

the metabolic derangements in the condition which is perhaps typified by abnormal fuel 

usage. The CREBRF missense variant is strongly associated with protection against 

diabetes as well as with nutrient response (Minster et al., 2016; Krishnan et al., 2018; 

Hanson et al., 2019; Krishnan et al., 2020). Perhaps these aspects of CREBRF function 

share a more direct connection than is yet understood in the current literature, which might 

therefore allow some elucidation of the mechanisms underlying whole-body variant 

effects.  

Intracellularly, the starvation response proceeds via specific transcription factors to 

induce and maintain the requisite gene expression programmes. The precise positioning 

of the starvation-induced CREBRF, whether the wild-type or the variant, in this molecular 

context is uncertain. The WT protein reportedly acts (with Crebl2) downstream of 

mTORC1 inhibition following nutrient deprivation (Tiebe et al., 2015; Minster et al., 

2016; Tiebe et al., 2019), but the nature of the missense variant interaction is unknown. 

The potential for tissue specificity in such as CREBRF variant response has likewise not 

been ascertained. If CREBRF indeed affects other, more central starvation factors in 

mediating the post-mTORC1 fasting response, then perhaps potential molecular 

interactions and signalling pathways may be more conclusively discerned. These might 

then allow more informed theorising as to the missense variant impact.  
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1.8 Conclusion 

Human studies have identified the CREBRF R457Q variant as a major driver of excessive 

weight gain and/or lean mass growth in Pacific Island populations (Minster et al., 2016; 

Naka et al., 2017; Krishnan et al., 2018; Arslanian et al., 2021). Although the wildtype 

CREBRF protein has been linked to nutrient homeostasis and the starvation response, as 

well as glucocorticoid and cell stress signalling, current literature cannot answer whether 

these functions might be altered for carriers of the variant protein. With the notable 

exception of the initial Minster et al. (2016) 3T3-L1 adipocyte overexpression model, 

very few published studies have investigated the action of the CREBRF R457Q variant 

at the molecular level in either in vitro or in vivo contexts. 

The current project therefore aims to address this gap in the literature using a novel mouse 

model where the CREBRF R458Q missense variant has been knocked in to replace the 

endogenous CREBRF on an FVB/N background. We wish to characterise, firstly, the 

whole-body metabolic phenotype of the variant knock-in (KI) mouse model; and, 

secondly, any molecular pathways impacted by variant function. The latter focus will be 

approached via the tissue transcriptome, biomolecule and protein expression, and in vitro 

signalling in a primary hepatocyte model. Characterisation of this novel animal model is 

expected to permit a better understanding of how obesity develops in many Polynesian 

individuals and the metabolic link to risk of diabetes.  
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CHAPTER 2: General Methods 

 

Detailed methods specific to each study can be found in the methods section for the 

relevant chapter. General techniques common to multiple chapters are detailed below.  

2.1 Animal Studies 

CREBRF Arg458Gln gene variant mice were generated by MEGA Gene Engineering 

Facility (Moss Vale, NSW) via CRISPR/Cas9 technology. Sequences are provided in 

Table 2.1, indicating the substitutions made. Mouse genotyping was performed externally 

by Garvan Molecular Genetics (Garvan Institute of Medical Research) via real-time PCR 

in a 384-well plate format using a LightCycler 480 (Roche Diagnostics, IN, USA) 

combined with Sito9-based High Resolution Meltcurve (HRM) analysis. PCR conditions 

and primer sequences are given in Tables 2.2 and 2.3.  

All animal experiments were conducted in accordance with National Health and Medical 

Research Council (NHMRC) and Animal Care and Ethics Committee (ACEC) guidelines 

and performed under UNSW ethics numbers 15/48B or 18/78A.  

 

Table 2.1: CREBRF R458Q sequences used in generation of the variant mouse line. 

 Nucleobase sequence* 

Crebrf-R458Q WT GTTATGAAAATGACTCTGTAGAGGACTTGAAG 

GAGATGACGTCCATATCTTCTCGGAAGAGAGG 

GAAAAGAAGGTACTTCTGGGAGTATAGTGAGC 

AGCTTACACCATCACAGCAAGAGAGGATTCTG 

AGGCCTTCTGAGTGGAATCGAGATACCTTGCC 

AAGTAATATGTACCAGAAAAATGGCTTACATC 

ATG 

Crebrf-R458Q ∆ MUT GTTATGAAAATGACTCTGTAGAGGACTTGAAG 

GAGATGACGTCCATATCTTCTCGGAAGAGAGG 

GAAAAGAAGGTACTTCTGGGAGTATAGTGAGC 

AGCTTACACCATCACAGCAAGAGAGGATTCTG 

AGGCCTTCCGAGTGGAATCAAGATACCTTGCC 

AAGTAATATGTACCAGAAAAATGGCTTACATC 

ATG 

*Sequences shown are selected portions surrounding the two single base substitutions 

(T>C & G>A), as indicated in red. 
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Table 2.2: PCR conditions used for mouse genotyping. 

STEP TEMPERATURE TIME 

Initial Denaturation 94°C 10 s 

Amplification (30 cycles) 

94°C 

65 – 55°C 

60°C 

10 s 

30 s 

1 min/kb 

Final Extension 72°C 3 min 

Hold 4 – 10°C  

 

Table 2.3: CREBRF primer sequences used in mouse genotyping (WT vs HOM). 

Forward primer 

Reverse primer 

PCR product size 

GGATTCTGAGGCCTTCTGA 

CCTCTTACCATGATGTAAGCCA 

~85 Bp 

  

 

2.1.1 Animal housing and diets 

Animals were maintained on either a standard control “chow” rodent diet (71% of calories 

from carbohydrate, 8% calories from fat, 21% calories from protein, ~3 kcal/g; Gordon’s 

Specialty Stock Feeds, Yanderra, NSW, Australia), or high fat diet (HFD) made in-house 

as previously described (45% kcal from fat; 4.7 kcal/g; based on rodent diet D12451, 

Research Diets, USA; Turner et al., (2007)). HFD macronutrient content is described in 

Table 2.4. Mice were housed in a temperature-controlled room (22 ± 1°C) on a 12/12 hr 

light/dark cycle, monitored weekly, with ad libitum access to food and water. Cages were 

mixed-genotype, and genotype-specific food intake was therefore not directly measured.  

Mice were culled by cervical dislocation either in a fed state or following a 15-16 hr 

overnight fast. The latter period was of a duration chosen to ensure significant shifts in 

nutrient handling and metabolism, including a state of glycogen depletion (Jensen et al., 

2013). Tissues were collected in a timely manner, weighed, and immediately freeze-

clamped and snap-frozen in liquid nitrogen. Blood was collected from cardiac puncture 

or as trunk blood at the time of cull into tubes containing trace amounts of tripotassium 

ethylenediaminetetraacetic acid (K3-EDTA) (Sarstedt) and stored on ice before being 

centrifuged at 2,000 g for 5 min at 4°C. The top layer of plasma was carefully collected 

into a fresh tube and stored at -80°C along with other tissues.  
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Table 2.4: Macronutrient composition of the in-house HFD. 

 (g/kg) 

Lard 220 

Safflower Oil 30 

Cornstarch 170 

Sucrose 202 

Casein 230 

Methionine 3 

Choline Bitartrate 4 

Gelatin 20 

Wheat Bran 50 

Vitamin Mix§ 13 

Mineral Mix§ 45 

Trace Mineral Mix# 13 

§ Vitamin and mineral composition as per AIN-76 rodent diet standard (AIN, 1977) with 

the exception of subsequently recommended modifications (Reeves, 1989), used as 

commercially available mixtures (MP Biomedicals). # Trace Mineral Mix (MP 

Biomedicals, Cat # 0296026401). 

 

2.1.2 Body composition analysis 

Total body fat mass and lean mass in mice was measured using nuclear magnetic 

resonance with the EchoMRI-900 Body Composition Analyzer (EchoMRI Corporation 

Pty Ltd, Singapore). Calibration was performed using a canola oil standard. Percentage 

fat or lean mass was calculated according to total body weight measured on the day. Naso-

anal length was measured using a ruler in mice under isoflurane anaesthesia. 

 

2.2 Biochemical Analyses 

2.2.1 Sample homogenisation 

Freeze-clamped muscle tissue was powdered prior to analysis using a Cellcrusher tissue 

pulveriser (Cellcrusher, Cork, Ireland), which was maintained at below freezing 

temperatures using liquid nitrogen to prevent thawing of samples.  

All liver and muscle tissues were homogenised in ice-cold lysis buffer (20 mM Tris-HCl 

[pH 7.4], 150 mM NaCl, 1% nonidet NP-40, 10 mM EDTA, 1 mM ethylene glycol-bis(β-

aminoethyl ether)-N,N,N’,N’-tetraacetic acid [EGTA], 10 mM sodium pyrophosphate 

[Na4P2O7], 10% glycerol) supplemented with protease and phosphatase inhibitors (100 
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mM sodium fluoride [NaF], 2 mM sodium orthovanadate [Na3VO4], 4 µg/mL leupeptin, 

100 µg/mL phenylmethylsulfonyl fluoride [PMSF], 4 µg/mL aprotinin, 1 µg/mL 

pepstatin, 30 µM ALLN). Liver tissue was powdered using a rotor-stator homogeniser. 

Powdered muscle tissue was homogenised using a Precellys 24 homogeniser (Bertin 

Technologies, France) at 6,500 g for 30 s and subsequently nutated for 1 hr at 4°C. 

Following nutation, lysates were centrifuged at 13,000 g for 10 min at 4°C and the 

supernatant retained.  

2.2.2 Determination of protein content 

Total protein content was quantified using the Pierce BCA protein assay kit (Thermo-

Fisher Scientific, USA) as per manufacturer’s instructions. All samples were incubated 

with BCA reagent for 20 min at 37°C before relative absorbance was measured at 570 

nm on a microplate reader (iMark™, Bio-Rad Laboratories, CA, USA). Total protein 

concentration was calculated from a bovine serum albumin (BSA; 0-1 mg/ml) standard 

curve. 

2.2.3 Immunoblotting 

Sample lysates were diluted to appropriate concentrations (20-40 μg of protein) and 

denatured in Laemmli sample buffer (10% glycerol, 8 mM Tris-HCl, 1% sodium dodecyl 

sulphate [SDS], 0.02% bromophenol blue, 5% 2-mercaptoethanol) at 37°C for 30 min. 

Samples were resolved on tris-based SDS-PAGE electrophoresis prepared using a Bio-

Rad Criteron system alongside a molecular weight marker (Kaleidoscope Plus prestained 

standards, Bio-Rad) to confirm molecular weight of proteins of interest. Gel recipes are 

described in Table 2.5. Gels were run at 130 V for 90-110 min and proteins were 

transferred onto a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, EMD 

Millipore, MA, USA) at 4°C at 65 V for 2 hr or 16 V for 16 hr.  

Transferred membranes were blocked in Tris buffered saline with 0.1% Tween-20 

(TBST) and 5% skim milk solution for 1 hr at room temperature (RT). Membrane sections 

were incubated with primary antibody (as specified in Table 2.6) diluted 1:1000 in 

primary antibody solution (1% BSA w/v, 0.5% Phenol Red v/v, 0.1% Tween 20 v/v, 3.1 

mM sodium azide in tris-buffered saline [TBS]) at 4°C on a rotator overnight. Following 

incubation, excess primary antibody was removed from the membranes by repeated 

washes in TBST before incubation in the appropriate secondary antibody (specified in 

Table 2.6) diluted 1:10,000 in TBST and 5% skim milk solution for 1 hr at RT. After 
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several washes in TBST, immunolabelled proteins were detected using a 

chemiluminescence reagent (Clarity Western ECL Substrate, Bio-Rad) and imaged using 

a ChemiDoc MP (Bio-Rad). Intensity of bands was quantified using ImageJ 1.52a 

densitometry software (NIH, MD, USA). When necessary, membranes were stripped with 

0.5 M NaOH, then blocked and probed with a new primary antibody. 

 

Table 2.5: Gel recipes used for immunoblotting. 

 10- and 15-well 18- and 26-well 

Separating buffer (per gel) 

 8% 10% 7.5% 10% 

H2O 3.95 ml 3.6 ml 4.5 ml 4.73 ml 

40% Acrylamide 1.5 ml 1.88 ml 1.82 ml 3.29 ml 

1.5 M Tris pH8.8 1.9 ml 1.88 ml - - 

10% SDS 75 µl 75 µl - - 

10% APS 75 µl 75 µl 182 µl 246 µl 

TEMED 4.5 µl 3 µl 18 µl 24.3 µl 

2% Bis - - 1.0 ml 1.81 ml 

4x separating buffer (stock) - - 2.5 ml 3.38 ml 

Stacking buffer (per gel) 

H2O 2.175 ml 2.5 ml 

40% Acrylamide 375 µl 600 µl 

1.5 M Tris pH6.8 375 µl - 

10% SDS 30 µl - 

10% APS 30 µl 100 µl 

TEMED 3 µl 10 µl 

2% Bis - 320 µl 

4x stacking buffer (stock) - 1.5 ml 

APS (ammonium persulphate); TEMED (Tetramethylethylenediamine). 4x separating 

and stacking buffers made in-house. 
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Table 2.6: Antibodies used for immunoblotting 

Antibody 
MW 

(kDa) 

Secondary 

Antibody 
Supplier 

Catalogue 

Number 
Phospho-Acetyl-CoA Carboxylase 

(Ser79) 
280 Rabbit CST 3661 

Phospho-Akt (Ser473) 60 Rabbit CST 9271 

Phospho-Akt (Thr308) 60 Rabbit CST 2965 

Akt 60 Rabbit CST 9272 

β-actin 43 Mouse SCBT sc-47778 

Phospho-β-Catenin (Ser552) 92 Rabbit CST 5651 

CD36 88 Rabbit SCBT sc-9154 

Phospho-CREB (Ser133) 43 Mouse CST 9196 

FATP1 63 Rabbit SCBT sc-25541 

Phospho-FoxO1 (Ser256) 82 Rabbit CST 9461 

FoxO1 78-82 Rabbit CST 2880 

GAPDH 37 Rabbit CST 2118 

Phospho-Glycogen Synthase (Ser641) 85-90 Rabbit CST 3891 

Glycogen Synthase 84 Rabbit CST 3886 

Phospho-GSK3α/β (Ser21/9) 46, 51 Rabbit CST 9331 

GSK3α/β 46, 51 Rabbit CST 5676 

HSP70 72,73 Rabbit CST 4872 

Phospho-IGF-1 Receptor β 

(Tyr1135/1136)/Insulin Receptor β 

(Tyr1150/1151) 

95 Rabbit CST 3024 

Insulin Receptor β 95 Rabbit CST 3025 

Phospho-IRE1 (Ser724) 110 Rabbit Abcam ab48187 

Phospho-mTOR (Ser2448) 289 Rabbit CST 5536 

Total OXPHOS Rodent WB cocktail a Mouse Abcam ab110413 

Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) 
42, 44 Rabbit CST 4377 

Phospho-PKA C (Thr197) 42 Rabbit CST 5661 

PKA C-α 42 Rabbit CST 4782 

Phospho-PRAS40 (Thr246) 40 Rabbit CST 2997 

Smad2/3 52, 60 Rabbit CST 8685 

TXNIP 55 Rabbit CST 14715 

VDAC 32 Rabbit CST 4866 

pan 14-3-3 (K19) 27 Rabbit SCBT sc-629 

Secondary Antibodies 

Anti-rabbit IgG produced in goat, HRP-linked CST 7074 

Anti-mouse IgG produced in horse, HRP-linked CST 7076 

a OXPHOS cocktail contains 5 mAbs, against CI subunit NDUFB8 (20 kDa), CII subunit SDHB 

(30 kDa), CIII subunit UQCRC2 (48 kDa), CIV subunit MTCO1 (40 kDa), and CV subunit 

ATP5A (55 kDa). CST (Cell Signalling Technology, MA, USA); SCBT (Santa Cruz 

Biotechnology, TX, USA); Abcam (Cambridge, UK). GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase); GSK3 (glycogen synthase kinase 3); HSP70 (heat shock protein 70 kDa); IRE1 

(inositol-requiring enzyme 1); MAPK (mitogen-activated protein kinase); TXNIP (thioredoxin-

interacting protein); VDAC (voltage dependent anion channel 1). 
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2.2.4 Triglyceride measurements 

Triglycerides in tissues and plasma were measured using an enzymatic colorimetric assay. 

Briefly, the assay uses lipoprotein lipase to break down TGs into glycerol and free fatty 

acids (FFA). In the presence of ATP and glycerol kinase, the glycerol is converted to 

glycerol-3-phosphate, which is then oxidised by glycerol phosphate oxidase to yield 

hydrogen peroxide. In the presence of horseradish peroxidase, hydrogen peroxide reacts 

with 4-chlorophenol and 4-aminophenazone to generate a rose-coloured quinoneimine 

dye. The colour intensity is directly proportional to the TG concentration in the sample.  

Tissue samples were homogenised in 4 mL of chloroform:methanol (2:1 vol/vol) and 

extracted on an orbital mixer at RT for 3 hr (liver) or 22 hr (muscle). 2 mL of sulphuric 

acid (1 M) was added to the extract, vortexed, and the phases separated by centrifugation 

at 2,000 g for 10 min. The lipid-containing lower phase was collected using glass pipettes 

into 7 mL glass scintillation vials and extracts dried down at 37°C. Lipids were 

resuspended in 300 μL of absolute ethanol. Lipid extract and plasma samples were plated 

at 5 μL in a 96-well microplate. Samples from plasma and liver were incubated with 300 

μL of GPO-PAP reagent (Triglycerides GPO-PAP, Roche) for 25-30 min at 37°C and 

absorbance read at 490 nm using a microplate reader (VERSAmax™, Molecular Devices, 

CA, USA). Following discontinuation of the Roche GPO-PAP product, muscle lipid 

samples were incubated with 200 μL of Triglycerides liquid reagent (Pointe Scientific, 

MI, USA) for 25-30 min at 37°C and absorbance read at 505 nm. TG concentration was 

calculated against a glycerol standard curve (Precimat Glycerol 21 mg/dL, Roche; 0-

0.26mg/mL). 

2.2.5 Glycogen measurements 

Glycogen content in liver, quadriceps, and gastrocnemius tissue was measured using a 

colorimetric assay (Infinity Glucose (Ox), Thermo). Briefly, isolated glycogen is 

hydrolysed using amyloglucosidase to form β-D-glucose, which is then oxidised by 

glucose oxidase to yield D-gluconic acid and hydrogen peroxide. In the presence of 

horseradish peroxidase, hydrogen peroxide reacts with 4-hydroxybenzoic acid and 4-

aminoantipyrine to generate a red quinoneimine dye. The 1:1 stoichiometry of this 

reaction ensures colour intensity is proportional to the glucose concentration in the 

sample. 
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Frozen tissue (15-30 mg) was digested in 200 μL of 1 M potassium hydroxide at 70°C 

for 1 hr with regular mixing. Precipitation of glycogen was facilitated by the addition of 

1.75 mL 95% ethanol and 75 μL saturated sodium sulphate (Na2SO4) followed by 

incubation at -80°C for 1 hr and centrifugation at 13,000 g for 10 min at 4°C. The 

glycogen pellet was dissolved in 200 μL water and an additional ethanol precipitation was 

performed. The final pellet was air-dried at RT and dissolved in 0.3 mg/ml 

amyloglucosidase (Sigma Aldrich, MO, USA) solution prepared in sodium acetate buffer 

(0.25 M, pH 4.75) and incubated at 37°C overnight. Samples were plated at 10 μL in a 

96-well microplate and incubated with 250 μL of Glucose Oxidase reagent for 15 min at 

37°C. Absorbance was read at 500 nm on a microplate reader (VERSAmax™, Molecular 

Devices). Glucose content was determined against a glucose (0-2 mM) standard curve.  

 

2.3 Statistics 

Statistical analysis relevant to individual chapters are detailed therein. In general, data 

were assessed for normality by the D’Agostino and Pearson normality test and for outliers 

by the two-sided Grubbs’ test, with subsequent analysis by unpaired or paired t-tests and 

standard or repeated measures two- or three-way ANOVA where appropriate. Where a 

significant effect was identified by the ANOVA, post hoc testing was conducted to 

determine differences between groups. Data are presented as means ± SEM, with 

statistical significance accepted at p < 0.05. Statistical analysis was performed in 

GraphPad Prism software (Prism 8, Version 8.0.2).  
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CHAPTER 3: Metabolic Characterisation of CREBRF 

R458Q Knock-In Mice 

3.1 INTRODUCTION 

Obesity is one of the most significant contemporary health issues, due both to its sharply 

rising global prevalence and the substantial number of adverse health problems that are 

associated with the obese state. While reduced physical activity and overconsumption of 

calorie dense foods are no doubt major precipitates for the increased obesity rates 

worldwide, there is also intense interest in discovering genetic variants that may 

predispose individuals to weight gain and the associated co-morbidities of obesity. A 

recent genome-wide association study on a Samoan population identified a novel 

missense variant in the CREBRF gene (rs373863828, Arg457Gln), which was found only 

in Pacific Island populations (Minster et al., 2016). This R457Q missense variant 

produced a paradoxical phenotype of significantly increased obesity risk simultaneous 

with reduced diabetes risk, lacking any definitive mechanistic basis which might explain 

these effects. 

The body composition effects induced by this CREBRF missense variant in Polynesian 

populations are primarily demonstrated by increased BMI, with the effect sizes in adults 

ranging from 1.28 kg/m2 to 3.09 kg/m2 per copy of the R457Q variant allele (Minster et 

al., 2016; Naka et al., 2017; Krishnan et al., 2018; Lin et al., 2020). To appropriately 

contextualise these figures, the R457Q effect is dramatic even compared to that of the 

FTO gene polymorphisms which, at ~0.39 kg/m2 increase to BMI per allele, produce the 

largest previously-published effect size (Speliotes et al., 2010). The physiological source 

of this increased BMI in R457Q variant carriers has been an evolving debate. Minster et 

al. (2016) initially indicated a positive association with total and regional adiposity, later 

backed up by observations of greater waist and hip circumference in variant carriers 

(Naka et al., 2017; Krishnan et al., 2018; Lin et al., 2020). More recent studies associate 

the R457Q variant with greater height and/or lean mass (Krishnan et al., 2018; Hanson et 

al., 2019; Carlson et al., 2020; Lin et al., 2020; Metcalfe et al., 2020). These variant-

associated phenotypes are reported in both men and women, typically without any 

statistical interaction between sex and genotype even when effect sizes differ (Krishnan 

et al., 2018; Carlson et al., 2020; Metcalfe et al., 2020). Hawley et al. (preprint) provide 

the primary exception, describing a male-specific effect on height and female-specific 
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changes to fat mass. Nor are body composition effects confined to adulthood. Separate 

cohorts have found associations between the variant allele and increased total body 

weight, fat-free mass, height, waist circumference, and/or BMI in infancy and childhood 

(Minster et al., 2016; Berry et al., 2018; Arslanian et al., 2021). The body composition 

phenotype exhibited by R457Q variant carriers, therefore, seems to be present across PI 

cohorts even if not all studies report (on) the same specific measures.  

The metabolic phenotype seen in carriers of the CREBRF variant primarily impacts 

diabetes risk, as visible through odds ratio analyses. Presence of the R457Q variant is 

consistently associated with statistically significant decreases in the likelihood of 

developing T2D (OR 0.49-0.59) as well as GDM (OR 0.13-0.19) in both univariable 

analysis and after adjustment for confounding factors such as BMI (Minster et al., 2016; 

Krishnan et al., 2018; Hanson et al., 2019; Krishnan et al., 2020). This protective effect 

was initially linked foremost to significant reduction in fasting glucose levels (0.09 mM 

per variant allele) evident even in non-diabetic subjects, with the effect becoming more 

pronounced after adjustment for BMI (0.12 mM) (Minster et al., 2016). Subsequent meta-

analysis, incorporating three Samoan cohorts, confirms -0.05 mM fasting glucose per 

copy of missense allele in participants both with and without obesity (Russell et al., 

preprint). Other variant-carrying populations, however, have not reproduced this effect 

(Lin et al., 2020). No consistent correlations with either fasting insulin levels or 

homeostatic model assessment for IR (HOMA-IR) have yet been reported. Hanson et al. 

(2019) report a higher HOMA-B in variant carriers which may represent greater capacity 

for compensatory insulin secretion, as indicated by Burden et al. (2021)’s more recent 

study utilising hyperinsulinemic-euglycaemic clamps, a more precise surrogate measure, 

which links the missense variant to greater glucose-stimulated insulin secretion without 

impact on insulin sensitivity index or glucose disposal. Association with serum lipids in 

variant carriers is observed only inconsistently across cohorts and seems to be neither 

independent of BMI nor a mediator of the reduced GDM risk (Minster et al., 2016; Ohashi 

et al., 2018; Krishnan et al., 2020; Lin et al., 2020). Protective effects against diabetes 

have thus been linked to glucose homeostasis and to insulin secretion, but without overt 

or consistent links to (whole-body) insulin sensitivity or obesity-associated comorbidities 

the causative mechanisms remain uncertain. 
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Extant literature cannot yet provide definitive answers regarding either the strong 

predisposition towards obesity or the protection against T2D which are associated with 

the missense variant. Nor is it wholly clear whether these two facets interact or operate 

independently. A recent study does, however, suggest that BMI and T2D odds are not 

decoupled in variant carriers, and that the variant allele might produce both direct and 

indirect effects (Russell et al., preprint). The CREBRF protein is primarily recognised to 

negatively regulate activity of the transcription factor CREB3 and has further been 

implicated in cellular and organismal bioenergetics as a starvation response factor, 

conferring protection against nutrient deprivation (Audas et al., 2008, 2016; Minster et 

al., 2016). Although this seems relevant, mechanistic links to the variant phenotype at 

systemic and tissue levels remain uncertain. To address this in more detail, the present 

study sought to examine the metabolic phenotype of a novel knock-in mouse model for 

the CREBRF missense variant. Heterozygous and homozygous carriers of both sexes, and 

their wildtype counterparts, underwent comprehensive metabolic characterisation on a 

standard laboratory diet and in response to a high fat diet. 
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3.2 METHODS 

3.2.1 Animal maintenance and study 

Male and female wildtype (WT), heterozygous (HET), and homozygous (HOM) 

CREBRF R458Q knock-in mice were generated, with an average of 22 litters required to 

generate animals of each genotype for the desired sample size (minimum n = 32 per 

genotype per sex). Subsets used in lower-powered endpoint analyses comprised at least 3 

independent litters per group. Mice were housed and maintained as described in section 

2.1 from 8 weeks of age to 20 weeks. After four weeks on the standard control “chow” 

diet, mice were randomly allocated to remain on the chow diet or to receive the in-house-

made HFD ad libitum for eight weeks. Body composition analysis was performed as 

described in section 2.1.2, and biochemical analyses as described in section 2.2. 

3.2.2 Glucose and insulin tolerance 

Mice were fasted for 5 hr and then given either an oral gavage of glucose (3 g/kg lean 

mass) or intraperitoneal injection of insulin (1.0 U/kg lean mass; Actrapid, Novo-Nordisk, 

Copenhagen, Denmark). Blood glucose levels were monitored using an Accu-Chek 

glucometer (Roche Diagnostics, Castle Hill, NSW, Australia). For the oral glucose 

tolerance test (oGTT), glucose was analysed at baseline and at 15, 30, 60, and 90 min 

post gavage, while for the insulin tolerance test (ITT) glucose levels were determined at 

baseline and at 10, 20, 30, 45, and 60 min post injection. During the oGTT, additional 

blood was collected from the tail tip at baseline and at 15, 30, and 60 min following 

glucose gavage to measure plasma insulin. 

3.2.3 Insulin ELISA 

Plasma insulin levels were measured using an Ultrasensitive Mouse Insulin ELISA Kit 

(Crystal Chem, Illinois, USA). Briefly, the assay uses two monoclonal antibodies, one 

immobilised on coated microplate wells and the other conjugated with horseradish 

peroxide (HRP), to bind insulin present in the sample. Hydrogen peroxide, in the presence 

of HRP, provokes oxidation of 3,3’,5,5’-tetramethylbenzidine substrate to form a water-

soluble blue reaction product. The kinetic reaction is halted by acidification, and intensity 

of the resultant yellow pigment is proportional to the insulin concentration in the sample. 

Plasma samples were plated as singletons at 5 µL with 95 µL sample diluent in an insulin 

antibody-coated 96-well microplate. Following incubation for 2 hr at 4°C, well contents 

were aspirated and washed five times to remove unbound material before addition of anti-
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insulin enzyme conjugate and incubation at RT for 30 min. Wells were washed seven 

times, enzyme substrate added, and the plate incubated for 40 min at RT in the absence 

of direct light. The reaction was stopped using sulphuric acid and absorbance read at 630 

nm and 450 nm on a microplate reader (VERSAmax™) within 30 min, with the former 

reading taken as background. Insulin concentration was calculated against an insulin 

standard curve (0-12.8 ng/ml). 

3.2.4 Indirect calorimetry  

Whole body energy expenditure (determined as whole-body oxygen consumption [mL 

O2/min] and/or as heat [kcal/min]) and respiratory exchange ratio (RER) were assessed 

using an Oxymax Indirect Calorimeter (Comprehensive Laboratory Animal Monitoring 

System [CLAMS], Columbus Instruments, USA). Mice aged 18 weeks were housed 

individually over a 24 hr period (12 hr light/dark cycle, 0600-1800 hrs), following a 16 

hr acclimatisation period at 21-23°C. The system was calibrated using a standard gas 

mixture of 0.489% CO2 and 20.4% O2. Samples of exhaust air were collected over a 

period of 1 min and measured every 20 mins. The RER was calculated from direct VCO2 

and VO2 readings over the 24 hr period according to the following equation: 

𝑅𝐸𝑅 =  
𝑉𝐶𝑂2

𝑉𝑂2
 

Energy expenditure (or ‘heat’) was likewise calculated from VCO2 and VO2 readings 

according to the following equation: 

EE = VO2 x (3.815 x (1.232 + RER)) 

3.2.5 NEFA measurements 

Non-esterified fatty acid (NEFA) content in plasma was measured using an enzymatic 

colorimetric assay (NEFA C kit, Wako Pure Chemical Industries, Osaka, Japan). Briefly, 

the assay uses acyl-CoA synthase to catalyse the acylation of CoA by the FA in the 

sample. The acyl-CoA product is oxidised by acyl-CoA oxidase to produce hydrogen 

peroxide which, in the presence of peroxidase, allows the oxidative condensation of 3-

methyl-N-ethyl-N (β-hydroxyethyl)-aniline with 4-aminoantipyrine. The resultant 

pigment is proportional to the NEFA concentration in the sample. Plasma samples were 

plated at 5 μL in a 96-well microplate and incubated at 37°C with reagents according to 

manufacturers’ instructions. Absorbance was read at 550 nm on a microplate reader 

(VERSAmax™) following each incubation period, with the initial reading taken as 
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background. NEFA concentration was calculated against an FFA standard curve (0-10 

mM).  

3.2.6 Statistical analysis 

Measures of body composition, indirect calorimetry, and endpoint tissue weight were 

analysed by ordinary two-way ANOVA. Glucose and insulin tolerance tests were 

analysed by repeated measures two-way ANOVA. Endpoint measures of circulating 

factors and tissue nutrient homeostasis were analysed by three-way ANOVA, with post-

hoc testing conducted by Sidak’s multiple comparisons tests. Male and female data were 

analysed separately. Data are presented as means ± SEM, with statistical significance 

accepted at p < 0.05. Statistical analysis was performed in GraphPad Prism software 

(Prism 8, Version 8.0.2).  
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3.3 RESULTS 

3.3.1 Generation of CREBRF R458Q KI mice 

To better understand how the CREBRF missense variant impacts the whole-body 

metabolic phenotype, we generated a novel mouse line with the R458Q variant knocked 

in to replace the WT protein. Confirmation of the functional R458Q knock-in was 

accomplished by real-time PCR and HRM analysis as represented in Figure 3.1. Tissue 

expression of the CREBRF protein could not be assessed due to lack of an appropriate 

commercially available primary antibody, in line with previous reports (Tiebe et al., 

2019). 

 

 

Figure 3.1: Genotype confirmation of CREBRF R458Q variant mice.  

Representative HRM results of two PCR conditions for KI mice, presented as derivative 

melting peaks. PCR1 distinguishes WT/HET from HOM samples; PCR2 distinguishes 

WT from HET/HOM samples. WT samples are shown in blue, HET samples in red, HOM 

samples in green, and the negative control (H2O) in cyan.  
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3.3.2 Body composition 

The human variant allele has been repeatedly associated with increased BMI and/or 

adiposity measures (Minster et al., 2016; Naka et al., 2017; Krishnan et al., 2018; Lin et 

al., 2020). Total body weight of the HOM and HET mice on the chow diet was however 

not significantly different from WT mice across the course of the study for either sex 

(Figure 3.2A-B). Total body fat mass and the weight of individual adipose depots, 

measured at the conclusion of the feeding regime, was similarly unaffected by genotype 

for both male and female mice (Figure 3.2C-D, Tables 3.1, 3.2). Nor did the R458Q 

variant appear to promote preferential distribution of fat mass across depots (Tables 3.1, 

3.2) as had been speculated for human carriers (Minster et al., 2016; Hawley et al., 

preprint). There was no genotype difference in the weight of several key organs (Table 

3.1), but EchoMRI lean mass measurements showed that male HOM chow-fed mice did 

have significantly greater lean mass than their WT counterparts at 20 weeks of age (Figure 

3.2E), an effect present from 12 weeks of age (Figure 3.2G). The genotype difference was 

dose-dependent, with the HET animals demonstrating an intermediate increase in lean 

mass (Figure 3.2E,G). Female mice did not display any genotype-dependent differences 

in lean mass (Figure 3.2F). 

To examine the effects of diet on body composition, an HFD was introduced to half the 

cohort at 12 weeks of age and maintained for 8 weeks. Both male and female sexes 

experienced the expected significant increases in body weight, total fat content, and white 

adipose depot size following HFD feeding, but there was no diet-induced development of 

a genotype effect (Figure 3.2A-D, Tables 3.1, 3.2). The effect on lean mass which was 

identified in chow-fed male mice was not present in HFD-fed mice of either sex (Figure 

3.2E-F).  
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Figure 3.2: Body composition phenotype of CREBRF R458Q variant mice.  

A-B. Body weight of (A) male and (B) female mice throughout the study (HFD began at 

12 weeks of age). C-D. Fat mass at 20 weeks post-birth of (C) male and (D) female mice, 

presented as a proportion of total body weight. E-G. Total lean mass at 20 weeks post-

birth of (E) male and (F) female mice, and of (G) male mice throughout the study. Data 

are presented as mean ± SEM, n = 17-24. * p < 0.05 effect of genotype; ### p < 0.001, 

#### p < 0.0001 main effect of diet by two-way ANOVA. 
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Table 3.1: Tissue weights of male CREBRF R458Q variant mice at 20 weeks. 

Data are presented as mean ± SEM, n = 8-13. Statistics by ordinary two-way ANOVA. BW = body weight; eWAT = epididymal white adipose 

tissue; HFD = high fat diet; iWAT = inguinal white adipose tissue; BAT = brown adipose tissue; G = genotype, D = diet. 

 CHOW HFD P-values 

 WT HET HOM WT HET HOM G D G x D 

Fed BW (g) 30.1 ± 0.83 31.0 ± 0.70 31.3 ± 1.04 34.3 ± 0.91 33.8 ± 0.60 34.7 ± 1.13 ns < 0.0001 ns 

Fasted BW (g) 27.6 ± 0.61 27.9 ± 0.67 28.6 ± 0.40 32.2 ± 0.57 31.7 ± 0.71 32.2 ± 0.97 ns < 0.0001 ns 

Fed eWAT (% BW) 1.64 ± 0.23 1.66 ± 0.13 1.86 ± 0.26 3.78 ± 0.11 3.67 ± 0.14 3.54 ± 0.17 ns < 0.0001 ns 

Fasted eWAT (% BW) 2.04 ± 0.20 1.92 ± 0.15 1.68 ± 0.10 3.75 ± 0.12 3.92 ± 0.15 3.82 ± 0.19 ns < 0.0001 ns 

Fed iWAT (% BW) 0.61 ± 0.06 0.66 ± 0.04 0.77 ± 0.08 1.33 ± 0.08 1.11 ± 0.05 1.39 ± 0.16 ns < 0.0001 ns 

Fasted iWAT (% BW) 0.75 ± 0.07 0.68 ± 0.05 0.64 ± 0.04 1.25 ± 0.09 1.12 ± 0.06 1.19 ± 0.10 ns < 0.0001 ns 

Fed BAT (% BW) 0.47 ± 0.03 0.42 ± 0.04 0.43 ± 0.04 0.56 ± 0.03 0.54 ± 0.03 0.63 ± 0.04 ns < 0.0001 ns 

Fasted BAT (% BW) 0.46 ± 0.05 0.41 ± 0.03 0.36 ± 0.02 0.50 ± 0.03 0.40 ± 0.03 0.43 ± 0.01 < 0.05 ns ns 

Fed Liver (% BW) 4.65 ± 0.13 4.75 ± 0.14 4.70 ± 0.15 4.21 ± 0.09 4.16 ± 0.16 4.08 ± 0.11 ns < 0.0001 ns 

Fasted Liver (% BW) 3.86 ± 0.06 3.76 ± 0.06 3.66 ± 0.11 3.45 ± 0.10 3.30 ± 0.07 3.27 ± 0.07 ns < 0.0001 ns 

Fed Heart (% BW) 0.46 ± 0.01 0.46 ± 0.01 0.45 ± 0.02 0.41 ± 0.02 0.41 ± 0.01 0.41 ± 0.02 ns < 0.001 ns 

Fasted Heart (% BW) 0.48 ± 0.02 0.49 ± 0.01 0.49 ± 0.02 0.44 ± 0.02 0.44 ± 0.01 0.41 ± 0.01 ns < 0.001 ns 

Fed Kidneys (% BW) 1.54 ± 0.05 1.53 ± 0.02 1.45 ± 0.03 1.25 ± 0.04 1.28 ± 0.03 1.26 ± 0.04 ns < 0.0001 ns 

Fasted Kidneys (% BW) 1.45 ± 0.03 1.45 ± 0.03 1.53 ± 0.04 1.24 ± 0.06 1.23 ± 0.02 1.21 ± 0.03 ns < 0.0001 ns 
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Table 3.2: Tissue weights of female CREBRF R458Q variant mice at 20 weeks.  

Data are presented as mean ± SEM, n = 8-11. Statistics by ordinary two-way ANOVA. BW = body weight; pWAT = periovarian white adipose 

tissue; HFD = high fat diet; iWAT = inguinal white adipose tissue; BAT = brown adipose tissue; G = genotype, D = diet. 

 CHOW HFD P-values 

 WT HET HOM WT HET HOM G D G x D 

Fed BW (g) 24.6 ± 0.94 23.8 ± 0.60 24.8 ± 0.83 27.3 ± 0.88 26.3 ± 1.10 25.9 ± 0.83 ns < 0.01 ns 

Fasted BW (g) 21.8 ± 0.69 21.5 ± 0.43 22.5 ± 0.29 24.0 ± 0.99 24.2 ± 0.91 25.6 ± 1.14 ns < 0.001 ns 

Fed pWAT (% BW) 1.27 ± 0.25 0.98 ± 0.18 1.57 ± 0.21 3.31 ± 0.30 3.02 ± 0.36 2.71 ± 0.48 ns < 0.0001 ns 

Fasted pWAT (% BW) 1.12 ± 0.25 0.85 ± 0.09 1.20 ± 0.13 2.60 ± 0.43 2.85 ± 0.55 3.11 ± 0.54 ns < 0.0001 ns 

Fed iWAT (% BW) 0.83 ± 0.08 0.67 ± 0.06 0.78 ± 0.06 1.31 ± 0.05 1.22 ± 0.07 1.25 ± 0.09 ns < 0.0001 ns 

Fasted iWAT (% BW) 0.63 ± 0.08 0.69 ± 0.09 0.65 ± 0.05 0.97 ± 0.12 1.06 ± 0.12 1.17 ± 0.10 ns < 0.0001 ns 

Fed BAT (% BW) 0.47 ± 0.03 0.42 ± 0.04 0.47 ± 0.03 0.47 ± 0.02 0.43 ± 0.02 0.43 ± 0.03 ns ns ns 

Fasted BAT (% BW) 0.40 ± 0.05 0.41 ± 0.03 0.42 ± 0.04 0.54 ± 0.04 0.42 ± 0.02 0.45 ± 0.02 ns < 0.05 ns 

Fed Liver (% BW) 4.99 ± 0.11 5.03 ± 0.11 4.95 ± 0.13 4.33 ± 0.04 3.99 ± 0.08 4.13 ± 0.17 ns < 0.0001 ns 

Fasted Liver (% BW) 4.33 ± 0.09 4.26 ± 0.15 4.16 ± 0.18 3.81 ± 0.19 3.58 ± 0.07 3.56 ± 0.10 ns < 0.0001 ns 

Fed Heart (% BW) 0.50 ± 0.02 0.48 ± 0.01 0.46 ± 0.01 0.41 ± 0.01 0.47 ± 0.03 0.44 ± 0.03 ns < 0.01 ns 

Fasted Heart (% BW) 0.55 ± 0.02 0.52 ± 0.02 0.52 ± 0.02 0.48 ± 0.02 0.47 ± 0.01 0.43 ± 0.01 ns < 0.0001 ns 

Fed Kidneys (% BW) 1.25 ± 0.03 1.25 ± 0.04 1.23 ± 0.02 1.05 ± 0.02 1.06 ± 0.01 1.09 ± 0.05 ns < 0.0001 ns 

Fasted Kidneys (% BW) 1.34 ± 0.04 1.35 ± 0.03 1.29 ± 0.03 1.26 ± 0.04 1.15 ± 0.03 1.15 ± 0.04 ns < 0.0001 ns 
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To further pursue effects on whole-body growth, we measured naso-anal length. The 

R458Q variant had a dose-dependent effect on 8-week-old males, significantly increasing 

length in HOM compared to WT mice (Figure 3.3A-B). This effect was not seen in female 

mice of the same age. Follow-up measurements at 18 weeks of age were not statistically 

significant but reflected a similar trend to greater length in chow-fed HOM mice of both 

sexes (Figure 3.3C-D). HFD feeding seemed associated with greater length in WT but not 

HOM mice, with no genotype effects. 

 

 

Figure 3.3: Lengths of CREBRF R458Q variant mice.  

Naso-anal length at 8 weeks post-birth for (A) male and (B) female mice fed on a chow 

diet (n = 25-34), and at 18 weeks post-birth for (C) male and (D) female mice fed on chow 

or HF diets (n = 7-19). Data are expressed as mean ± SEM. ** p < 0.01, HOM vs WT by 

two-tailed unpaired Student’s t test, p = 0.0047 ordinary one-way ANOVA test for linear 

trend; ### p < 0.001 main effect of diet by ordinary two-way ANOVA. 
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3.3.3 Glucose and insulin tolerance  

The CREBRF variant has been linked to reduced diabetes risk and lowered blood glucose 

levels in human carriers (Minster et al., 2016; Krishnan et al., 2018; Hanson et al., 2019; 

Krishnan et al., 2020). To determine whether the R458Q variant impacted glycaemic 

control in our mice, oral glucose tolerance tests (oGTT) were performed to assess whole-

body glucose tolerance at 10 and 16 weeks of age. The blood glucose and plasma insulin 

responses of male and female mice at the earlier time-point (2 weeks preceding HFD 

introduction) were indistinguishable between WT, HET, and HOM animals (Figure 3.4).  

 

 

Figure 3.4: Glucose tolerance in 10-week-old CREBRF R458Q variant mice.  

A-B. Blood glucose response to glucose administration for (A) male and (B) female mice 

(n = 13-19). C-D. Plasma insulin levels during oGTT for (C) males and (D) females (n = 

8-16). Data are presented as mean ± SEM. 

 

At the 16-week timepoint (4 weeks into the feeding regime), glucose clearance of both 

sexes was significantly impaired by HFD-feeding but remained absent of any genotype 

effect (Figure 3.5A-D). Plasma insulin levels during the oGTT were likewise unchanged 

by genotype in male mice, but in females were mildly increased in HOM mice compared 
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to WT (Figure 3.5E-F). HFD feeding significantly heightened plasma insulin levels for 

both sexes, although the diet effect was of greater magnitude for females in HOM mice, 

and for males in WT mice. Curiously, this latter observation mirrored the blood glucose 

response which likewise displayed a less prominent effect of diet in the male HOM mice 

than in WT or HET counterparts. 

 

Figure 3.5: Glucose tolerance in 16-week-old CREBRF R458Q variant mice.  

A-D. Blood glucose response to glucose administration for (A) male and (B) female mice, 

showing incremental area under the curve (iAUC) for (C) males and (D) females (n = 13-

19). E-F. Plasma insulin levels during oGTT for (E) males and (F) females (n = 8-16). 

Data are presented as mean ± SEM. * p < 0.05 main effect of genotype; ### p < 0.001, 

#### p < 0.0001 main effect of diet by RM two-way ANOVA. 
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We further assessed whole-body insulin sensitivity via intraperitoneal insulin tolerance 

test (ipITT). Male and female mice aged 11 weeks displayed no genotype difference in 

blood glucose response to insulin administration (Figure 3.6A-B). At 17 weeks, male 

HOM mice on a chow diet exhibited a significantly less pronounced fall in glucose levels 

post-injection than was seen in WT counterparts (Figure 3.6C). This seeming comparative 

reduction in sensitivity to insulin administration was not overtly dose-dependent, but 

chow-fed HET males did display an intermediate response, positioned between WT and 

HOM groups. The genotype effect was absent in HFD-fed male mice. Unexpectedly, the 

insulin sensitivity of male HOM mice also appeared largely unaffected by HFD-feeding, 

with the glucose response of mice carrying the double variant not different between diet 

groups. In contrast, insulin tolerance of female mice was changed by diet but not genotype 

(Figure 3.6D).  

 

Figure 3.6: Insulin tolerance in CREBRF R458Q variant mice.  

Blood glucose response to insulin administration in 11-week-old (A) males and (B) 

females (n = 18-31); and in 17-week-old (C) males and (D) females (n = 10-18). Data are 

presented as mean ± SEM. * p < 0.05, ** p < 0.01 WT chow vs HOM chow; † p < 0.05, 

††† p < 0.001 WT chow vs WT HFD and vs HET HFD; ǂ p < 0.05, ǂǂ p < 0.01 all chow 

groups vs HOM HFD by RM two-way ANOVA and Dunnett’s multiple comparisons.  
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3.3.4 Indirect calorimetry  

Given that CREBRF has been previously associated with altered tissue bioenergetics 

(Minster et al., 2016), we additionally performed indirect calorimetry to determine 

whether the R458Q variant impacted measures of whole-body energy metabolism and 

expenditure in our knock-in mouse model. Whole-body energy expenditure (as measured 

by heat production) was significantly increased for HFD-fed male and female mice 

compared to their chow-fed counterparts (Figure 3.7A-B). Whole-body energy 

metabolism was assessed through the respiratory exchange ratio (RER) as a surrogate for 

substrate utilisation. As expected, HFD-fed mice exhibited an RER significantly lower 

than their chow-fed counterparts (Figure 3.7C-D). The lower RER seen for HFD-fed mice 

indicates greater utilisation of lipids as the primary fuel source, while the higher RER 

values observed for chow-fed mice indicate the relatively greater contribution of 

carbohydrates being metabolised. No differences were observed between genotypes for 

either parameter.  

 

Figure 3.7: Whole-body energy expenditure in CREBRF R458Q variant mice.  

A-B. Heat production, normalised to lean mass, in (A) male and (B) female mice. C-D. 

Respiratory exchange ratio (RER) in (C) male and (D) female animals. Values represent 

an average over a 24-hr data collection period (12 hr light and 12 hr dark phase). Data are 

presented as mean ± SEM, n = 6-8. #### p < 0.0001 main effect of diet by ordinary two-

way ANOVA.  
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3.3.5 Circulating factors 

Plasma and tissue biochemical analyses were performed on samples taken from WT and 

HOM mice in either the fed state or following overnight fasting, which aimed to induce 

conditions more likely to stimulate activity of the starvation factor CREBRF (Minster et 

al., 2016; Tiebe et al., 2019). Blood glucose levels were significantly depressed in 

response to fasting in both sexes, but there was no significant genotype effect on glucose 

levels in either the fed or the fasted state (Table 3.3). The presence of the R458Q variant 

likewise had no effect on plasma insulin levels in either male or female mice, but the 

expected decrease in insulin due to fasting and, in females, increase in response to high 

fat feeding were apparent (Table 3.3). 

Plasma TG was unaltered by genotype in male mice (Table 3.3). In females, however, the 

R458Q variant was associated with a decrease in plasma TG levels (Table 3.3). In 

contrast, circulating NEFAs in male mice were increased in HOM animals, with this 

change largely driven by a more pronounced increase in fasting NEFA levels in mice 

carrying the R458Q variant (Table 3.3). Female mice did not present the same pattern, 

with a clear fasting effect, but the absence of any differences produced by genotype (Table 

3.3). 
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Table 3.3: Circulating factors in CREBRF R458Q variant mice at 20 weeks. 

  Chow HF P-values 
 

 WT HOM WT HOM G F D G x F 

Male 

Fed BG (mM) 8.52 ± 0.22 8.63 ± 0.13 8.47 ± 0.23 8.70 ± 0.28 
ns < 0.0001 ns ns 

Fasted BG (mM) 5.53 ± 0.27§§§§ 5.99 ± 0.63§§§§ 6.11 ± 0.23§§§§ 6.44 ± 0.31§§§§ 

Fed Insulin (μg/L) 1.40 ± 0.17 1.68 ± 0.41 2.67 ± 0.50 2.44 ± 0.55 
ns < 0.0001 < 0.05 ns 

Fasted Insulin (μg/L) 0.51 ± 0.06 0.46 ± 0.04 0.58 ± 0.07§§§ 0.59 ± 0.05§§ 

Fed TGs (mM) 2.03 ± 0.20 2.08 ± 0.19 1.39 ± 0.14 1.44 ± 0.15 
ns ns < 0.01 ns 

Fasted TGs (mM) 2.21 ± 0.29 1.66 ± 0.13 1.83 ± 0.18 1.80 ± 0.12 

Fed NEFAs (mM) 0.40 ± 0.07 0.40 ± 0.08 0.38 ± 0.07 0.49 ± 0.05 
< 0.05 < 0.0001 ns ns 

Fasted NEFAs (mM) 0.77 ± 0.07 1.19 ± 0.14*,§§§§ 0.80 ± 0.09§ 0.92 ± 0.13§ 
          

Female 

Fed BG (mM) 7.95 ± 0.18 8.54 ± 0.18 7.88 ± 0.23 8.18 ± 0.14 
ns < 0.0001 ns ns 

Fasted BG (mM) 5.30 ± 0.20§§§§ 5.61 ± 0.38§§§§ 5.55 ± 0.34§§§§ 5.16 ± 0.27§§§§ 

Fed Insulin (μg/L) 0.63 ± 0.11## 0.76 ± 0.10 2.07 ± 0.53 1.04 ± 0.24 
ns < 0.001 < 0.01 ns 

Fasted Insulin (μg/L) 0.48 ± 0.13 0.51 ± 0.05 0.53 ± 0.06§§§ 0.48 ± 0.04 

Fed TGs (mM) 2.55 ± 0.13 2.89 ± 0.25# 2.44 ± 0.26 1.90 ± 0.11 
< 0.05 ns < 0.0001 ns 

Fasted TGs (mM) 3.52 ± 0.36## 2.70 ± 0.23# 2.19 ± 0.16 1.73 ± 0.15 

Fed NEFAs (mM) 0.45 ± 0.09 0.42 ± 0.04 0.32 ± 0.10 0.48 ± 0.03 
ns < 0.0001 ns < 0.05 

Fasted NEFAs (mM) 1.21 ± 0.12§§§§ 1.00 ± 0.08§§§ 1.13 ± 0.06§§§§ 0.99 ± 0.09§§ 

Data are presented as mean ± SEM, n = 5-11. * p < 0.05 vs WT counterpart; § p < 0.05, §§ p < 0.01, §§§ p < 0.001, §§§§ p < 0.0001 vs fed state 

counterpart; # p < 0.05, ## p < 0.01 vs HFD counterpart by three-way ANOVA, Sidak’s post-hoc. BG = blood glucose; NEFA = non-esterified 

fatty acid; TG = triglyceride; G = genotype; F = fed state; D = diet; G x F = interaction between genotype and fed state. 
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3.3.6 Tissue nutrient homeostasis 

As a broad measure of tissue nutrient homeostasis, glycogen and TG contents were 

measured in both liver and muscle. Glycogen stores in both tissues were as expected 

significantly depleted by the overnight fasting for all mice, with a greater decline 

observed in the liver (Figure 3.8A-D). The presence of the CREBRF R458Q variant in 

male mice did not significantly impact glycogen content in either tissue, but in the fasted 

state there was a trend for variant-induced reductions (Figure 3.8A,C). There was an 

overall trend (p = 0.0565) for female liver glycogen to be significantly reduced in HOM 

mice, and unlike the males this effect was more prominent in the fed state animals (Figure 

3.8B); the pattern was reflected also in quadriceps glycogen content (Figure 3.8D).  

 

 

Figure 3.8: Tissue glycogen content in CREBRF R458Q variant mice.  

A-B. Liver glycogen content in (A) male and (B) female mice. C-D. Quadriceps glycogen 

in (C) male and (D) female mice. Data are presented as mean ± SEM, n = 6. ## p < 0.01 

main effect of diet; § p < 0.05, §§ p < 0.01, §§§§ p < 0.0001 effect of fasting by three-

way ANOVA and Sidak’s multiple comparisons test. 
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Hepatic TG accumulation in chow-fed male mice was significantly increased both by 

fasting and by the presence of the R458Q variant (Figure 3.9A). HFD feeding blunted the 

fasting- and genotype-induced TG changes. Female mice exhibited a similar overall 

pattern in hepatic TG levels among both chow- and HFD-fed animals, but without 

significant genotype effects (Figure 3.9B). Quadriceps muscle TGs were predominantly 

influenced by the HFD in both male and female mice (Figure 3.9C-D). Female muscle 

displayed a significant interaction between fed state and genotype, with the overnight fast 

associated with a relative decrease in TG in WT animals, and a relative increase in their 

HOM counterparts. A significant variant-induced decrease in quadriceps TG levels was 

observed in HFD-fed male mice in the fed state.  

 

 

Figure 3.9: Tissue lipid content in CREBRF R458Q variant mice.  

A-B. Liver TG accumulation in (A) male and (B) female mice. C-D. Quadriceps TG 

accumulation in (C) male and (D) female mice. Data are presented as mean ± SEM, n = 

6. * p < 0.05 main effect of genotype by ordinary two-way ANOVA; †† p < 0.01 

interaction between genotype and fed state; # p < 0.05, ## p < 0.01, ### p < 0.001, #### 

p < 0.0001 effect of diet; § p < 0.05, §§ p < 0.01, §§§§ p < 0.0001 effect of fasting by 

three-way ANOVA and Sidak’s multiple comparisons test.  
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3.3.7 Protein expression 

Tissue expression of selected proteins involved in metabolic signalling was examined in 

liver and quadriceps muscle from KI mice. The livers of chow-fed HOM male mice in 

the fasted state showed reduced protein kinase B (PKB)473 phosphorylation compared to 

WT animals (Figure 3.10A). There was no clear effect of genotype on PKB473 expression 

in the fed state, while HFD-fed animals had reduced expression regardless of genotype 

(Figure 3.10B). Expression of phosphorylated FoxO1256, a PKB substrate, seemed 

reduced in liver tissue from fasted HOM mice when examined at high protein 

concentrations (Figure 3.10C), but at the standard concentration reflected PKB473 

expression without overt genotype differentiation (Figure 3.10A). In contrast, hepatic 

expression of phosphorylated PKB473 in female mice trended higher with presence of the 

R458Q variant, but without statistical significance (Figure 3.10D). The HFD feeding 

regime seemed to increase PKB phosphorylation levels in female but not male fed-state 

mice.  

 

Figure 3.10: Hepatic insulin signalling pathway in CREBRF R458Q variant mice.  

Protein expression in liver tissue was assessed via immunoblot for phosphorylated 

PKB473 in (A) chow-fed and (B) HFD-fed male KI mice. C. Phosphorylated and total 

FoxO1256 in male chow-fed animals, loaded at 100 µg/well. D. Phosphorylated and total 

PKB473 expression in liver tissue of chow- and HFD-fed female mice. Tissues from both 

fed and overnight (16 hr) fasted animals were examined. Whole protein lysates were 

loaded at 30 µg/well with the exception of panel C. GAPDH and β-actin were used as 

housekeepers. Images are representative. 
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Further analyses of protein expression were primarily restricted to liver and quadriceps 

muscle of chow-fed male mice, which had shown the greatest whole-body effects of the 

variant protein. Markers of oxidative and lipid metabolism, pathways known to be 

associated with the CREBRF protein (Tiebe et al., 2015; Minster et al., 2016), were 

evaluated for potential involvement in missense variant activity. Oxidative 

phosphorylation complex subunit expression in liver and muscle was unchanged between 

WT and HOM animals (Figure 3.11A, 3.12A). In muscle, the mitochondrial voltage-

dependent anion channel (VDAC) was more highly expressed in fasted than fed animals 

but unaffected by genotype (Figure 3.12B,D). Markers of lipid metabolism in the KI mice 

suggested trends in liver and quadriceps were similarly independent of the R458Q variant 

(Figure 3.11C, 3.12C). Protein expression of phosphorylated (inactive) acetyl-CoA 

carboxylase was slightly elevated in HOM compared to WT liver tissues (Figure 3.11C).  

 

Figure 3.11: Hepatic protein expression of oxidative and lipid metabolism markers 

in male CREBRF R458Q variant mice.  

Protein expression in liver tissue from male KI mice was assessed via immunoblot for 

(A) components of the electron transport chain complexes, (B) phosphorylated 

mTOR2448, (C) lipogenesis and lipid transport proteins, and (D) markers of cell stress. 

Liver tissues were taken from both fed and overnight (16 hr) fasted male animals, chow-

fed unless otherwise indicated. Whole protein lysates were loaded at 30 µg/well. Pan 14-

3-3 was used as a housekeeper. Images are representative. FATP (fatty acid transport 

protein 1). 
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CREBRF and its regulatory target CREB3 are also strongly associated with ER stress 

(Audas et al., 2008; Penney et al., 2018). Markers of the ER stress or unfolded protein 

responses including HSP70 and ATF6, however, showed no variation in expression 

between WT and HOM liver (Figure 3.11D). Phosphorylation of IRE1α responded to 

fasting but lacked a genotype effect (Figure 3.11D). Muscle expression of proteins known 

to be involved in regulating metabolism and growth, including SMAD2/3 and ERK, was 

not different between genotypes (Figure 3.12B,E). 

 

Figure 3.12: Quadriceps muscle protein expression of metabolic markers in male 

CREBRF R458Q variant mice.  

Protein expression in skeletal muscle tissue from male KI mice was assessed via 

immunoblot for (A) components of the electron transport chain complexes and (B) VDAC 

and SMAD2/3 in fasted animals. C. Markers of lipid metabolism in chow-fed and HFD-

fed mice. D-E. Comparison of fed and fasted tissue expression of (D) VDAC and (E) 

ERK1/2. Tissues were taken from both fed and overnight (16 hr) fasted male animals, 

chow-fed unless otherwise indicated. Whole protein lysates were loaded at 30 µg/well. 

GAPDH was used as a housekeeper. Images are representative. 
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3.4 DISCUSSION 

While there is an obvious link between the growing obesity epidemic and environmental 

factors, there has also been great interest in searching for genetic factors that may 

contribute to this condition. To date the most prominent genetic variant linked with excess 

body weight is the recently identified R457Q variant in the CREBRF gene, a missense 

variant with a presence restricted to Pacific Islands (PI) populations (Minster et al., 2016; 

Naka et al., 2017; Krishnan et al., 2018). Despite these reports, in the current study mice 

with this variant knocked in displayed minimal differences to their wildtype counterparts 

when assessed for a variety of metabolic traits. Over the course of the study, HOM mice 

were indistinguishable from WT animals when assessed for changes in body weight and 

fat mass, despite excess body weight being the most overt and well-reported effect of the 

variant in human studies. This lack of difference between genotypes persisted when mice 

were placed on a HFD to provide a more obesogenic environment. 

Precise measures of body fat content, such as those which we have been able to determine 

for our KI mouse model, are rarely reported in human studies of the R457Q variant. 

Human studies most commonly utilise BMI as the chosen measure of obesity, reporting 

(with few exceptions) significant increases due to the minor allele. Use of BMI is not 

without its detractors. Most relevant here is the dubious nature of its ability to consistently 

represent comparative adiposity between ethnicities via uniform cut-off values developed 

for a specific population (Goossens, 2017). At a given BMI, Pacific Islanders have been 

reported to possess a higher ratio of lean mass to fat mass (i.e., less body fat mass) than, 

for example, Asian Indians or Europeans (Swinburn et al., 1999; Rush et al., 2009). It has 

also been suggested (again with reference to Pacific Island populations) that BMI cut-offs 

should be based on associated comorbidities, not body composition alone (McAuley et 

al., 2002). Given the discrepancies between chosen methods of assessment, exact 

comparison between mouse and human phenotypes are perhaps not wholly 

straightforward.  

For adiposity measures beyond BMI, Minster et al. (2016) attributed increased body fat 

percentage to the missense variant, while some subsequent studies also reported increased 

waist and hip circumference in carriers of the variant (Naka et al., 2017; Krishnan et al., 

2018). A recent clinical study, however, indicated that a cohort of Maori and Pacific 

pregnant women with obesity did not differ in BMI, waist circumference, or gestational 
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weight gain between variant carriers and non-carriers (Krishnan et al., 2020). An adult 

Samoan cohort comprised of participants from the original GWAS sample, recruited to 

follow up on the adiposity effects in variant carriers, curiously found no significant 

association between genotype and percent body fat (Hawley et al., preprint). The disparity 

among these findings may lend credence to the theory that preferential distribution of fat 

content from visceral to subcutaneous adipose depots could offer a better reflection of 

metabolic consequences than total adiposity, and perhaps contribute to the otherwise 

paradoxical CREBRF variant phenotype. This is not the case in the KI mouse model, 

which lacks variant-dependent alterations across individual adipose depots, but it may 

remain a viable theory in the human context. Hawley et al. (preprint) provide the only 

known human study to measure body fat distribution and show that the CREBRF variant 

was associated with greater android and trunk fat mass in Samoan women. Gynoid and 

peripheral fat mass was not significantly increased in variant carriers, but analysis of fat 

deposition patterns did not present a genotype effect. The missense variant in Native 

Hawaiian carriers showed no clearly characterised impact on fat distribution (Lin et al., 

2020). There is likely a more complex phenotypic effect of the missense variant than is 

otherwise yet defined in published literature, or indeed seen within our mouse model.  

We have identified that the missense variant significantly increases lean mass and naso-

anal length in our male KI mice, with a dose- (and sex-) dependent effect. Samoan male 

and female carriers of the variant were recently reported to exhibit increased total lean 

mass during both infancy and adulthood (Arslanian et al., 2021; Hawley et al., preprint). 

These findings appear to reflect the phenotype of our KI male mice and may indicate that 

some underlying correlations in mechanism could exist. Increased fat-free mass in human 

variant carriers could potentially skew simple BMI measurements. Indeed, the infant lean 

mass effects associated with the CREBRF variant appear without any accompanying 

impact on BMI (Arslanian et al., 2021), while in Hawley et al. (preprint)’s recent report 

they appear in male adults without the trend to greater BMI reaching statistical 

significance. Likewise, association of the missense variant with body composition or 

obesity measures may also be influenced by its effects to increase human height as well 

as length in our KI male mice (Hanson et al., 2019; Metcalfe et al., 2020; Carlson et al., 

2020; Lin et al., 2020; Oyama et al., 2021; Hawley et al., preprint; Lee et al., preprint). 

Dual effects on fat-free mass and height imply that the missense variant could produce a 

growth phenotype, resulting in greater overall body size, which is present in human 
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carriers—albeit partially masked by PI-typical obesity. In keeping with these 

observations, animal models studying the WT CREBRF protein are also shown to 

experience growth-related effects, with mice and flies lacking the protein being lighter 

and smaller (Martyn et al., 2012; Tiebe et al., 2015).  

The increased fat-free mass exhibited by variant carriers could not be attributed to any 

specific organ in the KI mice, perhaps therefore implying a common mechanism with 

cumulative organismal effect. Greater understanding of the phenotype might develop 

from a closer investigation of the key components of fat-free mass, namely muscle and 

bone, which tend to develop in parallel. Arslanian et al. (2021) attribute the infant fat-

free mass phenotype to greater bone accretion as well as muscle mass, although the lack 

of any association between missense variant and bone mass in Samoan adults may suggest 

that variant-induced skeletal effects may lose their significance by the time adult 

proportions are attained (Hawley et al., preprint). Like skeletal muscle, which has greater 

mass in PI than European populations, bone is also known to exhibit greater mineral 

content and density as well as length in Polynesian groups (Reid et al., 1986; Cundy et 

al., 1995; Grant et al., 2005). A possible musculoskeletal growth phenotype induced by 

the CREBRF missense variant, as seems to be indicated by recent reports, could comprise 

further exaggeration of an extant PI phenotype but perhaps awaits additional 

corroborating reports. Whether these effects might be played out in mass, functional 

capacity, or composition of muscle or bone remains to be tested in our KI mouse model 

as well as the relevant human populations.  

The second major facet of the known CREBRF missense variant phenotype, namely a 

decreased diabetes risk (Minster et al., 2016; Hanson et al., 2019; Krishnan et al., 2020), 

similarly seems to be poorly recapitulated in the murine model. The missense variant in 

our KI mice had limited overall effect on glucose clearance during a glucose tolerance 

test in both male and female mice. Insulin tolerance testing in the male and female KI 

mice revealed that the blood glucose response to insulin administration is largely 

unaffected by the missense variant, and if anything hints at an induction of insulin 

resistance by the variant in chow-fed male animals, where there was an attenuation in 

insulin-induced effects. Taken together, this combination of minimally altered glucose 

homeostasis, unchanged basal levels of glucose or insulin, and the subdued response to 
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insulin which is seen in our male KI mice entirely fails to provide any overt reproduction 

of the human phenotype.  

Comparatively few studies report on specific metabolic factors which may contribute to 

the human R457Q missense variant effects on diabetes. Minster et al. (2016) reported 

significantly lower fasting glucose levels (0.09 mM per variant allele) even in non-

diabetic subjects, with the effect more pronounced after adjustment for BMI. No 

consistent correlations with either fasting insulin levels or HOMA-IR have been reported. 

Recent associations with higher HOMA-B and increased glucose-stimulated insulin 

release, without effect on insulin sensitivity or resistance, imply that the R457Q variant 

may enhance β-cell capacity for compensatory insulin secretion (Hanson et al., 2019; 

Burden et al., 2021). Hanson et al. (2019), however, indicate that this association was 

attenuated when adjusted for BMI; in normoglycemic overweight/obese men of Maori 

and Pacific ancestry, the association was significant for early phase insulin secretion 

consistent with T2D prevention (Burden et al., 2021). Others have recently speculated 

that, in humans, the protective effects against T2D and GDM may derive from the greater 

(height-related) muscle and bone mass that has been reported in variant carriers and 

predicted to enhance glucose disposal (Krishnan et al., 2020; Arslanian et al., 2021; 

Hawley et al., preprint). The similarly increased lean mass and length of our male KI 

mice seen without positive effects on glucose homeostasis does not align with this tenet, 

and deeper study would be needed to untangle the potential origins of the contrast 

between phenotypes displayed by mouse and human missense variant carriers. Indeed, it 

is possible that more challenging or different diet regimen, or an experimental model of 

induced T2D, might be required to reveal an underlying genotype effect in the KI mice 

(if one exists).  

The initial theory proposed by Minster et al. (2016) to explain the phenotype seen in 

human variant carriers would expect the CREBRF variant to produce a “thriftier” balance 

between energy storage and expenditure. Our KI mice, however, did not present any 

whole-body impact of genotype on either heat production or respiratory exchange ratio 

measures when examined via indirect calorimetry. Nor did the protein expression of 

mitochondrial respiratory complex subunits in liver or quadriceps suggest any molecular 

change to oxidative phosphorylation in mice carrying the missense variant. The concept 

of the thrifty genotype is integrated with the fasting state, as a theorised evolutionarily 
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adapted mechanism to survive prolonged nutrient deprivation (Neel, 1962). Both 

wildtype and variant CREBRF have been shown in vitro to promote cell survival during 

nutritional stress (Minster et al., 2016). We therefore examined our KI mice following 

overnight fasting using biochemical measures as proxies for energy storage. Taken 

together, the combined fasting-induced trends in tissue glycogen and lipid contents, as 

well as plasma NEFA levels, imply that the missense variant may indeed have a role in 

regulating energy homeostasis during periods of nutrient deprivation.  

The hint towards an exaggerated fasting response, observed in male mice carrying the 

double variant, is perhaps not sufficiently definitive to draw firm conclusions based on 

the current sample alone. Given that both the wild-type and variant CREBRF are induced 

by starvation, it does however seem logical that these conditions would promote greater 

activity and thus more overt genotype differentiation (Tiebe et al., 2015; Minster et al., 

2016). The (wild-type) CREBRF response to nutrient deprivation follows mTORC1-

independent cell stress signalling, to which it is particularly sensitive, in addition to 

signals mediated by mTORC1 inhibition (Minster et al., 2016; Tiebe et al., 2019). Indeed, 

the Drosophila ortholog mediates the downstream transcriptional response triggered by 

TORC1 inhibition, and its absence renders flies more sensitive to starvation (Tiebe et al., 

2015). A missense variant-induced differentiation in the fasting response, on tissue or 

organismal scales, may also contribute to effects on glucose disposal or insulin response, 

if not potentially longer-term effects on bioenergetics. Given the relatively minor effect 

size in our KI mice, however, speculation may be strengthened by investigation of a 

greater sample size to improve experimental power, or perhaps of a more severe 

deprivation protocol than the overnight fast used in the current study. Modelling extreme 

nutritional stress, for example through a starvation period greater than 24 hr, or until 

significant weight loss is achieved, may be required to potentiate any physiological 

manifestation of the theorised evolutionary adaptation to starvation (Jensen et al., 2013; 

Kanshana et al., 2021). Alternately, the wildtype CREBRF association with circadian 

rhythm may warrant closer attention to oscillation of parameters during the fasting period 

(Frahm et al., 2020). 

The male R458Q KI mice exhibited genotype effects only when fed the regular chow diet. 

Phenotypic differentiation between WT and HOM animals was neither exacerbated nor 

even retained following HFD challenge. In contrast, the human variant phenotype was 
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theorised to have emerged as a consequence of the modern obesogenic environment but 

now seems to appear irrelevant of diet or nutritional environment exposures (which tends 

not to be specifically reported but is implied in the highly heterogeneous recruitments of 

study participants). Loos (2016) speculates that the predisposition to greater BMI in 

variant carriers, given that it is established early in life, is perhaps not further increased 

by dietary or other environmental stimuli throughout later years; but there is no indication 

that the phenotype is not retained in such an environment. It is possible that this 

discrepancy between human and murine variant carriers may be partially contributed to 

by diet composition. An HFD with fat content from coconut oil, more appropriate to the 

traditional PI diet, can produce metabolic effects in rodents different from those which 

are induced by a lard-based HFD such as that which was used in our study (Turner et al., 

2009; Montgomery et al., 2013; Zicker et al., 2019; Ströher et al., 2020). Such differences 

could potentially influence any interaction between genotype and environment in the KI 

mice.  

The male KI mice, if not humans, appear to experience an approximation of such 

interaction in the key phenotypic measures. This was most apparent in the ITT, where the 

blood glucose response was significantly dampened by HFD-feeding in WT animals and 

yet unchanged between HOM diet groups. It is perhaps worth acknowledging in this 

context that the heightened insulin levels during an ITT far exceed those which would 

typically be experienced during normal physiological fluctuations, for example increased 

postprandial secretion, and the results in this framework are accordingly distanced from 

being a true mirror of physiological effect. The combined effect is perhaps insufficient to 

assert any true protective effect against HFD-induced defects in metabolic outcomes in 

carriers of the double variant. Given that diet is rarely noted in human variant studies, its 

interaction with the variant cannot be directly compared as for the KI mouse model. Meta-

analysis has however shown that the protection against T2D in humans is greater for 

variant carriers without obesity than those with obesity (Russell et al., preprint). In 

genotype-stratified groups, only the double variant carriers did not exhibit a significant 

association between BMI and higher T2D odds (although this result was statistically 

under-powered due to the low T2D case load in that group). It is perhaps feasible, 

therefore, that the variant phenotype is in some way influenced by nutritional 

environment (or its impacts on body composition) even if this interaction does not play 

out the same way in mice and humans. 
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The phenotypic effects seen with the missense variant in our male KI mice developed 

with age. The proposed male growth phenotype was reflected at the earliest timepoint in 

greater naso-anal length of male mice aged 8 weeks; increased lean mass emerged in 

variant carriers initially at 12 weeks and developed further in subsequent weeks as 

animals aged. These effects on body composition preceded the variant-induced altered 

metabolic outcome seen in the ITT at 17 weeks of age (an effect which was wholly absent 

in younger mice). This development of phenotype throughout the study time-course 

invites the question of further genotype differentiation appearing in older mice, beyond 

our 20-week endpoint. The comparatively early effect on body composition perhaps 

indicates that this may be the primary operation of the missense variant in these mice. In 

humans, phenotypic differentiation during childhood is similarly based in alterations to 

body composition (Minster et al., 2016; Berry et al., 2018; Arslanian et al., 2021; Oyama 

et al., 2021). The greater lean mass seen in variant carriers during infancy developed with 

time and Arslanian et al. (2021)’s prediction that BMI effects might emerge as the 

children grow older seems to be borne out in the later report of a lean mass-driven increase 

to BMI in adult variant carriers (Hawley et al., preprint). Perhaps the murine and human 

missense variant phenotypes impact body composition independent of interaction 

between genetic and environmental factors and prior to influence over metabolic 

outcomes. Even partial dependence on age or age-related metabolic condition might, 

however, confuse manifestation of the missense variant phenotype and thus contribute to 

conflicting reports. 

The missense variant phenotype in our KI mice had striking sexual dimorphism. 

Genotype effects were observed only in males, presenting a wholly disparate response in 

addition to the more standard sex differences which were seen even between the wild-

type animals for all measures taken. In contrast, human studies have reported variant-

associated phenotypes in both men and women, although association analyses are 

commonly adjusted for sex, perhaps due to limited sample sizes. Stratification by sex has 

shown that effect sizes may differ between males and females but statistical interaction 

between sex and genotype, when tested, is typically not seen (Krishnan et al., 2018; 

Carlson et al., 2020; Metcalfe et al., 2020). Berry et al. (2018) did however show a 

significant interaction between variant and sex in New Zealand resident children for both 

weight and zBMI at four years of age. Hawley et al. (preprint) have most recently reported 

an effect on fat mass which is significant only in women, as well as a male-specific effect 
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on height. Biological sex may, therefore, selectively influence aspects of missense variant 

function in human carriers without the magnitude of the murine dimorphism. The 

underlying basis for the lack of phenotype replication in the female KI mice could 

perhaps, if identified, aid our understanding of CREBRF variant action.  

Body composition and biological sex are well-known to interact. Metabolic effects are at 

least partially regulated by sex hormones and by chromosomal complement (Nielsen et 

al., 2003; Al-Qahtani et al., 2017; Reue, 2017; Reusch et al., 2018). Indeed, sexual 

dimorphism of body composition produces greater total lean mass, lower total fat mass, 

and larger, stronger bones in adult human males compared to females (Wells, 2007a). The 

pattern is perhaps not wholly unlike that associated with the CREBRF missense variant, 

which likewise increases lean mass and height (or length) most prominently in males 

while greater impacts on fat mass are seen in human women (Metcalfe et al., 2020; 

Hawley et al., preprint). Indeed, CREBRF itself has likewise been associated with sex 

steroid hormones oestradiol and progesterone (Yang et al., 2013b; Yang et al., 2018). Its 

primary target CREB3 interacts with the androgen receptor and appears to have a role in 

modulating steroidogenesis and testosterone levels, and perhaps therefore maintenance of 

secondary sex characteristics (Zhao et al., 2016; Penney, 2017; Wang et al., 2019). Both 

the CREBRF and CREB3 knockout mouse lines are reported to possess significant 

fertility defects (Penney, 2017). On these grounds, therefore, the CREBRF missense 

variant might legitimately have direct or indirect interactions underlying the sex-

dependence seen in our KI mice. Further research might be warranted to develop this 

dimorphic link to understand its consequences and/or origins in human as well as murine 

carriers of the missense variant. 

In conclusion, comprehensive metabolic phenotyping of mice harbouring the CREBRF 

R458Q variant revealed only limited effects of the mutation, which did not reproduce 

either the increased obesity or decreased diabetes risk initially reported in human variant 

carriers. The presence of clear but non-significant trends may encourage possible 

phenotypic manifestation in nutritional challenge contexts with greater experimental 

power. Translational discrepancies, which perhaps limit the model’s utility for elucidation 

of mechanisms, may reflect the more complex and multifactorial nature of the metabolic 

interactions which are present in humans. The influence of these interactions on the 
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CREBRF missense variant likely necessitates a more challenging protocol to reproduce 

or understand the phenotypic consequences in this mouse model. 

  



81 
 

CHAPTER 4: Tissue Transcriptome Profiling of CREBRF 

R458Q Knock-In Mice 

4.1 INTRODUCTION 

Gene expression programmes underpin molecular response to short- and long-term 

environmental and/or physiological stimuli. Coordinated modulation of transcriptional 

activity thereby drives biological processes and ultimately links genotype to phenotype. 

This activity drives expression of not only messenger RNA (mRNA), synthesised from 

protein-coding genes and destined for ribosomal translation and proteome function, but 

also non-coding RNA (ncRNA). The latter classification includes ribosomal (rRNA), 

transfer (tRNA), small nuclear (snRNA), small nucleolar (snoRNA), micro (miRNA), 

and long non-coding (lncRNA) RNAs. Although traditionally considered to be non-

functional “junk” RNA, ncRNAs have important roles in development, physiology, and 

pathology (Amaral et al., 2013; Bhatti et al., 2021). Alternative splicing of gene exons 

facilitates further heterogeneity (Kalsotra & Cooper, 2011). RNA synthesis and 

maturation are tightly regulated in order to maintain genetically encoded response 

networks, which are both robust and plastic, resilient and adaptive. Dynamic remodelling 

of the transcriptome is key to adaptation and transgenerational inheritance, fuelling 

phenotypic variation and evolutionary change, as well as more immediate biological 

signalling (López-Maury et al., 2008; Amaral et al., 2013). Measurement of the 

transcriptome therefore promises the chance to analyse these gene expression networks. 

Progressive technological advances have produced numerous experimental approaches to 

study variation in gene expression. Two of the most commonly utilised are RNA 

sequencing (RNA-Seq) and microarray techniques. These have individual strengths and 

weaknesses—microarrays can, for example, more stably detect alternatively spliced 

genes—but both offer generally consistent and complementary results (Chen et al., 2017; 

Nazarov et al., 2017). The contributions of these developing transcriptomic techniques to 

scientific understanding of RNA biology and genetically encoded signals are more fully 

reviewed elsewhere (Stark et al., 2019; Longo et al., 2021). Transcriptomic profiling is 

typically used to identify differentially expressed gene transcripts as well as differentially 

spliced mRNAs, and thereby characterise overrepresented clusters or pathways in specific 

tissues or indeed single cells (de Klerk & ‘t Hoen, 2015; Aldridge & Teichmann, 2020). 

Consequent analyses offer biological insight into phenotypic differentiation, aiding 
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identification of genes and regulatory mechanisms associated with particular traits. Such 

techniques would be accordingly valuable in elucidating the CREBRF missense variant 

phenotype on a molecular level, with no transcriptomic data yet published in current 

literature despite grounds for a potentially direct influence on gene expression. 

CREBRF activity can be reasonably expected to impact the transcriptome. Any variation 

to the protein’s action would logically likewise alter gene expression. The mechanism 

behind such transcriptomic effects is, however, somewhat uncertain. The CREBRF 

protein is reported to contain an apparently potent transactivation domain at its N-

terminus, suggestive of a capacity to stimulate gene expression in its own right as a 

putative TF (Audas et al., 2016). Subcellular localisation studies provide further 

indication of a role in transcription activation or repression. In vitro, CREBRF is present 

within the nucleus under conditions of active transcription; it is relocated to the cytoplasm 

when transcription is pharmacologically inhibited (Audas et al., 2016). This implied 

transcriptional influence appears able to produce whole-body in vivo impacts: the 

phenotypic effect seen in Drosophila lacking the CREBRF ortholog, REPTOR, is at least 

partially underpinned by an altered gene expression pattern (Tiebe et al., 2015). Even 

without such evidence that CREBRF may act as a genuine TF, it possesses an indirect 

regulatory role on transcription via its suppressive action on CREB3 and the GR (Martyn 

et al., 2012). These TFs, which possess their own regulatory relationship seemingly 

independent of CREBRF, contribute to the regulation of multiple cellular and systemic 

processes. Some of these processes also implicate CREBRF in their action and may 

therefore be indicative of likely transcriptomic consequences.  

Cell and animal models demonstrate some thematic overlap in CREBRF and CREB3 

transcriptomic effects. Among these commonalities is a role in the anti-viral and immune 

response. CREBRF sub-nuclear foci are thought to mediate repression of genes necessary 

for viral proliferation, an action dependent on CREBRF transactivation potential (Audas 

et al., 2016). CREB3 physically interacts with viral proteins to likewise prevent viral gene 

transcription and attenuate lytic infection (Lu et al., 1997; Lu et al., 1998; Blot et al., 

2006). The individual anti-viral transcriptomic effects seem to be of sufficient impact to 

attract targeting by viral proteins for disruption (Jin et al., 2000; Blot et al., 2006; Audas 

et al., 2016). As a TF, CREB3 additionally promotes immune response through increasing 

chemokine receptor gene transcription as well as maturation of the professional antigen-
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presenting dendritic cells (Sung et al., 2008; Eleveld-Trancikova et al., 2010; Kim et al., 

2010a). It also dose-dependently enhances NF-κB-mediated gene activation (Jang et al., 

2007a, 2007b). Some CREB3 gene targets are, however, known to promote viral 

replication, and the heightened CREB3 nuclear expression and transcriptional activity 

which is induced following HSV-1 and HCV infection may therefore have ambiguities 

(Zhang et al., 2017b; Yadavalli et al., 2020). Both CREBRF and CREB3 impact gene 

expression during viral infection, suggesting that even this limited example of their 

independent activities can produce observable influence on the transcriptome. 

The interconnected branches of a theorised CREBRF-related transcriptional network can 

also converge at specific focal points. One critical example is forkhead box protein O1 

(FoxO1), a TF thought to be a downstream gene target of both CREB3 and the GR (Qin 

et al., 2014; Zeng, 2015). Its closely regulated action is induced in states of energy 

deprivation, and associated with energy metabolism, particularly in insulin-responsive 

tissues. In skeletal muscle, FoxO1 regulates muscle differentiation and fibre typing 

specification, resulting in atrophy (Kamei et al., 2004; Xu et al., 2017). In liver, FoxO1 

drives upregulation of gluconeogenesis, such that blocking FoxO1 nuclear expression can 

lower blood glucose and combat hyperglycaemic diabetes (Zhang et al., 2006; Mihaylova 

et al., 2011; Ozcan et al., 2012). Although the GR has elsewhere been decisively linked 

to FoxO1 (Waddell et al., 2008), direct functional evidence connecting FoxO1 and 

CREB3 is limited. Penney (2017) suggests that dysregulated FoxO1 signalling in 

CREB3-KO mice, alongside differentially expressed candidate nutrient sensors, mediates 

the increased blood glucose concentration seen in that model.  

The relationship between CREBRF and FoxO1, outlined primarily in Drosophila, is 

perhaps the most crucial of the interactions yet described here. REPTOR, the CREBRF 

ortholog, is a validated FOXO gene target (Teleman et al., 2008), but the relationship is 

otherwise more of mimicry than regulation. Flies which lack REPTOR show a whole-

body phenotype which parallels that seen in FOXO knockout animals, including a 

strongly reduced lifespan (Tiebe et al., 2015). Double-KO mutants die as larvae, 

suggesting that the function of these proteins is not merely overlapping but perhaps 

redundant. Tiebe et al. (2015) further provide the most conclusive published evidence 

that this CREBRF ortholog can itself act as a TF, together with its binding partner 

(REPTOR-BP), the Crebl2 ortholog. REPTOR-dependent gene expression reveals that 
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the REPTOR/REPTOR-BP complex likely binds the same enhancer regions as FOXO, 

with the FOXO-binding motif being the most enriched in the dataset (Tiebe et al., 2015). 

Indeed, 40% of the REPTOR gene targets are also targeted by FOXO. No studies have 

yet explored this exact relationship outside Drosophila, but CREBRF and CREBL2 have 

been shown to interact in mice (Tiebe et al., 2019). The transcriptional effects may 

feasibly be likewise preserved across species. 

The transcriptional activity of CREBRF (and REPTOR) appears closely bound to the 

metabolic response to stress conditions. For REPTOR, complexed with its binding 

partner, this activity is primarily visible in a state of nutrient deprivation. Active TORC1 

blocks nuclear accumulation of REPTOR; when this repression is released, the active 

REPTOR/REPTOR-BP transcriptional complex helps mediate the downstream signalling 

pathway which is triggered by TORC1 inhibition (Tiebe et al., 2015). In S2 cells, 

targeting this pathway revealed nearly 200 genes which are induced by rapamycin and 

dependent upon both components of the REPTOR/REPTOR-BP complex. Similar 

quantities are dependent on either component individually. The rapamycin-induced 

transcriptional response in Drosophila is significantly stifled in REPTOR-KO larvae, 

only sharing approximately 10% of the genes differentially regulated in control animals. 

Tiebe et al. (2015) thus propose that REPTOR might target stress response genes to act 

as a metabolic brake; the known convergence in FOXO and TOR signalling links these 

closer (Teleman et al., 2008). This transcriptional activity may underlie the starvation-

and rapamycin-induced increases in CREBRF expression which are reported in multiple 

cell models, as well as explain the associated effects on cellular energy conservation and 

utilisation (Minster et al., 2016; Tiebe et al., 2019). Both REPTOR and CREBRF, using 

knock-out and overexpression models respectively, are shown to aid survival during 

nutritional stress (Tiebe et al., 2015; Minster et al., 2016). If the CREBRF transcriptional 

impact can be connected with phenotypic response, further investigation of that 

conjunction is therefore warranted. 

The stress- and nutrient-responsive transcriptional functions which are associated with 

CREBRF suggest its likely involvement in key peripheral tissues which contribute to 

metabolic homeostasis. Indeed, the CREBRF cofactor, Crebl2, was recently shown to 

regulate lipid and glucose metabolism in both muscle and liver cells, with cell type-

specific impacts (Tiebe et al., 2019). It is probable that the CREBRF missense variant, 
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which is likewise thought to influence substrate metabolism and storage (Minster et al., 

2016), also acts within muscle and liver on an organismal scale in response to similar 

nutritional or energetic stress conditions. The potential impacts of this variant on WT 

transcriptional function, either direct or indirect, have not previously been examined in 

published literature. In this chapter, therefore, the primary aim was to characterise the 

tissue transcriptomes of fasted WT and HOM KI mice in gastrocnemius muscle and in 

liver. We sought to thereby gain insights into molecular signalling pathways or functions 

which might be impacted by presence of the R458Q variant during nutritional stress 

including possible tissue-specific influences and/or correlation with known CREBRF 

regulatory functions. 
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4.2 METHODS 

4.2.1 Transcriptome microarray expression profiling 

Transcriptome expression profiling was performed on muscle and liver tissues taken from 

randomly selected 20-week-old male and female CREBRF R458Q gene variant mice (WT 

and HOM) characterised in Chapter 3, after overnight fast intended to provoke nutrient 

stress conditions conducive to the metabolic suppression in which CREBRF is implicated. 

In the absence of any initial muscle-specific phenotype data for the KI mice, the 

gastrocnemius, as a large hindlimb muscle important for locomotion with mixed fibre 

type distribution, was taken for this analysis.  Dissected tissue samples were immediately 

snap-frozen in liquid nitrogen and stored at -80°C prior to transport to the University of 

Auckland, New Zealand for RNA extraction and microarray analysis.  

Extracted RNA samples were analysed using Clariom™ D mouse assays (Applied 

Biosystems™, Thermo-Fisher), covering >214,000 transcripts in >66,100 genes to 

facilitate both exon- and gene-level expression profiles. Microarrays were processed and 

analysed according to manufacturer’s instructions. Briefly, raw microarray data were 

extracted from fluorescence intensities before pre-processing and normalisation using the 

signal space transformation-robust multiarray analysis (SST-RMA) algorithm method. 

Detection above background p-values were computed. Splicing index was defined as the 

log2 ratio of exon to gene intensity.  

Probe sets for uncharacterised LOC transcripts or with gene name absent were excluded 

from further analyses. Probe sets were ascribed chromosome location according to Mouse 

Genome Informatics (MGI), using reference genome Build 39. Predicted genes or 

pseudogenes which were not present in this resource, utilised as a proxy for irrelevance, 

were excluded. Where microarray typing of transcripts conflicted with MGI annotation, 

the more up-to-date MGI resource was used. 

4.2.2 Gene set enrichment analysis (GSEA) 

For biological interpretation of these transcriptomic data, gene set enrichment analysis 

was performed to identify enriched processes, functions, and/or pathways within the set 

of differentially expressed genes which met our established criteria (p < 0.05, fold change 

> 1.2 or SV > 5). Functional annotation analyses used the Database for Annotation, 

Visualisation and Integrated Discovery (DAVID, [https://david.ncifcrf.gov/home.jsp] 

v.6.8) and the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) 
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database [www.string-db.org] (Szklarczyk et al., 2019). Enriched KEGG (Kyoto 

Encyclopaedia of Genes and Genomes) pathways and gene ontology (GO) biological 

process (BP) terms were extracted from both databases (Ashburner et al., 2000; Kanehisa 

et al., 2017). The DAVID pathway viewer was used to display genes from selected 

enriched pathways on KEGG pathway maps to facilitate biological interpretation of 

response networks. STRING was used to identify and display interaction relationships 

between encoded proteins.  

The DAVID analysis used a modified Fisher’s Exact test to measure gene enrichment in 

annotation terms, with p-values further adjusted for approximate control of the false 

discovery rate (FDR) using the adaptive linear step-up lowest slope method. Functional 

annotation clustering parameters set classification stringency at 0.70 and EASE score at 

0.05. The STRING analysis used FDR-corrected p-values calculated via the Benjamini-

Hochberg method. The minimum required interaction score was set at “high confidence” 

(0.700). Clustering via the Markov Cluster (MCL) algorithm used an inflation value of 

1.7, according to the calculated optimal trade-off between sensitivity and positive 

predictive value (Brohée & van Helden, 2006). 
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4.3 RESULTS 

4.3.1 Genomic profile overview 

CREBRF has been associated with nutrient-sensitive transcriptional regulation of 

metabolism but this has not been investigated in the context of the missense variant (Tiebe 

et al., 2015; Minster et al., 2016; Tiebe et al., 2019). The current study therefore examined 

the transcriptome of gastrocnemius and liver tissues from fasted mice carrying the 

CREBRF R458Q variant. Visualisation of global transcriptomic trends by principal 

component analysis (PCA) showed distinct separation of sex-based clusters in both 

gastrocnemius and (more prominently) liver tissue samples (Figure 4.1). This overall 

difference between the transcriptomes of male compared to female mice was reinforced 

by differing degrees of genotype dependence. The gastrocnemius tissue transcriptome 

demonstrated clear genotype separation in the male samples which was not similarly 

defined in females (Figure 4.1A,C). Genotype groups did not strongly cluster in liver but 

were marginally tighter in male samples (Figure 4.1B,D). Overall, the PCA suggested 

that any trend for remodelling of the transcriptome in response to the CREBRF missense 

variant was most visible in the male mice and further analyses therefore concentrated on 

these data.  

Microarray analysis identified 2380 probes in gastrocnemius tissue, and 1890 in liver 

tissue, with significant differential expression in the R458Q HOM compared to WT mice. 

Following the exclusion of probes which lacked gene names, referred to uncharacterised 

loci, or could not be attributed to the reference genome, transcript mapping to 

chromosomes did not reveal any particular genomic origins of the variant-induced 

changes, although chromosome 19 was perhaps overrepresented among protein-coding 

genes in both tissues (Figures 4.2A, 4.3A). Refined datasets included 1798 differentially 

expressed genes (DEGs) in gastrocnemius and 1154 in liver. This quantitative disparity 

between tissues mirrored the PCA genotype clustering effects, and furthermore had no 

considerable overlap between specific transcripts. 134 transcripts (4.4%) were 

differentially expressed in both gastrocnemius and liver tissues, of which 77 were 

regulated in opposing directions. 
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Figure 4.1: Principal component analysis of differentially expressed transcripts in 

CREBRF R458Q variant mice.  

A-B. Cluster plots of (A) gastrocnemius and (B) liver tissue PCA, separating male 

(spheres), female (cubes), WT (blue) and HOM (red) samples (n = 4-5). C-D. Hierarchical 

clustering heatmaps for (C) gastrocnemius and (D) liver samples, indicating degrees of 

difference between samples. Images provided by Dr Kate Lee, University of Auckland. 

The missense variant-induced changes in gastrocnemius tissue were classifiable as 28% 

protein-coding genes and more than 50% ncRNA genes (Figure 4.2). The latter group 

was comprised primarily of snRNA, snoRNA, and rRNA transcripts but also included 

miRNA and lncRNA. These had distinct expression patterns: protein-coding and 

pseudogene transcripts were each 80% downregulated in HOM gastrocnemius, while the 

snRNA, snoRNA, and rRNA transcripts were each more than 95% upregulated and 

together represented 70% of the total upregulation in this tissue. Protein-coding genes of 

the R458Q liver transcriptome comprised more than 60% of the total changes, with less 

than 8% represented by the three major ncRNA groups together (Figure 4.3). These 

distinct transcriptomic profiles showed tissue-specific results which were therefore 

assessed separately between tissues and transcript types. 
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Figure 4.2: Genomic profile of male R458Q gastrocnemius muscle tissue.  

A. Chromosome distribution of significant DEGs, presented as number of protein-coding, 

pseudogene, and ncRNA transcripts per 10Mb, in gastrocnemius (n = 4-5 per genotype). 

B-C. Proportional breakdown of (B) upregulated and (C) downregulated transcripts by 

RNA classification. lncRNA also includes antisense and intronic lncRNA transcripts. 

Misc. RNA includes ribozyme, RNase RNA, scRNA, SRP RNA genes and gene segment 

transcripts. Does not depict the 5 differentially expressed tRNA genes from the 

mitochondrial genome, which are not included in the percentage values. 
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Figure 4.3: Genomic profile of male R458Q liver tissue.  

A. Chromosome distribution of significant DEGs, presented as number of protein-coding, 

pseudogene, and ncRNA transcripts per 10Mb, in liver (n = 5 per genotype). B-C. 

Proportional breakdown of (B) upregulated and (C) downregulated transcripts by RNA 

classification. lncRNA also includes antisense and intronic lncRNA transcripts. Misc. 

RNA includes ribozyme, RNase RNA, scRNA, SRP RNA genes and gene segment 

transcripts. 
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4.3.2 ncRNA transcript expression 

The abundance and highly tissue-selective distribution of ncRNA transcripts which were 

differentially expressed in R458Q mice encouraged closer examination of these 

genotype-dependent targets. Analysis was necessarily somewhat limited by the predicted 

gene model (Gm) transcripts, identified by sequence comparison and typically poorly 

characterised without clear functional evidence, which comprised 57% of the 

gastrocnemius and 29% of the liver gene sets in the current study. These Gm transcripts 

were heavily concentrated in the snRNA, snoRNA, and pseudogenes categories in the 

gastrocnemius.  

 

Figure 4.4: Differentially expressed ncRNA gene transcripts in male R458Q tissues.  

Significantly up- and down-regulated ncRNA transcript expression in (A) gastrocnemius 

and (B) liver tissues is plotted as fold change against -log10(p-value). Transcripts are 

classified as snRNA (dark green), snoRNA (teal), rRNA (dark blue), miRNA (orange), 

lncRNA (pink), tRNA (light green), and other ncRNA (light blue) according to MGI 

annotation of reference genome build 39. 

Transcripts classified as small nuclear RNA (snRNA) were the most abundant ncRNA 

type, comprising nearly 25% of all differential expression in the gastrocnemius tissue 

where only one snRNA transcript was downregulated (Figure 4.4A). Only six of these 

440 snRNA genes were named rather than predicted: Rnu1a1, Rnu1b1, Rnu1b2, Rnu1b6, 

Rnu11, Rnu12. Small nucleolar RNA (snoRNA) transcripts represented 9% of total 

differential expression, again with only a single downregulated transcript. The 38 named 

snoRNAs included H/ACA and C/D boxes as well as small Cajal body-specific RNA. 

Known snRNAs and snoRNAs act on other RNA molecules, demonstrating a strong and 

largely unidirectional influence of the R458Q variant on these spliceosome and RNA pre-

processing activities in the gastrocnemius. The hepatic transcriptome, in contrast, 
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included only 36 Gm-predicted snRNA transcripts (3%) which were primarily 

downregulated in HOM animals (Figure 4.4B). Hepatic snoRNAs were likewise less 

impacted, comprising 26 transcripts (2%) which showed >75% upregulation in the 

presence of the missense variant. 

The 132 differentially expressed rRNA gene transcripts in gastrocnemius tissue, 

representing 7% of the total, demonstrated distinct transcriptional targeting of 5S rRNA 

in CREBRF variant carriers (>98% upregulated). Many of these genes, found as 

neighbouring clusters on chromosome 8, appear coregulated and cannot be distinguished 

in Figure 4.4A where they share both fold-change and significance values (48 transcripts 

concentrated within 7 shared values). Given that 5S rRNA is transcribed exclusively by 

RNA polymerase III (Pol III), the R458Q transcriptome was examined for additional 

targets of this polymerase. These included the scRNA genes Rny1 and Rny3, encoding 

ribonucleases, the RNase MRP and RNase P RNA genes Rmrp and Rpph1, and the SRP 

RNA genes Rn7s1 and Rn7s2, all of which were likewise upregulated in R458Q 

gastrocnemius. Similar examination of the R458Q liver transcriptome demonstrated 

fewer affected genes, of which 89% showed negative rather than positive fold-changes, 

compared to gastrocnemius (Figure 4.4B). There was, however, similar emphasis on Pol 

III transcriptomic targets in particular 5S rRNA, Rpph1, and Rny1/3. The six tRNA 

transcripts differentially expressed in HOM mice were encoded in the mitochondrial 

genome, with the (downregulated) neighbouring mt-Tc and mt-Ty genes the most 

significantly impacted. 

Differentially expressed miRNA transcripts comprised less than 4% of the total alteration 

to gene expression in either gastrocnemius or liver tissues and largely could not be 

associated with well-characterised biological functions or molecular interactions. Taken 

collectively, genotype-dependent expression of miRNA transcripts lacked any concerted 

directional or (characterised) functional trends. The Drosha and Ago1/2 genes, although 

not themselves ncRNA, encode proteins required for maturation of precursor miRNA and 

were differentially expressed in variant mice. Differentially expressed lncRNAs similarly 

did not demonstrate concerted up- or down-regulation (Figure 4.4). Very few of the 53 

gastrocnemius and 75 liver lncRNA transcripts have been associated with known 

biological function (Table 4.1). Survey of neighbouring genes suggested potential 

coregulation of hepatic lncRNAs with Herpud1, Vamp1, Ngef, Fnip2, and Dph6 mRNA 
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transcripts on the same DNA strand, and Stip1, Hist2h3b, Hist2h3c2, Slc25a33, Gck, and 

Apoa4 mRNA transcripts on the opposite strand. 

Pseudogenes comprised 15-20% of the genotype-dependent changes to transcript 

expression in each tissue. Although these genomic regions have typically been defined as 

containing defective copies of genes, lacking functional protein-coding potential and 

consequently often excluded from transcriptomic analyses, more recent evidence 

indicates multiple protein-, RNA-, and DNA-based mechanisms by which pseudogenes 

can play biological roles (Cheetham et al., 2020). We therefore included these transcripts 

in analysis of the current study. Indeed, of the 60-70% of predicted pseudogenes in each 

gastrocnemius and liver which were matched to their parent genes, more than 25% 

mimicked the differential expression of that parent gene within the same tissue. 

 

Table 4.1: Differential expression of lncRNA genes with known functions in male 

R458Q tissues. 

Gene ID 
Fold 

change 
Function Reference 

Gastrocnemius    

Dubr -1.27 Positive regulation of myogenesis (Wang et al., 2015b) 

Liver    

C730036E19Rik -2.41 Liver lipid and fasting metabolism 
(Batista et al., 2019) 

Gm11967 -1.26 Fasting metabolism; PPARα 

Gm15622 2.08 
Liver lipid metabolism; 

SREBP1C 
(Ma et al., 2020) 
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4.3.3 Gastrocnemius GSEA 

The CREBRF missense variant was associated with significant differential expression of 

512 protein-coding and 367 pseudogene transcripts in the gastrocnemius, represented in 

Figure 4.5. Largest positive fold changes among protein-coding transcripts in HOM 

animals were seen for Trim63, Tmem140, Cyr61, Pnpla2, and Phaf1. Greatest 

downregulation was shown by Nr4a1, Mpz, Irs2, Slc25a25, and Bcl6. Transcripts 

showing differential expression with greatest statistical significance included Atp5g2, 

Ndufa3, Babam1, Rpl28, and Eif3k. 

 

Figure 4.5: Differential expression of protein-coding and pseudogene transcripts in 

male R458Q gastrocnemius.  

Significantly up- and down-regulated expression of protein-coding (brown) and 

pseudogene (maroon) transcripts are plotted as fold change against -log10(p-value). DEGs 

also showing significant alternate splicing are represented using stars. Key genes showing 

greater fold-change or significance are labelled. 

 

Annotation of transcriptomic data via GSEA on the basis of shared biological or 

functional properties was performed using both DAVID and STRING aggregative 

resources, which utilise differing parameters for gene/protein networks components, to 

promote stringency and maximise coverage of gene and pathway reference databases. 

Significant overrepresentation in KEGG pathways or GO terms was used to indicate a 

possible functional profile of the transcriptional alterations seen in R458Q variant tissues.  
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Table 4.2: Enriched KEGG pathways for gastrocnemius DEGs in male CREBRF R458Q missense variant mice. 

Pathway 

ID 
Pathway Description 

DAVID STRING_DB 

Count 
Fold 

enrichment 
p-value FDR Count Strength FDR 

Downregulated DEGs 

mmu03010 Ribosome 17/145 5.37 8.13e-8 1.43e-5 21/128 0.92 2.51e-10 

mmu05010 Alzheimer’s disease 17/177 4.40 1.27e-6 1.12e-4 14/167 0.63 6.5e-4 

mmu05016 Huntington’s disease 17/198 3.93 5.55e-6 3.26e-4 15/187 0.61 6.5e-4 

mmu00190 Oxidative phosphorylation 14/139 4.61 9.07e-6 3.99e-4 13/129 0.71 3.9e-4 

mmu05012 Parkinson’s disease 14/149 4.30 1.93e-5 6.80e-4 12/138 0.64 1.2e-3 

mmu04932 Non-alcoholic fatty liver disease (NAFLD) 13/157 3.79 1.47e-4 4.32e-3 11/146 0.58 7.0e-3 

mmu04714 Thermogenesis - - - - 16/223 0.56 7.2e-4 

mmu04550 Signalling pathways regulating pluripotency of 

stem cells 
8/138 2.65 3.04e-2 0.729 - - - 

mmu01100 Metabolic pathways 38/1269 1.37 3.31e-2 0.729 - - - 

Upregulated DEGs 

mmu04740 Olfactory transduction 13/1080 2.37 4.43e-3 0.266 - - - 

“-” indicates pathways which were not identified by the relevant annotation database. Statistically significant (p < 0.05) values are bolded. Count 

refers to the number of R458Q input genes/number of total genes in pathway.  
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Analysis (via DAVID) identified 24% of the genes downregulated in R458Q 

gastrocnemius in KEGG pathways, of which six were significantly enriched (Table 4.2). 

The KEGG pathway most significantly associated with the down-regulated genes was 

“ribosome” (mmu03010). The greater than 5-fold enrichment was driven by genes coding 

for cytosolic and mitochondrial ribosomal proteins (RPs), which included both large 

(60S) and small (40S) ribosome subunit components. The “oxidative phosphorylation” 

(mmu00190) pathway exhibited second-strongest fold enrichment, produced by 

downregulation of nuclear-encoded electron transport chain (ETC) subunit or assembly 

factor transcripts. This group was also the primary driver underlying enrichment of the 

remaining four doubly-identified KEGG pathways, all referring to pathological 

conditions: “Alzheimer’s disease” (mmu05010), “Huntington’s disease” (mmu05016), 

“Parkinson’s disease” (mmu05012), and the seemingly off-target “non-alcoholic fatty 

liver disease (NAFLD)” (mmu04932). Due to the comparatively small number of 

upregulated transcripts in the HOM gastrocnemius, only the “olfactory transduction” 

(mmu04740) KEGG pathway was enriched (Table 4.2). The association was driven by 

13 olfactory receptor genes and was not significant after FDR correction. 

Greater proportions of both the downregulated (53%) and the upregulated (41%) gene 

sets were annotated with GO terms based on biological process (Figure 4.6A-B). 

Transcript downregulation was most significantly enriched in “translation” and “response 

to oestradiol” terms (Figure 4.6A). Additional terms identified by both analyses included 

reference to microtubule organisation and anchoring, intracellular transport, and response 

to corticotropin-releasing hormone. The five terms enriched by R458Q-induced 

upregulation referred to the spliceosome and ribosome, GPCR signalling, lipoprotein 

lipase activity, and sensory perception, although these associations were not significant 

after FDR correction (Figure 4.6B). Functional annotation clustering via DAVID was 

used to group annotation terms with similar, redundant, and heterogeneous contents 

(Figure 4.6C). The most highly enriched of these clusters in the gastrocnemius dataset 

reproduced the KEGG pathway analyses. The remaining functional clusters were 

primarily structured around molecular function or protein interaction, and highlighted 

nuclear hormone activity, histone-related processes, and cAMP binding as significant to 

the R458Q-associated downregulation of gastrocnemius transcripts. Annotation for 

upregulated transcripts did not produce clusters. 
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Figure 4.6: Functional annotation of male R458Q gastrocnemius transcripts.  

A-B. Representation of the fifteen most significant GO-BP terms associated with (A) 

downregulated and (B) upregulated DEGs, organised by gene count. Bar colour 

represents enrichment significance (-log10(p-value)) provided by DAVID annotation, 

scale shared between panels. C. Representation of the functional annotation clusters 

associated with downregulated DEGs, organised by gene count. Bar colour represents 

cluster enrichment score provided by DAVID annotation; cut-off set at 1.5. † GO-BP 

terms identified by both DAVID and STRING analyses. * cluster includes three 

neurodegenerative and oxidative phosphorylation KEGG pathways. All terms included 

have p < 0.05 enrichment, driven by more than two genes unless supported by both 

databases. 
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4.3.3 Liver GSEA  

The CREBRF missense variant was associated with significant differential expression of 

725 protein-coding and 190 pseudogene transcripts in the liver, represented in Figure 4.7. 

Largest positive fold changes among these hepatic transcripts in HOM animals were seen 

for Cyp8b1, Cyp7a1, Onecut1, Apoa4, and Hist1h1c. Greatest downregulation was shown 

by Bcl6, which had the largest fold-change in any direction for either tissue, followed by 

Serpina6, Hspa1a, Insig1, and Hsd17b6. Transcripts showing differential expression with 

greatest statistical significance included Chordc1, Ptch1, Slc5a3, Flcn, and Herpud1. 

 

 

Figure 4.7: Differential expression of protein-coding and pseudogene transcripts in 

male R458Q liver.  

Significantly up- and down-regulated expression of protein-coding (brown) and 

pseudogene (maroon) transcripts are plotted as fold change against -log10(p-value). DEGs 

also showing significant alternate splicing in liver are represented using stars. CREBRF 

is indicated in red. Key genes showing greater fold-change or significance are labelled. 
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Table 4.3: Enriched KEGG pathways for downregulated liver DEGs in male CREBRF R458Q missense variant mice. 

Pathway 

ID 
Pathway Description 

DAVID STRING_DB 

Count 
Fold 

enrichment 
p-value FDR Count Strength FDR 

mmu04141 Protein processing in endoplasmic reticulum 16/168 4.28 4.04e-6 8.77e-4 17/161 0.74 1.35e-5 

mmu05322 Systemic lupus erythematosus 12/147 3.67 3.91e-4 4.25e-2 - - - 

mmu05034 Alcoholism 13/202 2.89 1.68e-3 0.121 - - - 

mmu04540 Gap junction 8/86 4.18 2.82e-3 0.153 8/85 0.69 3.24e-2 

mmu05164 Influenza A 11/171 2.89 4.52e-3 0.171 11/165 0.54 3.28e-2 

mmu05203 Viral carcinogenesis 13/231 2.53 5.04e-3 0.171 - - - 

mmu04915 Oestrogen signalling pathway 8/98 3.67 5.84e-3 0.171 - - - 

mmu01100 Metabolic pathways 42/1269 1.49 6.29e-3 0.174 43/1296 0.23 3.28e-2 

mmu00140 Steroid hormone biosynthesis 7/87 3.62 1.23e-2 0.282 - - - 

mmu05215 Prostate cancer 7/88 3.58 1.30e-2 0.282 - - - 

mmu02010 ABC transporters 5/46 4.89 1.83e-2 0.343 - - - 

mmu04140 Regulation of autophagy 4/26 6.92 1.90e-2 0.351 - - - 

mmu00053 Ascorbate and aldarate metabolism 4/27 6.66 2.10e-2 0.351 - - - 

mmu00040 Pentose and glucuronate interconversions 4/33 5.45 3.56e-2 0.483 - - - 

mmu00500 Starch and sucrose metabolism 4/32 5.62 3.29e-2 0.476 - - - 

mmu00052 Galactose metabolism 4/32 5.62 3.29e-2 0.476 - - - 

mmu00830 Retinol metabolism 6/89 3.03 4.67e-2 0.597 - - - 

mmu04210 Apoptosis - - - - 13/135 0.70 6.40e-4 

“-” indicates pathways which were not identified by the relevant annotation database. Statistically significant (p < 0.05) values are bolded. Count 

refers to the number of R458Q input genes/number of total genes in pathway.  
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Table 4.4: Enriched KEGG pathways for upregulated liver DEGs in male CREBRF R458Q missense variant mice. 

Pathway 

ID 
Pathway Description 

DAVID STRING_DB 

Count 
Fold 

enrichment 
p-value FDR Count Strength FDR 

mmu01100 Metabolic pathways 36/1269 2.08 1.29e-5 1.94e-3 40/1296 0.32 1.90e-3 

mmu00120 Primary bile acid biosynthesis 5/16 22.89 5.07e-5 3.82e-3 5/16 1.33 1.90e-3 

mmu01130 Biosynthesis of antibiotics 11/214 3.77 6.00e-4 3.02e-2 - - - 

mmu00270 Cysteine and methionine metabolism 5/40 9.16 1.98e-3 0.060 6/46 0.95 6.40e-3 

mmu00220 Arginine biosynthesis 4/19 15.42 1.99e-3 0.060 4/19 1.16 1.44e-2 

mmu01230 Biosynthesis of amino acids 6/76 5.78 3.54e-3 0.089 6/75 0.74 4.30e-2 

mmu04146 Peroxisome 6/83 5.30 5.17e-3 0.111 - - - 

mmu03320 PPAR signalling pathway 5/80 4.58 2.28e-2 0.426 - - - 

mmu03008 Ribosome biogenesis in eukaryotes 5/83 4.41 2.57e-2 0.426 - - - 

mmu00330 Arginine and proline metabolism 4/49 5.98 2.82e-2 0.426 - - - 

“-” indicates pathways which were not identified by the relevant annotation database. Statistically significant (p < 0.05) values are bolded. Count 

refers to the number of R458Q input genes/number of total genes in pathway. 
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Enrichment analysis of the downregulated hepatic gene set via DAVID identified 32% of 

the input in KEGG pathways, with seventeen pathways associated with a combined 114 

genes (Table 4.3). The pathway most significantly associated with the down-regulated 

genes was “protein processing in the endoplasmic reticulum” (mmu04141). The greater 

than 4-fold enrichment was driven by genes encoding ubiquitin ligase complex and 

ERAD components as well as the three primary UPR sensor proteins PERK, ATF6, and 

IRE1. The remaining three pathways which were identified by both databases as enriched 

were “gap junction” (mmu04540), “Influenza A” (mmu05164), and “metabolic 

pathways” (mmu01100) (Table 4.3).  

Enrichment analysis of the upregulated hepatic gene set identified 24% of the input in 

KEGG pathways, with the five pathways to reach sufficient statistical strength driven by 

only 45 genes (Table 4.4). The most significantly enriched KEGG pathway was the broad-

spectrum “metabolic pathways”, enriched two-fold in R458Q compared to WT liver. The 

“primary bile acid biosynthesis” (mmu00120) pathway was the second-most significant 

hit, with greater than 22-fold enrichment due partially to the relatively small number of 

genes in the full population. Both analyses also identified significant enrichment of the 

“cysteine and methionine metabolism” (mmu00270), “arginine biosynthesis” 

(mmu00220), and “biosynthesis of amino acids” (mmu01230) KEGG pathways, 

suggesting that the R458Q variant had broad impacts on amino acid metabolism in the 

liver (Table 4.4). 

Enrichment of GO terms referring to biological process among downregulated hepatic 

transcripts primarily supported the pathway analysis, including three separate terms 

relating to unfolded protein and ER stress responses as well as two “negative regulation 

of transcription” terms (Figure 4.8A). Both databases also identified circadian clock 

entrainment and regulation of gene expression, retrograde protein transport, glucose 

metabolic process, and cellular response to starvation. Transcripts upregulated in HOM 

liver were enriched for two amino acid-related terms, aligning with KEGG pathway 

analysis, as well as rRNA modification, methylation, response to virus, and 

nucleocytoplasmic transport (Figure 4.8B). 
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Figure 4.8: Functional annotation of male R458Q liver transcripts.  

A-B. Representation of the fifteen most significant GO-BP terms associated with (A) 

downregulated and (B) upregulated DEGs, organised by gene count. Bar colour 

represents enrichment significance (-log10(p-value)) provided by DAVID annotation, 

scale shared between panels. C-D. Functional annotation clusters associated with (C) 

downregulated and (D) upregulated DEGs, organised by gene count. Bar colour 

represents cluster enrichment score provided by DAVID annotation, scale shared between 

panels; score cut-off is set at 1.5.  † GO-BP terms identified by both DAVID and STRING 

analyses. All terms included have p < 0.05 enrichment, driven by more than two genes 

unless supported by both databases. 
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DAVID clustering of annotated liver DEGs primarily re-identified KEGG pathway 

analyses as the most significantly enriched functional groups but also highlighted 

additional molecular functions (Figure 4.8C-D). Downregulation of histone family 

transcripts, histone acetyltransferase activity, and bromodomain-containing proteins 

(which recognise acetylated lysine residues) was represented across four clusters to 

suggest altered chromatin regulation in R458Q liver. Annotations also included multiple 

clusters indicative of altered trafficking and transport mechanisms as well as 

comparatively more generic and less strongly enriched molecular function terms which 

suggested decreases to ubiquitin and nucleotide-binding proteins. Metal-binding activity 

clusters were significantly enriched for both up- and down-regulated gene sets. 

 

4.3.4 Alternative splicing 

Splice variants promote heterogeneity in gene expression networks, enhancing adaptive 

response plasticity. The extreme abundance of snRNA and snoRNA transcripts which 

were differentially expressed in especially the R458Q gastrocnemius could logically 

reflect alterations in spliceosomal activities of our KI mice. We therefore identified 

differential splice variation in R458Q gastrocnemius and liver tissues in order to further 

explore genotype-dependent transcriptional changes (Figure 4.9). 

 

 

Figure 4.9: Splice variant expression in male R458Q variant mice.  

Alternate splicing of mRNA transcripts in (A) gastrocnemius and (B) liver tissue was 

identified by microarray analysis as significantly differing ratios of exon to gene intensity. 

Transcripts also showing differential gene expression in gastrocnemius or liver are 

represented using stars; splicing index values which were not significant (p < 0.05) are 

coloured black. 
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The R458Q tissue transcriptome exhibited alternate splicing for 83 gastrocnemius and 56 

liver transcripts for which the ratio of exon to gene intensity was significantly different 

to WT tissue (Figure 4.9). Genotype-dependent splicing was accompanied by differential 

gene expression for eighteen transcripts, indicative of potentially greater alterations to 

function in these areas (Figure 4.9). These R458Q-associated changes were most broad-

ranging in Bcl6 and Lmbrd2 transcripts, which were downregulated in both tissues as well 

as alternately spliced in the liver. Hepatic Bcl6 presented the greatest fold change and 

second-highest SV score. Gastrocnemius splice variation included Slc25a25, Mpz, 

Tatdn1, Nr4a1, and Trim63, which were downregulated in the same tissue, in addition to 

Aass, D3Ertd751e, F10, Lrrcc1, and Ppp2r5e, which were differentially expressed in the 

liver (Figure 4.10A). Additional hepatic transcripts which were differentially spliced and 

expressed were Bhmt, Sdc4, Cntrl, Cyp2a4/5, Ralgapa2, and 1810008I18Rik (Figure 

4.9B). There was no obvious correlation with gene function or chromosomal positioning. 

These SV index counts were insufficient to produce highly significant enrichment of 

KEGG pathways or GO terms when analysed by DAVID (Tables 4.5, 4.6). The 

gastrocnemius sample indicated genotype involvement in Parkinson’s disease which, 

although not significant after FDR correction, reinforced the similar association seen for 

downregulated transcripts in this tissue. Curiously, gastrocnemius and liver SV indices 

each included genes relating to nervous system development (GO:0007399) and the 

dopaminergic synapse (mmu04728). Individual splice variants did however reflect 

specific missense variant-associated biological functions, as exemplified by Cmc2, ND1, 

and COX1 in R458Q gastrocnemius, which comprised three of the four most significant 

splice variants and again highlighted decreases to muscle mitochondrial respiration. 

Table 4.5: Enriched KEGG pathways for gastrocnemius and liver splice variant 

transcripts in male CREBRF R458Q missense variant mice. 

Pathway ID Pathway Description Count 
Fold 

enrichment 
p-value FDR 

Gastrocnemius 

mmu05012 Parkinson's disease 5/149 7.59 3.58e-3 0.390 

mmu05150 Staphylococcus aureus infection 3/50 13.57 1.92e-2 1.000 

mmu04924 Renin secretion 3/71 9.56 3.69e-2 1.000 

mmu04971 Gastric acid secretion 3/72 9.43 3.79e-2 1.000 

Liver 

mmu04728 Dopaminergic synapse 3/134 9.06 3.84e-2 1.000 
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Table 4.6: Enriched GO-BP terms for gastrocnemius and liver splice variant transcripts 

in male CREBRF R458Q missense variant mice. 

GO-term Biological Process Count p-value FDR 

Gastrocnemius 

GO:0008344 Adult locomotory behaviour 4/69 1.79e-3 0.884 

GO:0007156 Homophilic cell adhesion via plasma 

membrane adhesion molecules 
4/163 1.92e-2 1.000 

GO:0070050 Neuron cellular homeostasis 2/10 3.43e-2 1.000 

GO:0042053 Regulation of dopamine metabolic process 2/10 3.43e-2 1.000 

GO:0010467 Gene expression 2/12 4.10e-2 1.000 

GO:0021952 Central nervous system projection neuron 

axonogenesis 
2/12 4.10e-2 1.000 

GO:0051932 Synaptic transmission, GABAergic 2/12 4.10e-2 1.000 

GO:0042417 Dopamine metabolic process 2/14 4.77e-2 1.000 

Liver 

GO:0007399 Nervous system development 5/377 2.15e-2 1.000 

GO:0032508 DNA duplex unwinding 2/18 4.96e-2 1.000 

 

4.3.5 Protein-protein interaction networks 

To better visualise the effects of the CREBRF missense variant on gastrocnemius and 

liver tissues at a system level, we constructed protein-protein interaction (PPI) networks 

using STRING-DB for all differentially expressed or spliced protein-coding gene loci in 

each tissue. This approach calculated significant associations between proteins which 

contribute jointly to a shared function, drawing from experimental, literature, and other 

evidence (Szklarczyk et al., 2019). PPI networks identified significant interaction 

enrichment (p < 1.0e-16) within R458Q-associated datasets for both gastrocnemius and 

liver tissues (Figure 4.10, 4.11). High degree of interconnection represented a coordinated 

rather than incidental transcriptional programme in missense variant carriers.  

Visualisation of the relationships connecting PPI network nodes illustrated different 

clustering patterns in gastrocnemius and liver tissue protein-coding gene expression 

(Figure 4.10, 4.11). Representation of protein groupings via MCL analysis generated >60 

clusters in each tissue, some of which comprised only two nodes with a single connection. 

The gastrocnemius dataset showed concentration on ribosome and mitochondrial 

respiration functions, with transcription-related nodes forming a comparatively looser 

grouping (Figure 4.10). The liver dataset was dominated by a cluster of 73 nodes, 

centrally incorporating histone- and ubiquitin-related proteins, to which distinct function 

could not be readily attributed (Figure 4.11).  
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Figure 4.10: PPI network generated from protein-coding DEGs in male R458Q 

gastrocnemius.  

STRING analysis identified 607 nodes (proteins) connected by a total 983 edges, with 

3.24 average node degree. Colours correspond to 64 identified MCL functional clusters. 

Disconnected proteins are hidden to better highlight enriched interactions. 
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Figure 4.11: PPI network generated from protein-coding DEGs in male R458Q liver. 

STRING analysis identified 790 nodes (proteins) connected by a total 958 edges, with 

2.43 average node degree. Colours correspond to 69 identified MCL functional clusters. 

Disconnected proteins are hidden to better highlight enriched interactions. 
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4.3.5 Canonical TF target overlap 

CREBRF has potential transactivation activity, as identified in Drosophila, and 

furthermore has regulatory links to transcription factors including CREB3, the GR, and 

FOXO (Audas et al., 2008; Martyn et al., 2012; Tiebe et al., 2015; Martyn et al., 2016). 

To determine their potential relevance to the missense variant function we therefore 

investigated correlations between known targets of these TFs and the differentially 

expressed transcripts in R458Q mice. Direct comparison with gene targets modulated by 

the rapamycin-induced REPTOR/REPTOR-BP (CREBRF/CREBL2 ortholog) complex 

in Drosophila (Tiebe et al., 2015) was complicated by species difference with minimal 

correlation. Enrichment analysis indicated overlap in affected KEGG pathways for 

“galactose metabolism”, “pentose and glucuronate interconversions”, “metabolic 

pathways”, “retinol metabolism”, and “protein processing in the ER” (Table 4.7). 

CREB3 activity was not visibly impacted by presence of the R458Q variant, with target 

gene transcripts both up- and down-regulated in the HOM liver (Table 4.8). Given the 

limited number of known CREB3-specific targets, as well as the differential expression 

of genes related to cAMP/PKA signalling pathways in liver and muscle, analysis was 

extended to cAMP-response element (CRE) binding sites more broadly. Comparison 

against published CREB target genes (Zhang et al., 2005) demonstrated mild overlaps 

with the R458Q tissue transcriptomes, representing 11% of total R458Q protein-coding 

DEGs. CREB targets with altered expression in gastrocnemius were primarily 

downregulated (53 of 59) in variant carriers (Figure 4.12A), but the 76 transcripts altered 

in liver had no distinct directional effect (Figure 4.12B).  

.
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Table 4.7: Enriched KEGG pathways for REPTOR-regulated genes in Drosophila melanogaster larvae. 

Pathway ID Pathway Description 

DAVID 

Count 
Fold 

enrichment 
p-value FDR 

dme00980 Metabolism of xenobiotics by cytochrome P450 15/61 3.7 2.7e-5 1.4e-3 

dme00480 Glutathione metabolism 15/62 3.6 3.2e-5 1.4e-3 

dme00982 Drug metabolism – cytochrome P450 14/61 3.5 1.2e-4 3.5e-3 

dme04142 Lysosome 15/93 2.4 2.7e-3 5.9e-2 

dme00052 Galactose metabolism† 8/34 3.5 5.7e-3 0.10 

dme04141 Protein processing in endoplasmic reticulum† 17/126 2.0 7.7e-3 0.11 

dme00565 Ether lipid metabolism 6/23 3.9 1.5e-2 0.19 

dme00040 Pentose and glucuronate interconversions† 8/43 2.8 2.1e-2 0.23 

dme01100 Metabolic pathways† 73/901 1.2 2.7e-2 0.24 

dme00561 Glycerolipid metabolism 8/46 2.6 2.9e-2 0.24 

dme00051 Fructose and mannose metabolism 6/27 3.3 2.9e-2 0.24 

dme00564 Glycerophospholipid metabolism 9/59 2.3 3.8e-2 0.27 

dme04130 SNARE interactions in vesicular transport 5/20 3.8 3.9e-2 0.27 

dme00071 Fatty acid degradation 6/30 3.0 4.4e-2 0.28 

dme00830 Retinol metabolism† 6/31 2.9 5.0e-2 0.30 

The gene set here analysed by DAVID identified REPTOR-dependent differential transcript expression seen 

following 6 hr rapamycin treatment using WT and REPTOR-KO Drosophila melanogaster larvae (Table S4, 

Tiebe et al., 2015). † indicates pathways which were also significantly enriched in the differentially expressed 

R458Q tissue transcriptome as analysed by DAVID. 
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Figure 4.12: Comparison of male R458Q DEGs and canonical TF target gene sets.  

A-B. CRE-binding target genes identified in (A) gastrocnemius (58 transcripts, 11.5% of 

total protein-coding DEGs) and (B) liver (76, 10.5%). C-D. GRE-binding target genes 

identified in (C) gastrocnemius (33, 6.4%) and (D) liver (45, 6.2%). E-F. FOXO gene 

targets identified in (E) gastrocnemius (158, 30.9%) and (F) liver (185, 25.6%). DEGS 

are plotted as fold change against -log10(p-value) using the R458Q transcriptome values. 

DEGs for which the R458Q-induced fold-change is directly (positively) associated with 

canonical TF action are shown in green; DEGs with an inverse association with canonical 

TF action shown in red; DEGs not detected (nd) in TF gene sets shown in grey. 
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Table 4.8: CREB3 gene targets differentially expressed in male R458Q variant liver. 

Gene ID 
R458Q 

effect 

CREB3 

effect 

Associated  

Pathway 
Reference 

Apoa4 ↑↑ ↑ Lipid, appetite (Sanecka et al., 2012) 

Dcstamp ↑ ↑ Immune function (Kanemoto et al., 2015) 

Ddc ↑↑ ↑ Appetite (Penney et al., 2018) 

Edem1 ↓ ↑ ERAD (DenBoer et al., 2005) 

Herpud1 ↓↓ ↑ ER stress/ERAD (Liang et al., 2006) 

Insig1 ↓↓↓ ↑ UPR, cholesterol (Ying et al., 2015a) 

Insig2 ↑ ↑ UPR, cholesterol (Ying et al., 2015a)  

Arrows indicating direction of R458Q effect also indicate magnitude of fold change. 

 

Glucocorticoid signalling produces both stimulatory and suppressive effects on target 

gene transcription. Using published datasets (Kuo et al., 2012; Johnson et al., 2021) as 

reference, differential expression of dexamethasone-responsive genes was identified in 

both gastrocnemius and liver transcriptomes of R458Q mice (Figure 4.12C-D). These 

glucocorticoid response element (GRE)-containing genes included the transcripts subject 

to most dramatic and/or significant differential expression in gastrocnemius (Irs2, 

Trim63, Cyr61) and liver (Herpud1, Insig1, Bcl6). The mild overlap comprised 6.3% of 

the total genotype-affected transcripts in each tissue, with no overt directionality or 

correlation to the GR-mediated induction or repression of gene transcription.  

Genotype-dependent effects on transcript abundance more greatly impacted FOXO gene 

targets (Figure 4.12E-F). Comparison against a published murine dataset (Webb et al., 

2016) identified 31% of gastrocnemius and 26% of liver protein-coding DEGs in the 

R458Q transcriptome. The majority of the relevant affected transcripts were 

downregulated in gastrocnemius (134 of 158) and in liver (125 of 185). Enrichment 

analysis performed on the R458Q-FOXO overlap most strongly identified the KEGG 

“ribosome” and “protein processing in the ER” pathways which were also prominently 

enriched in the complete R458Q gene set (Table 4.9). 
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Table 4.9: Significantly enriched KEGG pathways for FOXO-regulated genes in male R458Q variant mice. 

Pathway 

ID 
Pathway Description 

DAVID STRING_DB 

Count 
Fold 

enrichment 
p-value FDR Count Strength FDR 

Gastrocnemius        

mmu03010 Ribosome† 12/145 8.37 1.27e-7 1.61e-5 10/127 1.04 2.40e-5 

mmu05016 Huntington’s disease† 6/198 3.07 4.35e-2 1.000 - - - 

Liver        

mmu04141 Protein processing in endoplasmic reticulum† 9/168 4.90 4.30e-4 0.071 9/168 0.81 7.9e-3 

mmu05164 Influenza A† 8/171 4.28 2.38e-3 0.198    

mmu04146 Peroxisome† 5/83 5.52 1.22e-2 0.673    

mmu00220 Arginine biosynthesis† 3/19 14.46 1.75e-2 0.703    

mmu04915 Oestrogen signalling pathway† 5/98 4.67 2.12e-2 0.703    

mmu04140 Regulation of autophagy† 3/26 10.56 3.16e-2 0.875 7/137 0.79 4.56e-2 

mmu05017 Spinocerebellar ataxia - - - - 7/140 0.78 4.56e-2 

mmu04150 mTOR signalling pathway - - - - 7/156 0.73 4.56e-2 

mmu05010 Alzheimer’s disease†† - - - - 11/359 0.56 4.56e-2 

mmu05014 Amyotrophic lateral sclerosis - - - - 11/364 0.56 4.56e-2 

Enriched pathways are ordered by significance. “-” indicates pathways which were not identified by the relevant annotation database. Statistically 

significant (p < 0.05) values are bolded. Count refers to the number of R458Q input genes/number of total genes in pathway. † indicates pathways 

which were also significantly enriched in the complete R458Q gene set from the same tissue; †† indicates that the pathway was enriched in the 

different tissue.  
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The differentially expressed transcripts identified as possible targets of these three TFs 

had mild overlap between gene sets (Figure 4.13). This was strongest in both tissues 

between CREB and FOXO shared targets, perhaps partially a function of the greater 

abundance of genotype-affected FOXO targets. All three TFs target 5 gastrocnemius 

DEGs and 3 liver DEGs. There was no consistent regulatory pattern in TF and genotype 

interactions. 

 

Figure 4.13: Numerical breakdown of TF-associated gene set overlaps.  

The number of DEGs in male R458Q (A) gastrocnemius and (B) liver transcriptomes 

which were identified in published gene sets as potential targets of CREB, GR, and/or 

FOXO transcriptional activity.  
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4.4 DISCUSSION 

Remodelling of the tissue transcriptome can reveal coordinated gene expression 

programmes which govern immediate biological signalling as well as evolutionary 

genotypic and phenotypic variation. A putative transcription factor, CREBRF is reported 

to facilitate the starvation-induced transcriptional programme downstream of mTORC1, 

as well as interact with other TFs key to metabolic signalling, although literature is 

limited. The current study examined potential transcriptional influence of the CREBRF 

missense variant in gastrocnemius and liver tissues of R458Q KI mice, which has not yet 

been explored. The tissue- and sex-specific genotype effects were mild but GSEA 

revealed pathway enrichment relating to protein synthesis, turnover, processing, and 

trafficking as well as cellular respiration and fuel metabolism, broadly correlating to a 

speculative role in bioenergetic homeostasis. 

Dramatic tissue- and genotype-dependent changes to non-coding RNA imply altered 

cellular transcription and translation machinery in CREBRF missense variant mice. 

Although representing less than 14% of differentially expressed liver transcripts, ncRNA 

in the HOM gastrocnemius comprised over 50% of total transcripts, upregulated almost 

without exception. These muscle-specific effects of the R458Q variant imply greater 

transcriptional activity of RNA polymerases II and III, which synthesise the most-

impacted ncRNA transcripts (Listerman et al., 2007; Nikitina et al., 2011; Barba-Aliaga 

et al., 2021). The R458Q liver transcriptome, although lacking the same pronounced 

ncRNA effects, had enrichment of gene ontology terms relating to Pol II transcription and 

nucleosome assembly, suggesting a more moderate but still relevant genotype effect. 

Altered expression of genes encoding DNA-, chromatin-, histone-, and polymerase-

interacting proteins in both gastrocnemius and liver produced enriched functional 

clustering likewise further implicating the CREBRF variant in processes regulating gene 

expression and potentially the regulatory epigenome (Alabert & Groth, 2012; Park et al., 

2017b; Klemm et al., 2019). Upregulated expression of snoRNA and snRNA content in 

R458Q gastrocnemius similarly implies enhanced spliceosome and RNA processing 

activities (Bohnsack & Sloan, 2018; Baldini et al., 2021; Morais et al., 2021), 

complementing the heightened polymerase activity, and indeed was again accompanied 

by enrichment of similar ncRNA modification and processing GO terms in the liver. The 

implied genotype-dependent impacts suggest concentrated tissue-specific involvement in 

cellular transcriptional and RNA processing machinery. 
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Translational machinery likewise showed significant genotype-dependent impacts in the 

R458Q gastrocnemius. Specific transcriptional targeting of the upregulated nuclear-

encoded 5S rRNA molecule may be partially related to its similarly selective import into 

mitochondria where it is associated with mitochondrial ribosomes and critical for 

mitochondrial translation (Smirnov et al., 2011). Taken together with differential 

expression of protein-coding genes important in mitoribosome biogenesis (e.g., Rbfa), the 

5S rRNA expression suggests genotype influence on mitochondrial, as well as 

cytoplasmic ribosome components. The logical presumption that this enhanced rRNA 

expression might increase muscle protein translation is however complicated by 

decreased expression of nuclear and mitochondrial ribosomal protein (RP) mRNA, and 

of mitochondrial transfer RNA, in HOM tissues. Indeed, the “ribosome” KEGG pathway 

was most strongly enriched among downregulated gastrocnemius transcripts, implying 

potential reductions in translational machinery and action. Opposition may simply 

represent dysregulation, perhaps exacerbated by compensatory responses to initial 

CREBRF variant-induced alterations. 

Inverse transcription and translation rate juxtaposition is precedented. Constitutive Pol III 

activity in transgenic models produces a futile RNA cycle, with high transcription rates 

but reductions in total and RP mRNA levels and in global translation efficiency (Willis 

et al., 2018; Bonhoure et al., 2020). Parallels to the R458Q gastrocnemius transcriptome, 

which similarly demonstrates greater Pol III-transcribed rRNA levels but relative 

decreases in over 75% of mRNA transcripts including ribosomal proteins, may imply a 

similar phenotype of metabolic inefficiency in CREBRF variant carrier muscle. 

Dysregulation of ribosome subunit composition may reflect intrinsic regulation of 

translation through generation of “specialised ribosomes” which can disrupt translation 

efficiency either globally or preferentially, targeting specific mRNA subsets (Xue & 

Barna, 2012; Shi et al., 2017; Genuth & Barna, 2018). The unknown potential of such 

skewed translation rates in the current KI mouse model could somewhat undercut 

proposed physiological relevance of differential RNA transcript expression but presents 

its own functional consequences. Ribosome subunit heterogeneity, driven even by loss of 

individual RPs, can diminish cellular growth rates and delay global growth as a result of 

decreased protein synthesis and greater protein catabolism (Kirn-Safran et al., 2007; 

Cheng et al., 2019). The transcriptional and translational machineries are themselves 

regulated by growth signals including nutrient availability, cellular stress, and ATP/GTP 
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intracellular pool size, via mTOR signalling (Mayer & Grummt, 2006; Wei et al., 2009; 

Chaillou et al., 2014). Altered transcription of ribosome components and biogenesis, 

dysregulating protein synthesis, may therefore both reflect and facilitate reduced growth 

signalling in CREBRF R458Q gastrocnemius.  

Dysregulation of protein turnover balance is further represented by differential expression 

of atrophic factors in the R458Q gastrocnemius transcriptome. Although no relevant 

pathway enrichment was observed, the top ten upregulated transcripts in HOM muscle 

included Trim63 (MuRF1) and Gadd45a. These encode vital mediators of stress-induced 

skeletal muscle atrophy, potentially thereby linking the R458Q variant to myofibrillar and 

sarcoplasmic protein ubiquitination, myonuclear remodelling, and repression of anabolic 

signalling and energy production (Ebert et al., 2012; Baehr et al., 2021). Interestingly, 

these genotype-dependent DEGs implicate atrophic response to both fasting and muscle 

denervation (Rudolf et al., 2013a; Khan et al., 2014; Ehmsen et al., 2021). 

Downregulation and splice variation of myelination protein transcripts (e.g., Mpz, Mbp, 

Pmp22) reflects CNS diseases known to produce muscle atrophy, weakness, fibre 

remodelling, and altered oxidative metabolism (Lang et al., 2017; Dalise et al., 2020; 

Tepavčević, 2021). Mpz/Mbp-related peripheral nerve development is associated with 

cAMP-dependent signalling, which is altered in dystrophic skeletal muscle, while 

neuromuscular junction remodelling is a focal point of fasting-induced and mTORC1-

driven sarcopenia (Guo et al., 2013; Rudolf et al., 2013b; Ham et al., 2020b). Both cAMP 

and mTORC1 signalling are independently linked to CREBRF (Audas et al., 2008; Tiebe 

et al., 2015, 2019). Downregulation of genes known to promote skeletal muscle growth 

(e.g., Smpx, Pgam2, Slc38a2, Orai1) or differentiation (e.g., Dubr, Srf) further supports 

an atrophic shift in the HOM dataset. Severe downregulation of the three NR4A orphan 

nuclear receptors, which promote skeletal muscle oxidative capacity, mass, strength, 

and/or fatigue resistance (Chao et al., 2007; Pearen et al., 2008; Tontonoz et al., 2015; 

Cortez-Toledo et al., 2017), may hint at functional consequences. An atrophic 

transcriptional shift in R458Q mice could perhaps represent concerted induction of 

catabolic signalling more broadly in the KI gastrocnemius and contribute to the similarly 

muscle-specific effects on protein translation. 

The R458Q liver, unlike muscle, demonstrated coordinated transcriptional suppression of 

not ribosome biogenesis, but protein processing pathways. Downregulation of ERAD- 
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and UPR-related transcripts drove significant enrichment of the “protein processing in 

the ER” KEGG pathway in R458Q liver. These mechanisms respond to misfolded protein 

accumulation, controlling proteasomal degradation and cell survival pathways 

respectively (Hwang & Qi, 2018). Deficiency of individual ER stress response 

components can disturb glucose or lipid homeostasis, mitochondrial function, protein 

translation and secretion, or cell survival (Francisco et al., 2011; Eura et al., 2012; Sha et 

al., 2014; Sun et al., 2014). Loss of ERAD components can cause inappropriate protein 

accumulation of the UPR sensor IRE1α (Sun et al., 2015a). CREBRF suppresses CREB3-

mediated enhancement of the stress-induced expression of UPR and ERAD pathways 

(DenBoer et al., 2005; Liang et al., 2006; Arora & Golemis, 2015; Singh et al., 2015). 

Reduced transcription of these pathways in HOM compared to WT liver may indicate 

that the CREBRF missense variant can strengthen this suppressive effect. Whether this 

might reflect decreased stressors, sensitivity, or capacity of response is less clear. Indeed, 

CREB3 knockdown can itself induce proteotoxic stress (Penney et al., 2018; Hu et al., 

2019; Zhao et al., 2020), while loss of ERAD has similar consequences (Francisco et al., 

2010; Sun et al., 2014). Alternately, diminished proteotoxic stress response activity is 

linked to reductions in protein synthesis and processing (Francisco et al., 2011; 

Kristensen et al., 2018; Sun et al., 2020). This latter circumstance, perhaps indicative of 

hepatic energy sparing measures and/or diminished energy production (Kristensen et al., 

2018; Liu et al., 2020), would appear to parallel other changes to protein synthesis 

likewise present in the HOM tissue transcriptome.  

Transcriptional regulation and suppression of protein processing in CREBRF missense 

variant mice further extends to intracellular transport. Genes involved in cytoskeletal 

organisation and microtubule dynamics (e.g., Sntb2, Sntg2, Utrn) as well as subcellular 

vesicle formation and/or motility (e.g., Dync1h1, Dynll1, Kif1a, Trappc10) were targeted 

in both R458Q tissues, downregulating nucleocytoplasmic transport. These decreases run 

counter to the known effects of CREB3 activity, which heightens expression of ER-Golgi 

transport proteins in response to Golgi stress and/or greater protein secretion demand 

(Sanecka et al., 2012; Reiling et al., 2013; Penney, 2017; Zhang et al., 2017b; Howley et 

al., 2018; Penney et al., 2018). Although the current study has no exact overlap in the 

impacted genes, the broader pathway effects may again frame the CREBRF missense 

variant as enhancing WT inhibition of CREB3 action. Consequences of diminished 

intracellular trafficking machinery can include reduced protein secretion, degradation, or 
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recycling, suggesting that R458Q regulation has potential to impact not only protein 

synthesis and quality control mechanisms but also downstream processing. Accompanied 

by differential expression of solute carrier genes, repression of trafficking machinery in 

liver and muscle perhaps further reflects intracellular signalling capability and 

generalised decrease in cell activity (Bhat et al., 2019; Schulze et al., 2019). 

The mitochondrion was strongly represented in the differentially regulated transcriptome 

of male KI gastrocnemius. Functional annotation of downregulated mRNA transcripts 

indicated R458Q-associated enrichment of mitochondrial oxidative phosphorylation 

(OxPhos) as well as mitochondrial transcription and ribosome biogenesis. Deficiency of 

ETC complex subunits and assembly factors in this mouse model can (even individually) 

disrupt assembly and function of ETC complexes I, IV, and V to increase reactive oxygen 

species generation and inflammation, impair mitochondrial OxPhos, and reduce ATP 

production (Natera-Naranjo et al., 2012; Andrews et al., 2013; Kmita et al., 2015). 

Depletion of the mitochondrial ATP-Mg2+ and Pi shuttle, ScAMC-2 (Slc25a25), or of 

proteins involved in biosynthesis and cellular uptake of creatine (Gatm, Slc6a8), which 

serve as energy buffers for ATP replenishment, can also diminish metabolic efficiency 

and ATP production in skeletal muscle (Anunciado-Koza et al., 2011; Nabuurs et al., 

2013; Russell et al., 2014). Transcriptional disturbance of mitochondrial energetics in 

R458Q gastrocnemius is logically coupled to dysregulation of protein turnover, which is 

a significant contributor to resting metabolic rate, with mitochondrial disruption partially 

causative in multiple atrophy models (Muller et al., 2007; Romanello et al., 2010; Schutz, 

2011; Powers et al., 2012; Ibebunjo et al., 2013; Hyatt et al., 2019; Yokokawa et al., 

2020). It also aligns with Minster et al. (2016)’s in vitro model showing reduced cellular 

ATP production and respiration following CREBRF variant overexpression. Given that 

in vivo decreases in skeletal muscle mitochondrial respiratory capacity are also provoked 

by extended fasting in responses geared to energetically sustain cellular processes and 

thereby survival (Monternier et al., 2015; Bourguignon et al., 2017; Roussel et al., 2018), 

these R458Q results may support Minster et al. (2016)’s theory of “thrifty” variant 

metabolism.  

Loss of muscle oxidative capacity is observed in metabolic pathologies. The altered 

OxPhos mRNA expression in HOM gastrocnemius powered statistical enrichment of 

KEGG pathways related to Alzheimer’s, Huntington’s, and Parkinson’s diseases, which 

were strongly grouped in functional clustering analysis. Correlation between 
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mitochondrial deficiencies and neurodegenerative disorders is reported in muscle biopsy 

samples (Shoffner et al., 1991; Cardellach et al., 1993), but logically better established in 

the affected brain regions (Manczak et al., 2004; Chakravorty et al., 2019; Intihar et al., 

2019; Müller-Nedebock et al., 2019; Galber et al., 2021). Reduced muscle OxPhos cannot 

alone prove genotype-dependent development of the three named diseases, particularly 

given the highly tissue-specific transcriptomic changes. Muscle mitochondrial 

dysfunction is strongly associated in literature with systemic dyslipidaemia and insulin 

resistance (Formentini et al., 2017; Genders et al., 2020). That these metabolic 

consequences are not readily apparent in the current analysis advises against presumption 

of whole-body dysregulation. Indeed, unlike the clear repression of OxPhos mRNA in 

HOM muscle, hepatic transcripts were both up- (e.g., Atp10d, Atp5s) and down-regulated 

(e.g., Ndufb11, Coq10a) in insufficient number for meaningful impact. The Park2 splice 

variant in HOM gastrocnemius, when found in skeletal muscle, is associated with 

contractility and mitochondrial function rather than Parkinson’s disease (Gouspillou et 

al., 2018). Possible neurodegenerative connections cannot be excluded, given that 

CREBRF/CREB3 are expressed in the brain (Ying et al., 2015b), but would require 

examination of neuronal tissues not undertaken in the present study.  

Fuel metabolism processes potentially also contributed to modified cellular energetics in 

the hepatic R458Q transcriptome. Genotype-dependent differential expression implicated 

reduced glycophagy (Gabarapl1, Stbd1) and carbohydrate interconversion (e.g., H6pd, 

Ugp1, Mgam) pathway flux, and presented associations with lipid deposition, hepatic 

steatosis, and fatty liver disease (e.g., Apom, C730036E19Rik, Gm15622) as well as FA 

α- and β-oxidation (e.g., Acsl1, Acsl4, Them7) (Donnelly et al., 2004; Joseph et al., 2015; 

Li et al., 2015b; Batista et al., 2019; Ma et al., 2020; Shi et al., 2020). Significant 

enrichment of “glucose metabolic process”, “cellular response to glucose stimulus” and 

“cellular response to starvation” GO terms suggests that the R458Q variant primarily 

affected carbohydrate fuel metabolism following nutrient deprivation. Absence of lipid-

related pathway enrichment was unexpected, with links to WT and variant CREBRF seen 

in literature (Tiebe et al., 2015; Minster et al., 2016; Tiebe et al., 2019). Given that 

regulation of glucose and lipid metabolism is often integrated to coordinate fuel switching 

(Rui, 2014; Singh et al., 2020), however, missense variant-induced bioenergetic 

adaptations seen in the overnight-fasted KI mice may likewise shift from glucose to lipid 

as fasting conditions progress.  
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Hepatic DEGs across both glucose and lipid pathways reflected fasting-induced 

expression changes which were perhaps exemplified by significant downregulation of 

major nutrient sensors and TFs. Glucokinase (Gck), carbohydrate response element 

binding protein (ChREBP; Mlxipl), and B-cell lymphoma 6 (Bcl6) are highly responsive 

to nutritional status, with mRNA and protein expression depleted in vivo by fasting (Ruan 

et al., 2016; Rennert et al., 2018; Sommars et al., 2019). These changes in HOM liver 

may functionally suppress TF activity: direct ChREBP gene target Txnip, encoding a 

negative regulator of glucose uptake, showed more than three-fold decrease in expression 

compared to WT (Yoshihara, 2020; Noblet et al., 2021). These hepatic mediators of 

glucose signalling cooperatively govern the homeostatic production and disposal of 

glucose (Sols et al., 1964; Dentin et al., 2004; Chutkow et al., 2008; DeBalsi et al., 2014; 

Yang et al., 2017). Genetic loss of murine hepatic Bcl6 mimics the fasting-induced 

transcriptional programme controlling lipid metabolism (Sommars et al., 2019). Neither 

gluconeogenesis nor lipid catabolism genes were significantly provoked above WT levels 

in R458Q liver, somewhat belying this starvation factor theory, but perhaps due merely 

to comparative strength of effect between these major hepatic pathways and the mild 

missense variant phenotype.  

The hepatic KI transcriptome was significantly associated with amino acid (AA) 

biosynthesis, salvage, and metabolic pathways. Upregulation of methionine and cysteine 

downstream metabolism reflects altered oxidative stress conditions underlain by 

homocysteine (Hcy) and glutathione homeostasis in HOM liver. Increased flux through 

hepatic Hcy removal pathways, driven by key transmethylation and transsulphuration 

enzymes (e.g., Bhmt, Bhmt2, Cth), not only forestalls detrimental impacts of elevated Hcy 

levels but also enhances the generation of antioxidant glutathione and hydrogen sulphide 

generation (Tyagi et al., 2005; Ai et al., 2017; Paul et al., 2021). Consequent mitigation 

of cellular and oxidative stress in HOM liver may be reflected in, for example, decreased 

mRNA expression of Herpud1, which responds to homocysteine-induced ER stress, and 

of cystine cellular uptake (Slc3a1) and lysosomal export (Ctns) transporters sensitive to 

oxidative stress (Wu et al., 2020a). Protective transcriptional changes in the HOM liver 

may also, however, reflect adaptation to greater stress rather than actual metabolic health. 

Indeed, Bhmt and Cth mRNA and activity are likewise significantly increased in 

streptozotocin-diabetic rats (Jacobs et al., 1998; Ratnam et al., 2006), and the latter 
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enzyme also in HFD-fed mice (Hwang et al., 2013). This aspect of AA metabolism may 

further the CREBRF association with stress response activity. 

AA-related transcripts upregulated by the CREBRF variant also implicate fuel 

metabolism processes. Many of the enzymes affected in the current study (e.g., Aldh4a1, 

Got1, Gpt2, Hal) catalyse reversible anaplerotic reactions, degrading AAs including 

proline, histidine, aspartate, alanine, and arginine to produce glutamate and TCA cycle 

metabolites important for cellular energy generation. Polyamine synthesis enzymes are 

likewise upregulated in HOM liver, perhaps responding to cellular stress (Gilad et al., 

2001). Upregulation of (cataplerotic) deamination and urea cycle enzymes (e.g., Glud1, 

Arg1, Asl) as well as of the mitochondrial glutamate transporters (Slc25a12, Slc25a22) 

needed to provide substrate for those reactions highlights differential hepatic handling of 

glutamate in CREBRF variant carriers. Crucially, glutamate deamination not only 

stimulates excess nitrogen clearance through ureagenesis, but also releases its carbon 

skeleton for gluconeogenesis, thusly interfacing between AA and carbohydrate 

metabolism (Brosnan, 2000). Genotype-dependent changes in AA pathway flux may not 

overload extant metabolic capacity, being unaccompanied by similarly concerted 

differential expression of major TCA cycle and/or gluconeogenic enzymes.   

Flux through these AA-related pathways, including induction of enzymatic expression, is 

largely governed by protein intake and catabolism (Clifford et al., 1972; Kersten et al., 

2001; Sokolovič et al., 2008; Majaw & Sharma, 2015; Zhang et al., 2019). Enhanced AA 

signalling via mTORC1, which also responds to nucleotide and polyamine content, 

coordinates nutrient-sensitive growth (Emmanuel et al., 2017; Hoxhaj et al., 2017; 

Tabbaa et al., 2021). The combination of increased TCA and urea cycle activity and 

altered AA, polyamine, and nucleotide levels, as indicated in the R458Q liver 

transcriptome, is elsewhere associated with higher energy demands and reduced protein 

synthesis (Willis et al., 2018; Bonhoure et al., 2020). Potential systemic consequences on 

energy homeostasis include AA-induced tissue crosstalk. The liver-pancreas feedback 

loop couples AA signalling to secretion of glucagon, a fasting-induced hormone known 

to stimulate hepatic AA turnover and ureagenesis as well as gluconeogenesis and lipid 

oxidation (Solloway et al., 2015; Wewer Albrechtson et al., 2019; Winther-Sørensen et 

al., 2020). Skeletal muscle wasting, as implied by atrophic transcripts in R458Q 

gastrocnemius, is promoted by liver alanine catabolism and can in turn provide AAs for 
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hepatic gluconeogenesis during energetic stress (Lecker et al., 2004; de Lange et al., 

2007; Nakao et al., 2019; Okun et al., 2021). AA signalling in KI mice may further 

support a role for the missense variant in nutrient-responsive growth mechanisms.  

Primary bile acid biosynthesis was the most strongly enriched KEGG pathway among 

upregulated R458Q liver transcripts. Key upregulated rate-limiting enzymes in this 

pathway (e.g., Cyp7a1, Cyp8b1) control bile pool size and composition (Pandak et al., 

2001), implying greater flux in HOM than WT animals. Their activity is likely 

derepressed by Nr0b2 downregulation, which diminishes negative feedback regulation to 

cause abnormal bile acid accumulation (Kerr et al., 2002; Wang et al., 2002). Enhanced 

biosynthesis is predicated on hepatic cholesterol content, which provides the major bile 

acid building block. Altered transcription of sterol-responsive genes (e.g., Insig1, Rnf145, 

Stard4) may imply comparatively higher intracellular concentrations in HOM livers. 

Cholesterolgenic activity is reflected in suppressed mRNA expression of negative 

regulators (e.g., Insig1, Rnf145), while downregulation of sterol transporters (e.g., Abcg5, 

Abcg8, Stard4) implies slowed cholesterol efflux into bile or endocytic recycling 

compartments (Engelking et al., 2005; Wang et al., 2015a; Zhang et al., 2017a; Iaea et 

al., 2020). Given that bile acids are critical signalling molecules, their enhanced 

biosynthesis has potentially systemic consequences. Greater esterification of FAs to 

cholesterol can offer a physiological buffer against excess lipid deposition, as may be 

implicated in R458Q mice. Cholesterol and/or bile salt export defects produce 

intrahepatic cholestasis and liver damage (Kruglov et al., 2011; Bhattacharya, 2019). 

Increased bile acid pool size and cholic acid: chenodeoxycholic acid ratios provoked by 

Cyp7a1/Cyp8b1 activity are linked to dyslipidemia, obesity, and diabetes (Bloks et al., 

2004; Pathak & Chiang, 2019). Discernment of metabolite flux through these pathways 

may better clarify murine missense variant action in this context as well as the potential 

for deleterious consequences in variant carriers.  

The CREBRF R458Q variant was associated with innate immunity and antiviral 

responses. Both liver and gastrocnemius transcriptomes of HOM mice show differential 

expression of immunoglobulin heavy and light chain variable domain transcripts, and of 

T cell receptor alpha joining or variable transcripts, indicating heightened immune 

response. CREB3 and NF-κB cooperatively modulate inflammation responses (Jang et 

al., 2007a, 2007b; Torres-Odio et al., 2017); downregulated NF-κB mRNA in R458Q 
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liver may suggest functional juxtaposition with the CREBRF variant. Significant variant-

induced hepatic expression of transcripts encoding antiviral factors suggests more defined 

functions, including cytoplasmic sensing of viral nucleic acids (Ifih1), virus-induced 

autophagy (Trim23), and restriction of viral capsids (Trim34), replication (Rsad2), or 

translation (Ifit1), as well as regulation of type I IFN or RIG-I signalling (Rnf125, Trim14) 

(Arimoto et al., 2007; Jia et al., 2017; Sparrer et al., 2017; Mears & Sweeney, 2018; Dias 

et al., 2019; Ebrahimi et al., 2020; Ohainle et al., 2020). Both CREBRF and CREB3 

similarly promote immune response during viral infection, preventing viral gene 

transcription primarily via physical interactions (Lu et al., 1997; Lu et al., 1998; Blot et 

al., 2006; Audas et al., 2016). The CREBRF missense variant may provide additional 

contributions to a coordinated host defence and innate immunity response, presenting 

metabolic health signals not necessarily driven by more prominent nutrient sensing 

mechanisms. 

Dysfunctional metabolic signalling in peripheral tissues has well-established links to 

insulin resistance and/or diabetes aetiology. Such pathways which show altered gene 

expression in CREBRF variant carrier mice include dysregulation of steroid hormone 

(Sharma & Singh, 2020), bile acid (Wu et al., 2020b), and retinol (Manolescu et al., 2010; 

Obrochta et al., 2015) metabolism in addition to well-known links with glucose and lipid 

metabolism. Such evidence is, however, largely circumstantial. Transcripts which more 

directly influence insulin signalling do not reveal clear associations. Although R458Q-

induced downregulation of skeletal muscle Irs2 can impair insulin signalling (Guo et al., 

2006; Agarwal et al., 2013; Eckstein et al., 2017), downregulated Pten implies the 

opposite effect, with even partial reduction able to improve muscle insulin sensitivity 

(Wijesekara et al., 2005; Wong et al., 2007). Patterns of differential gene expression in 

the liver transcriptome are similarly contradictory, correlated with both impairment (e.g., 

Pik3ca, Pik3ap1, ApoM, Apoa4) and enhancement (e.g., Appl1, Bcl6, miR-378) of insulin 

sensitivity (Cheng et al., 2009; Liu et al., 2014; Senagolage et al., 2018; Kurano et al., 

2020; Yao et al., 2020). The human CREBRF missense variant has not been specifically 

associated with peripheral insulin signalling, rendering comparison with the murine 

transcriptomic effects in this context largely ineffectual. Despite pathway-level 

correlations, the otherwise ambiguous R458Q transcriptomic influence cannot illuminate 

diabetes- or IR-related phenotypes in variant carriers.  
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Interconnection between the metabolic pathways enriched in the KI transcriptome may 

imply underlying transcriptional programmes even if translational relevance of mRNA 

expression is unclear. Correlations between muscle mitochondrial respiration and protein 

turnover, alongside differential expression of individual nutrient-sensitive genes, are 

jointly indicative of fasting state metabolism. UPR sensory proteins are associated with 

viral infection, immunoglobulin synthesis, and innate immunity (Janssens et al., 2014; 

Choi & Song, 2020). ER stress produces greater hepatic cholesterol accumulation 

(Kovacs et al., 2009; Henkel et al., 2017; Röhrl & Stangl, 2018), while ERAD deficiency 

disrupts cholesterol export and elevates bile acid levels (Bhattacharya, 2019). These 

apparent parallels to the R458Q liver transcriptome may imply relevant causative links, 

and indeed UPR-induced cholesterol biosynthesis in axonal regeneration is mediated via 

CREB3 (Ying et al., 2015a). The weight of individual factors in the current dataset is 

perhaps debatable, but notable TFs (e.g., Bcl6, Mlxipl, Ppara, Nr0b2) can even 

individually produce broad-ranging consequences across lipid, glucose, bile acid, and/or 

circadian metabolism (Wei et al., 2011; Wu et al., 2016; Sommars et al., 2019; Agius et 

al., 2020). These factors might offer a basis from which to seek potential mediating 

factors or pathways able to facilitate a concerted R458Q transcriptional programme.  

Circadian rhythm desynchrony may represent genotype influence on one such 

transcriptional programme. Enriched gene ontology terms in R458Q liver included 

circadian clock entrainment and regulation of gene expression, with multiple circadian 

clock components significantly down-regulated (Bhlhe40, Cry2, Nr1d2, Per2) or 

alternately spliced (Arntl, Dbp) in HOM compared to WT mice. Disruption of this 

homeostatic regulatory control, which is integrated with feeding-fasting and hormonal 

secretion cycles, impacts multiple CREBRF variant-affected pathways. Of the current 

dataset, for example, Dec1 (encoded by Bhlhe40), Rev-erbβ (Nr1d2), and Per2 each 

independently influence lipid metabolism, glucose tolerance, bile acid synthesis, and/or 

nucleotide metabolism in addition to clock regulation (Noshiro et al., 2007; Grimaldi et 

al., 2010; Bugge et al., 2012; Fujita et al., 2016; Chen et al., 2021). Knockdown of clock 

components alters AA and nucleotide metabolic cycling as well as antiviral host response 

(Krishnaiah et al., 2017; Borrmann et al., 2021). Although relative expression of these 

genes naturally fluctuates across the 24-hour cycle, as determined by complex 

autoregulatory feedback loops, the R458Q-induced decreases represent multiple 

circadian phases rather than depletion of any time- or fed state-dependent cluster (Woller 
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et al., 2016; Kinouchi et al., 2018; Brown and Doyle, 2020), and seem not to 

(transcriptionally) activate compensatory redundancies shown elsewhere to mitigate 

targeted dysregulation (Bugge et al., 2012; Ikeda et al., 2019). Suppressive effects may 

rather imply less efficient transactivation by the cascade initiator Bmal1 (Arntl) splice 

variant. Hepatic loss of SHP (Nr0b2) and of OGT can delay Bmal1-dependent gene 

expression and liver circadian adaptation upon restricted feeding (Li et al., 2013b; Wu et 

al., 2016). Closer elucidation of circadian desynchrony drivers in the R458Q liver, 

potentially nutrient-sensitive, might reveal broader associations and/or implications of 

this vital homeostatic mechanism. 

The greater genotype separation shown by PCA in male compared to female KI 

transcriptomes, consistent with the sex-specific manifestation of whole-body genotype 

effects described in Chapter 3, suggests that the CREBRF variant phenotype is partially 

underlain by sexually dimorphic signalling in the current R458Q mouse model. This can 

have specific molecular drivers. Pharmacological or genetic loss of BCL6 activity in 

mice, for example, alters sex-biased DNA methylation and chromatin accessibility to 

derepress female-biased genes, feminising male liver (Lau-Corona et al., 2017; AlOgayil 

et al., 2021). Bcl6 downregulation in male HOM liver may introduce similar bias, 

although the distinct PCA separation between male and female transcriptomes suggests 

otherwise. Murine fasting responses show greater AA metabolism gene expression in 

females than males, as we observed for HOM compared to WT livers, perhaps also 

predisposing variant carriers to this female-biased AA flux to FA synthesis and TCA 

cycle metabolites (Della Torre et al., 2018; Bazhan et al., 2019). Dimorphism may also 

be linked to altered sex steroid signalling, as implied in R458Q liver by upregulated 

androgen receptor and downregulated steroid biosynthesis and metabolism enzyme (e.g., 

Hsd17b6, Hsd3b2, Srd5a2) transcript expression, while GO term enrichment suggested 

genotype-dependent response to oestradiol in gastrocnemius. Such gene expression shifts 

may derive from CREBRF variant alteration of WT interactions with CREB3. CREBRF 

and CREB3 are associated with synthesis and secretion of oestradiol, progesterone, 

and/or prolactin in female models (Martyn et al., 2012; Yang et al., 2013b; Zhao et al., 

2016; Yang et al., 2018). CREB3 further regulates steroidogenesis via GR- and PKA-

responsive nuclear receptors NR4A1 and SHP, which respectively promote and repress 

testosterone synthesis (Song et al., 2002; Martin et al., 2008; Vega et al., 2015; Wang et 

al., 2019). Their downregulation in R458Q muscle and liver cannot prove similar effects 
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but indicates the potential for genotype-dependent steroidogenic changes. Study of 

steroidogenic tissues could further clarify CREBRF missense variant interactions with 

sex steroid hormone action and associated gender bias.    

The best-established CREBRF regulatory target, CREB3, was not differentially 

transcribed in R458Q tissues. This was perhaps unsurprising given that its negative 

regulation by CREBRF is post-translational (Audas et al., 2008; Martyn et al., 2012; 

Audas et al., 2016). Possible downstream missense variant influence is not thereby 

precluded, but variable modulation of CREB3 gene targets (e.g., Apoa4, Dcstamp, 

Herpud1) in R458Q liver cannot define genotype-dependent suppression or promotion of 

CREB3 transactivation potential. Mild overlaps with CRE-binding site gene sets imply 

possible missense variant interaction with CREB family transactivation more broadly, 

complemented by downregulation of CREB cofactors Ep300 in gastrocnemius and 

Crebbp in liver. Although gastrocnemius R458Q effects were suppressive, this was 

unclear in liver and the relatively low proportions of CREB-related genes cannot underlie 

all variant-induced differential expression. Genotype-dependent changes to upstream 

cAMP-PKA signalling, including calcium channel (Orai), adrenoceptor (Lmbrd2, 

Akap11), adenylate cyclase (Adcy5, Adcy6), and PKA subunit (Prkar1a) regulation, 

further implicate CREB as well as PPARα and Rap1 signalling pathways (Briassoulis et 

al., 2016; Paek et al., 2017). That the PKA signalling network involves phosphorylation 

signalling cascades not visible in transcript expression highlights the limitations of the 

current dataset in discerning molecular interactions in R458Q tissues. Pathway-level 

correlations showing the oppositional variant- and CREB-induced actions on ER stress 

and protein processing, as discussed above, may therefore represent one consequence of 

such combined transcript- and protein-related interactions. If the CREBRF missense 

variant indeed enhances WT suppression of CREB transactivation, the broad spectrum of 

cAMP-PKA pathways also indicates potentially wide-ranging signalling consequences 

which may not be facilitated specifically by CREB3. 

One possible mediating factor is CREBH, a TF which is closely related to CREB3 and 

found primarily in the liver. With broad regulatory influence on multiple metabolic 

pathways, CREBH was recently identified as a potential target for prevention or 

mitigation of diet-induced obesity, insulin resistance, and/or hepatic steatosis (Krumm et 

al., 2021; Yang et al., 2021). The hepatic R458Q transcriptome upregulated specific 
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CREBH-induced genes (e.g., Apoa4, Insig2, Cyp7a1, Kiss1) as well as broader functional 

overlaps including glucose and lipid metabolism, inflammatory response, and circadian 

rhythm (Vecchi et al., 2009; Lee et al., 2010; Chanda et al., 2011; Chanda et al., 2013; 

Misra et al., 2014; Xu et al., 2014; Wang et al., 2016; Kim et al., 2017b; Satoh et al., 

2020; Kim et al., 2021a). Although Crebh mRNA was not altered in R458Q mice, variant-

induced downregulation of ERAD components can feasibly reduce turnover of CREBH 

protein, which is targeted for degradation by the Sel1/Hrd ERAD complex (Bhattacharya 

et al., 2018; Wei et al., 2018; Kim et al., 2021a). Circadian clock components which are 

differentially expressed and/or spliced in the KI liver also regulate CREBH proteolytic 

activation (Zheng et al., 2016; Kim et al., 2021a). Hepatic CREBH is induced during 

fasting, influencing systemic energy homeostasis (Lee et al., 2010; Chanda et al., 2013; 

Bhattacharya et al., 2018; Wei et al., 2018), and could thusly participate in proposed 

variant-associated exaggeration of fasting response. This may not provide mechanistic 

basis for R458Q action, per se, but highlights that potential facilitators may not be 

explicitly represented in the current transcriptomic dataset. 

Alterations to the R458Q transcriptome may also implicate steroid hormone signalling. 

Glucocorticoids (GCs) are the main biological mediator of response to chronic stress 

(Mattos et al., 2013; Crawford et al., 2021), and influence pathways enriched in the 

R458Q tissues. Acute or chronic stress-induced GCs can respectively stimulate or 

decrease skeletal muscle mitochondrial biogenesis and function (Duclos et al., 2001; 

Weber et al., 2002; Duclos et al., 2004; Kobayashi et al., 2020), with the latter depletion 

of intracellular ATP preceding a GC-stimulated atrophic transcriptional programme 

(Troncoso et al., 2014; Liu et al., 2016; Britto et al., 2018). Hepatic GC signalling 

promotes AA metabolism and ureagenesis during high protein turnover (Cousin et al., 

1982; Gotoh et al., 1997; Gilad et al., 2001; Okun et al., 2015), and influences bile acid 

homeostasis which can in turn alter GC synthesis and clearance (Rose et al., 2011; 

McMillin et al., 2015; Xiao et al., 2016). Correlations to GC-stimulated activities might 

imply a systemic physiological basis underlying effects on skeletal muscle and hepatic 

metabolic processes represented in the R458Q transcriptome. 

Mechanistically, the link is less clear. Although the broader mitochondrial, atrophic, and 

AA metabolism transcriptomic effects imply enhanced GC signalling in murine missense 

variant carriers, specific GC-sensitive gene targets were not consistently similarly 
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regulated in R458Q tissues. The interaction could logically derive from CREBRF-

mediated degradation of the GR, elsewhere shown to produce in vivo transcriptional 

consequences (Martyn et al., 2012; Audas et al., 2016). Repression of GR activity, as for 

CREB3, might therefore indicate that the missense variant can enhance this WT protein 

interaction. Discrepancies at the pathway level may represent GR crosstalk with sex 

steroid receptor transactivation (Ruiz et al., 2020), or its synchronisation of liver circadian 

clock components (Oishi et al., 2005; Reddy et al., 2007; Quagliarini et al., 2019). Indeed, 

two-thirds of the GC-associated DEGs were also CREB or FOXO targets. CREBRF also 

modulates circulating GC levels in circadian and stress response conditions (Martyn et 

al., 2012; Frahm et al., 2020). These HPA axis effects are not delineated in gastrocnemius 

or liver, but reduced corticosteroid-binding globulin (CBG; Serpina6) mRNA in HOM 

liver could influence GC bioavailability and transport to target organs. Thusly altered 

clearance and signalling in peripheral tissues could potentiate systemic R458Q effects on 

growth, glucose homeostasis, lipid metabolism, and/or basal metabolic rate (Sinha et al., 

2018). Changes are not readily predictable, however, given that rodent CBG deficiency 

has been associated with both hyper- and hypo-corticosteronism, attributable to the 

finely-controlled balance between total and free (unbound, bioactive) corticosterone 

levels (Mattos et al., 2013; Moisan & Castanon, 2016; Gulfo et al., 2019; Crawford et al., 

2021). The somewhat ambiguous interaction between GC signalling and the CREBRF 

missense variant may be better elucidated through a more targeted analysis of the in vivo 

GC effects, perhaps modelling GC provision or inhibition. 

CREBRF is suggested to share functions with FOXO signalling in Drosophila (Tiebe et 

al., 2015). Activated during oxidative and energetic stress, FOXO has broad regulatory 

roles in cellular metabolism which include transducing nutrient sensing to control the 

carbohydrate-lipid metabolic switch in muscle and liver (Cheng & White, 2011; Kodani 

& Nakae, 2020; Yang et al., 2021). That we identified more than a quarter of R458Q-

associated changes in muscle and liver transcriptomes as FOXO targets might support 

that this overlap also exists in mice. The differential expression cannot, however, prove 

whether the CREBRF missense variant limited its own WT transactivation capacity or 

blocked that of FOXO. Mutual redundancy, seen in double-KO lethality compared to 

viable loss of either protein alone (Tiebe et al., 2015), may suggest partial operation of 

both mechanisms on the affected gene subset. Indeed, it remains possible that R458Q 

transcriptional effects and/or the CREBRF/FOXO overlap could extend beyond 
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transcriptome changes observable in the current study. Redundancy also offers a potential 

explanation for the overall mild changes to murine variant phenotype. FOXO function is 

tightly controlled by post-translational modification and cofactor interactions (Zhang et 

al., 2021). Downregulation of transcripts encoding mediators of FOXO negative feedback 

(Nr0b2, Nlk), glucose-stimulated transcription (Ogt), and DNA-binding and subsequent 

degradation (Cbp, Ep300) might underlie CREBRF variant-induced dysfunction (van der 

Heide & Smidt, 2005; Housley et al., 2009; Kim et al., 2010b; Wei et al., 2011). This 

interference with FOXO regulation, visible on a mechanistic basis, can also reinforce the 

gene set overlap as a specific if not necessarily targeted impact of the CREBRF missense 

variant. 

Acting as a purported TF, CREBRF primarily mediates the transcriptional response 

downstream of (inactivated) mTORC1 during nutrient deprivation or rapamycin 

treatment to relieve its suppression of catabolic activity (Tiebe et al., 2015, 2019). Only 

ER stress and heat shock response gene expression, however, responded to both the 

CREBRF missense variant and rapamycin-induced WT function. Functional annotation 

did not highlight mTORC1 signalling in the R458Q tissue transcriptome, perhaps 

indicating retention of the WT role as a starvation factor downstream of mTORC1. The 

link is not without thematic correlation. Nutrient-sensitive metabolic processes implicated 

in both the current study and mTORC1/2 function include ribosomal biogenesis (Mayer 

& Grummt, 2006; Ham et al., 2020a), skeletal muscle atrophy (Bentzinger et al., 2013; 

Quy et al., 2013; Ham et al., 2020b), mitochondrial activity (Morita et al., 2013; Rosario 

et al., 2019), amino acid and nucleotide metabolism (Emmanuel et al., 2017; Hoxhaj et 

al., 2017; Tabbaa et al., 2021), the actin cytoskeleton and secretory pathways (Jacinto et 

al., 2004), and hepatic glucose and lipid homeostasis (Hagiwara et al., 2012; Ricoult & 

Manning, 2013; Mao & Zhang, 2018). These processes also incorporate shared functions 

of other TFs. AA catabolism, for example, is related not only to mTORC1 signalling but 

is synergistically induced by CREB and the GR during fasting (Korenfeld et al., 2021). 

FOXO pathways likewise converge with mTORC1 (Teleman et al., 2008). Such 

regulatory overlaps among R458Q-affected pathways are not wholly unexpected, given 

their metabolic importance, but can complicate distinction between missense variant 

effects. 
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Several DEGs regulate mTORC1 or mTORC2 in R458Q muscle or liver. In the latter 

tissue, downregulation of Flcn and its binding partners (Fnip1, Fnip2) may imply 

lessening of their mTORC1 suppression during AA starvation (Tsun et al., 2013; Meng 

& Ferguson, 2018). Circadian clock components, downregulated in R458Q liver, can both 

suppress mTORC1 and promote mTORC2 stability (Zhang et al., 2014; Tian et al., 2018; 

Wu et al., 2019b). In gastrocnemius, downregulation of Rragb and Lamtor2, components 

of the Rag-Ragulator complex mediating AA-sensitive mTORC1 translocation (Bar-

Peled et al., 2012), suggests the missense variant reduces mTORC1 activity; 

downregulation of Stradb and Cab39l, involved in AMPK activation and thereby 

mTORC1 inhibition, suggests the opposite. Overall ambiguity of mTORC1/2 regulatory 

associations may indicate more nuanced modulation of the WT role in mediating 

starvation-induced transcription. Given prior reports of rapamycin-induced CREBRF 

expression (Minster et al., 2016; Tiebe et al., 2019), the decreases to Crebrf mRNA in 

fasted HOM liver imply either muted transcriptional response or, if CREB3- and GR-

related speculation of enhanced functionality holds, overactivity of the missense variant 

protein. Either answer would, however, complexify the overexpression model used 

previously to establish CREBRF variant in vitro effects on energy storage and utilisation 

(Minster et al., 2016). An underlying genotype-dependent link to mTORC1/2 

bioenergetic regulation might be more conclusively identified using rapamycin-treated 

CREBRF missense variant KI models. 

In conclusion, the tissue transcriptome of CREBRF R458Q mice demonstrated sex- and 

tissue-dependent changes in the presence of the missense variant compared to WT 

counterparts. Enrichment analysis of the differentially expressed transcripts in male 

gastrocnemius and liver suggested a potential role in bioenergetic homeostasis, mediated 

by nutrient-sensitive catabolism, and perhaps associated with FOXO-linked transcription. 

Genotype separation was, however, relatively mild. These findings may encourage 

further study in this area, with attention to interventions focused on nutrient or stress 

which might develop the theorised variant-induced changes in transcriptional 

programming.  
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CHAPTER 5: Musculoskeletal Characterisation of CREBRF 

R458Q Knock-In Mice 

5.1 INTRODUCTION 

The CREBRF missense variant has been strongly linked to increased growth in humans. 

Initial characterisation of the R458Q mouse model in Chapter 3 of this thesis was 

suggestive of some similar influence on fat-free mass in male variant carriers. Fat-free 

mass is primarily understood to be comprised of muscle and bone. These components are 

often grouped together, at times referred to jointly as the “functional muscle-bone unit” 

based on the developmental and mechanical interactions between the two (Schoenau, 

2005). Bone and muscle cells share mesenchymal cell precursors; development of each 

is affected by shared influences including genetic and signalling factors such as IGF1, the 

GR, or Wnt (Karasik & Kiel, 2008). Mice lacking myostatin, for example, present with 

both increased muscle mass and greater bone mineral density (BMD) (Montgomery et 

al., 2005; Hamrick et al., 2006). The duality is present throughout the human lifespan: 

bone mineral content and muscle mass accumulate in parallel during (healthy) childhood, 

and remain proportional during adulthood (Proctor et al., 2000; Ashby et al., 2011). The 

forces exerted by skeletal muscle on bone provoke adaptation, such that strength of 

muscle and of bone are correlated in children and adolescents (Schönau et al., 1996; 

Goodman et al., 2015). Any phenotypic influence on fat-free mass, whether induced by 

genetic or environmental stimuli, would accordingly predicate investigation of both 

muscle and bone components.  

The physiological contributions of skeletal muscle and bone composition include not only 

strength and mobility but also systemic energy metabolism. Skeletal muscle comprises 

the primary site for glucose uptake and storage in the body, and further functions as a 

reservoir for amino acid content. Energy expenditure and substrate utilisation in muscle 

are vital to whole-body homeostasis; sustainable levels of work, as determined by 

intensity and duration of exercise, are governed by steady-state ATP synthesis flux, set 

by relative contributions of glycolysis and oxidative phosphorylation (Conley et al., 2001; 

Hargreaves & Spriet, 2020). Bone remodelling is an energy-demanding process, such that 

the balance between bone formation and resorption depends on energetic homeostasis 

(Suzuki et al., 2020); as a proposed endocrine organ, bone likewise contributes in turn to 

systemic energy metabolism via bone-derived circulating factors (Lee et al., 2007; Lee & 
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Karsenty, 2008; Suchacki et al., 2017; Zhou et al., 2021). Many of these factors, including 

osteocalcin, lipocalin 2 (Lcn2), and parathyroid hormone-related protein (PTHrP), 

modulate systemic glucose tolerance and uptake in adipose, liver, and/or skeletal muscle 

peripheral tissues (Motyl et al., 2010; Mizokami et al., 2014; Zhang et al., 2017c; Capulli 

et al., 2018). Alternate mechanisms of energy regulation involve increased mitochondrial 

biogenesis via osteocalcin (Ferron et al., 2012), inhibition of food intake via a 

hypothalamic MC4R-dependent pathway triggered by Lcn2 (Mosialou et al., 2017), or 

enhanced WAT browning and FAO via PTHrP-stimulated pathways (Zhang et al., 

2017c).  

Given their involvement in systemic metabolism, muscle and bone can logically also 

contribute to metabolic conditions when homeostasis is upset. Fat-free mass has, for 

example, been inversely associated in men and women with risks of insulin resistance, 

prediabetes, and abnormalities in glucose homeostasis (Diaz et al., 2019; Ghachem et al., 

2019; Zaniqueli et al., 2020; LeCroy et al., 2021). Similarly, metabolic syndrome is 

linked to dysregulated muscle metabolism and morphology, and deterioration of muscle 

mass (Eriksson et al., 1994; Mårin et al., 1994; Oberbach et al., 2006; Holloszy, 2009; 

Park et al., 2009; Kim et al., 2010c; Guerrero et al., 2016; Han et al., 2019; Lewis et al., 

2019; Bergman & Goodpaster, 2020). Exercise interventions to forestall reductions in 

muscle functional capacity, which can incorporate decreased muscle strength and quality 

as well as greater fatigability (Park et al., 2006; Ijzerman et al., 2012; Kawamoto et al., 

2016; Orlando et al., 2017; Merchant et al., 2020; Senefeld et al., 2020a, 2020b, 2020c; 

Shen et al., 2020), have been demonstrated to also prevent further deterioration of overall 

metabolic health (Meex et al., 2010; Bacchi et al., 2012; Van Tienen et al., 2012; Sparks 

et al., 2013; Pino et al., 2019). The skeletal system is also subject to diabetic 

complications including increased bone brittleness and fracture risk underlain by 

compromised bone microarchitecture (Bonds et al., 2006; Holloway et al., 2018; Starup-

Linde et al., 2018; Ho-Pham & Nguyen, 2019; Yamamoto et al., 2019; Lee & Hwang, 

2020). Impairment of musculoskeletal composition and function in metabolic disease 

conditions further positions fat-free mass as important to metabolic homeostasis contexts.  

Polynesian populations present a musculoskeletal phenotype which, like their 

predisposition to obesity and metabolic syndrome in the modern environment, is distinct 

from European average body composition measures. The greater mean BMI of Pacific 
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Islanders compared to Europeans is accompanied by possession of greater lean or muscle 

mass, and perhaps also greater height (Swinburn et al., 1999; Rush et al., 2009). Skeletal 

composition seems likewise enhanced. Bone mineral content and density are significantly 

greater in Polynesian than European cohorts (Reid et al., 1986; Cundy et al., 1995; Grant 

et al., 2005). This may help to explain why the increased femoral neck length of 

Polynesians compared to European or Asian groups, typically taken as a risk factor for 

fracture, is accompanied by low incidence of bone fracture (Chin et al., 1997). The 

underlying reasons for these ethnic disparities are less simply discerned. Beverly and 

Evans (1986) made the early suggestion that bone density was driven by local stressors, 

and thus a reflection of the peak physical effort required in different socioeconomic 

circumstances. The key developmental driver, however, is perhaps common to both the 

muscular and the skeletal phenotypes. The greater bone mineral acquisition in Polynesian 

adults is partially accounted for by greater body weight, and in children is entirely 

explained by height and weight (Cundy et al., 1995; Grant et al., 2005). The strongest 

predictor of BMD in a healthy cohort of Pacific Island women was lean mass (Casale et 

al., 2016). Stride (2016) argues that this dual musculoskeletal phenotype is at least 

partially caused by genetic effects on bone-muscle precursor mesenchymal cells. The 

potentially heritable predisposition to increased muscle and bone mass in Pacific Island 

populations is perhaps particularly suggestive in the context of region-specific genetic 

variant alleles which influence body composition and growth.  

Musculoskeletal involvement in the CREBRF missense variant phenotype has received 

comparatively limited attention thus far. Increased fat-free mass is reported in Samoan 

variant carriers of both sexes during infancy and adulthood (Arslanian et al., 2021; 

Hawley et al., preprint); we have demonstrated increases to lean mass in male murine 

variant carriers. Lee et al. (preprint) report that this increased lean mass is linked to 

decreased circulating myostatin levels in male variant carriers. Tangentially associated 

(and more reproducibly evidenced) are R457Q variant-induced increases to height in 

children and adults (Berry et al., 2018; Krishnan et al., 2018; Hanson et al., 2019; Carlson 

et al., 2020; Metcalfe et al., 2020; Oyama et al., 2021; Hawley et al., preprint). Indirect 

associations in the literature are likewise scarce. CREBRF lacks links to the 

musculoskeletal system beyond a recently reported miRNA-regulated role in yak skeletal 

muscle development (Ji et al., 2020). Its key regulatory target, CREB3, may suppress 

myogenic gene expression via disruption of α-actinin-4 (ACTN4) activity (An et al., 
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2014). CREB3 furthermore has a role in bone remodelling, shown to interact with 

multiple osteogenic mediators to promote osteoclast differentiation and activation, and 

consequently enhance bone mass and mineral density as well as stimulating bone 

formation during healing (Miyamoto, 2006; Kim & Ko, 2014; Kanemoto et al. 2015; 

Chiu et al., 2017; Kim et al., 2020). At one remove further is the GR, differentially 

regulated by both CREBRF and CREB3, which facilitates muscle atrophy as well as 

reduction of bone mass and mineralisation (Abu et al., 2000; Waddell et al., 2008; Rauch 

et al., 2010; Tanaka et al., 2017). There seems, therefore, to be some tentative theoretical 

grounds to speculate that the CREBRF missense variant produces phenotypic effects on 

muscle and/or bone composition, which may in turn influence the more established 

effects on diabetes risk.  

The production of phenotypic effects on muscle and/or bone composition by the CREBRF 

missense variant could in turn influence the more established effects of genotype on 

diabetes risk. In the interests of further developing our understanding of the fat-free mass 

phenotype, we used a pilot cohort of mice harbouring the CREBRF R458Q variant, 

choosing to examine male animals in order to establish whether the dose-dependent 

genotype effect on body composition which we had previously identified only in this sex 

might be underlain by muscle- and/or bone-specific effects. In this chapter the aim was 

to characterise the musculoskeletal characteristics of chow-fed WT and HOM male KI 

mice, and to determine whether muscle function or nutrient homeostasis were impacted 

by presence of the R458Q variant in this model.  
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5.2 METHODS 

5.2.1 Animal maintenance and study 

Male CREBRF R458Q gene variant mice (WT and HOM) fed a regular chow diet were 

bred and housed as detailed in Chapter 2. Assessment of body composition at 14, 17, and 

20 weeks of age, and of length at 18 weeks, was likewise performed as previously 

described (Section 2.1.2). Mice were sacrificed in a fed state and tissues collected at 20 

weeks of age, with biochemical analyses performed as per sections 2.2.4-5. 

5.2.2 Exercise endurance testing 

Exercise endurance was measured on an Exer-6M Treadmill (Columbus Instruments, 

USA) fitted with an electrical stimulus shock grid. Male KI mice aged 16 weeks were 

acclimatised to the treadmill for 3 days prior to testing, followed by a rest day. 

Acclimatisation protocol each day comprised two bouts of low intensity treadmill activity 

for 10 min, separated by a 5 min rest period. Treadmill speed during these bouts was set 

at 5 m/min on the first day; at 5 m/min and at 5 m/min increasing by 1 m/min/min to 10 

m/min on the second day; and at 5 m/min increasing by 1 m/min/min to 10 m/min and at 

10 m/min on the third day. On the day of testing, mice were subjected to a low intensity 

exercise endurance protocol as follows: 5 m/min for 5 mins, followed by an increase of 1 

m/min/min until a speed of 10 m/min was reached, and maintained for 10 mins. The speed 

was subsequently further increased by 1 m/min/min to 15 m/min, which was maintained 

for 10 mins, before being likewise increased to 20 m/min and maintained at that speed 

for the remainder of the test. Mice were monitored until 10 lapses onto the shock plate, 

whereupon the stimulus was removed, and the final running time and distance of each 

animal was recorded.  

5.2.3 Grip strength 

Forelimb grip strength was determined using the Chatillon [DFE II] Digital Force Gauge 

(Ametek STC). Male KI mice aged 17 weeks were held by the tail and lowered towards 

the metal triangular pull bar on the horizontal grip strength meter. Once mice had gripped 

the bar with both forelimbs, the mice were pulled backward in the horizontal plane until 

the grasp was released. The force of grip was measured as the peak tension in newtons 

(N). The test was repeated ten times, as two sets of five consecutive tests with a rest break 

between, and the average of each mouse recorded. Mice unable to complete all ten tests 

were excluded from analysis. 
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5.2.4 Hindlimb bone measurements 

Hindlimbs dissected from 20-week mice were stored in ethanol at 4°C prior to manual 

removal of remaining muscle and connective tissues and joint dislocation. Dimensions of 

femurs and tibiae were quantified using digital callipers. Anatomical locations measured 

on the femur included widths of the femoral head and bicondylar joint, and shaft depth at 

the third trochanter and immediately above the bicondylar joint. Missing data for femoral 

length and head width measures due to bones broken during collection. Tibial 

measurements assessed widths of the articular surfaces across the proximal epiphysis, 

from most medial point of the medial condyle to most lateral point of the lateral condyle, 

and across the distal epiphysis, between medial and lateral malleoli. Shaft depth was 

measured at the cranial point of inflection on the tibial tuberosity, and immediately above 

distal epiphysis. Total length and mass were measured for both bone types.  

5.2.5 Statistical analysis 

Change in body composition measures over time were analysed by ordinary two-way 

ANOVA with post-hoc testing of WT vs HOM by Sidak’s multiple comparisons. All 

other measures were analysed by unpaired t-tests with Welch’s correction. Data are 

presented as means ± SEM, with statistical significance accepted at p < 0.05. Statistical 

analysis was performed in GraphPad Prism software (Prism 8, Version 8.0.2).  
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5.3 RESULTS 

5.3.1 Body composition  

The human CREBRF missense variant allele has been associated with increased BMI 

and/or adiposity measures (Minster et al., 2016; Naka et al., 2017; Krishnan et al., 2018; 

Lin et al., 2020) as well as increased height and/or fat-free mass (Carlson et al., 2020; 

Metcalfe et al., 2020; Arslanian et al., 2021; Oyama et al., 2021). Total body weight was 

however not different between WT and HOM male chow-fed mice across the course of 

the current study (Figure 5.1A), as was anticipated from our earlier study (Figure 3.2). 

Percent fat mass was likewise undifferentiated by genotype at 20 weeks (Figure 5.1B), 

but displayed some disparity in change over time over the course of the study. HOM mice 

experienced relative loss of fat mass following the exercise endurance trials (across the 

14-17 week measures), significantly different to the gains exhibited by WT animals 

during the same time period (Figure 5.1C). HOM mice subsequently regained fat mass 

during the final (sedentary) weeks of the study (Figure 5.1C). Neither lean mass nor naso-

anal length of this mouse cohort were significantly changed in HOM animals (Figure 

5.1D-F), failing to reproduce the phenotype previously seen in the KI mice detailed in 

Chapter 3. Total fat and lean mass at 20 weeks, as well as length, were significantly 

greater than recorded by the initial cohort (Figures 3.2, 3.3). 

 

Figure 5.1: Body composition of chow-fed male CREBRF R458Q variant mice.  

A. Body weight of male mice throughout the study. Total (B) fat mass as a proportion of 

body weight and (D) lean mass of male mice at 20 weeks of age. Change in (C) percent 

fat mass and (E) lean mass across indicated time points. F. Naso-anal length of male mice 

at 18 weeks. Data are shown as mean ± SEM, n = 9-15.  Data were analysed by ordinary 

two-way ANOVA, * p = 0.0134 by Sidak’s multiple comparisons test.  
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Given previously published associations between the CREBRF missense variant and 

greater fat-free mass (Arslanian et al., 2021; Hawley et al., preprint), we further examined 

the mass of individual hindlimb skeletal muscles despite the lack of genotype effect on 

total lean mass in the current cohort. The quadriceps and gastrocnemius muscles, which 

as the larger muscles might accordingly be expected to provide the greater or otherwise 

more relevant contribution to a phenotype, showed no alterations to their mass between 

the WT and HOM mice (Figure 5.2A-B). The tibialis, extensor digitorum longus (EDL), 

and soleus reflected a trend to reduced mass in mice carrying the variant CREBRF, which 

reached significance in the former two fast-twitch muscles (Figure 5.2C-E). 

 

Figure 5.2: Hindlimb skeletal muscle mass of male CREBRF R458Q variant mice.  

Average weight of 20-week male (A) quadriceps, (B) gastrocnemius, (C) tibialis, (D) 

EDL, and (E) soleus muscles. Data are shown as mean ± SEM, n = 8-15. * p < 0.05 HOM 

vs WT by unpaired t-test with Welch’s correction. 

 

5.3.4 Hindlimb bone dimensions  

The potential influence of the R458Q variant on fat-free mass in male mice was further 

explored via the femur and tibia bones. Presence of the CREBRF variant had no 

significant effect on length or mass of either hindlimb bone (Figure 5.3A-B), nor on 

femoral head and bicondylar widths when assessed individually (Figure 5.3C). Femur 

depth was significantly greater in the HOM mice than the WT at both the upper and lower 

placements (Figure 5.3D). The overall trend, incorporating width and depth measures, 
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suggested that the femurs of HOM mice were (marginally) thicker although not longer 

than those of their WT counterparts. In contrast, the tibiae were not visibly affected by 

genotype in any of the width measures taken (Figure 5.3E).  

 

Figure 5.3: Hindlimb bone dimensions of 20-week male CREBRF R458Q variant 

mice.  

A-B. Femoral and tibia-fibula bone (A) length and (B) mass. C. Femur bone width at 

femoral head and bicondylar joint. D. Cross-sectional depth of the femoral shaft at the 

third trochanter (upper) and above the bicondylar joint (lower). E. Tibial bone width 

measurements taken across the distal and proximal epiphyses, and shaft depths at the 

tibial tuberosity (upper) and above the distal epiphysis (lower). Data are shown as mean 

± SEM, n = 7-15. * p = 0.0443, ** p = 0.0066 HOM vs WT by unpaired t-test with 

Welch’s correction.   
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5.3.2 Functional muscle assessments 

To determine whether a muscle performance phenotype might be reflected in these mice, 

functional assessments of exercise capacity and muscle strength were conducted. The KI 

mice showed no significant difference in the distance run on treadmill exercises, although 

there was an apparent trend for this endurance capacity to be reduced in HOM compared 

to WT mice (Figure 5.4A). Forelimb grip strength, quantified as peak tension exerted on 

the forelimb grip bar, was unaffected by genotype (Figure 5.4B). 

 

Figure 5.4: Functional assessment of chow-fed male CREBRF R458Q variant mouse 

muscle.  

A. Distance covered by 16-week-old chow-fed male mice during an exercise endurance 

test (n = 9-15). B. Forelimb grip strength of 17-week-old male mice, as average of ten 

attempts, measured as the peak tension in newtons (N) (n = 8-11). Data are shown as 

mean ± SEM.  
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5.3.3 Skeletal muscle nutrient homeostasis 

Glycogen and triglyceride content was evaluated as a reflection of energy storage in 

quadriceps and gastrocnemius muscle tissues. No significant genotype differences were 

observed in the stored glycogen of either muscle (Figure 5.5A). The R458Q variant was 

however associated with greater lipid content in the same two hindlimb muscles, with a 

statistically significant effect in the gastrocnemius (Figure 5.5B). Curiously, triglyceride 

deposition in these animals was significantly greater than the values seen in the equivalent 

group from the earlier cohort. Glycogen values were similar across both cohorts. 

 

Figure 5.5: Biochemical analysis of hindlimb skeletal muscle from chow-fed male 

CREBRF R458Q variant mice.  

(A) Glycogen content and (B) triglyceride content of quadriceps and gastrocnemius 

muscles from 20-week-old male mice in the fed state. Data are shown as mean ± SEM, n 

= 9-15. * p = 0.0139 HOM vs WT by unpaired t-test with Welch’s correction. 
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5.4 DISCUSSION 

Fat-free mass composition is integral to strength and mobility as well as energy 

metabolism. Skeletal muscle and bone show proportional accumulation and mutually 

adaptive development. The CREBRF missense variant found in Pacific Island 

populations was initially linked primarily to increased adiposity but has also been 

(inconsistently) associated with greater lean mass and height in humans (Carlson et al., 

2020; Metcalfe et al., 2020; Arslanian et al., 2021; Oyama et al., 2021). Despite this 

growth phenotype, reported to derive from increases to both muscle and bone mass, the 

current (pilot) study showed only a very mild musculoskeletal phenotype in male mice 

carrying the CREBRF R458Q variant. Selected hindlimb skeletal muscles had reduced 

mass in homozygous R458Q mice compared to wild-type counterparts, accompanied by 

greater femoral width but not mass. Total body composition and functional muscle 

capacity trends were not significant. 

Total lean and fat mass were not significantly different between WT and HOM mice at 

any individual time-point across the current study. This does not reflect human studies, 

which near-unanimously associate the CREBRF missense variant with body composition 

phenotypes affecting either fat or lean mass if not both (Minster et al., 2016; Krishnan et 

al., 2018; Carlson et al., 2020; Lin et al., 2020; Metcalfe et al., 2020; Arslanian et al., 

2021; Oyama et al., 2021). Genotype-dependent change in total percent fat mass over 

time may, however, indicate some potentially instructive variant-induced changes. The 

loss in whole-body fat content, which was seen only in mice carrying the CREBRF 

variant, coincides with exercise endurance testing and could potentially represent a 

reaction to that physiological stressor. Indeed, CREBRF activity is known to interact with 

glucocorticoid signalling, which governs the major biological stress response and 

facilitates lipolytic decreases in adipose tissue following exercise training (Campbell et 

al., 2009; Martyn et al., 2012; Rosa et al., 2014; Frahm et al., 2020). Any missense variant 

alteration of that relationship might accordingly influence the murine body composition 

response to exercise stress, although further studies would be needed for definitive proof 

of this supposition.  

Genotype-dependent influence on lean mass was represented at the level of selected 

individual muscles, rather than total whole-body measures. Given the absence of any 

concerted impacts on total lean mass or body composition, however, the implications of 
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these hindlimb muscle-specific reductions for broader physiological function are 

somewhat limited. Mechanistic origins of the altered muscle mass hold potential to 

elucidate a basis for CREBRF variant interaction but generally lack evidential support in 

the current study. Muscle phenotype responds to multiple hypertrophic and atrophic 

stimuli, including the mTOR and fasting-induced signalling pathways with which 

CREBRF has previously been associated and which may therefore be differentially 

influenced by the R458Q variant (Tiebe et al., 2015; Minster et al., 2016; Tiebe et al., 

2019). Remodelling can further demonstrate complex expression patterns including, for 

example, dependence on muscle fibre type (Talmadge et al., 2004; Jia et al., 2019). Given 

that the R458Q-affected tibialis and EDL are both fast-twitch muscles, such an 

explanation is feasible, but perhaps somewhat mitigated by the near-significant reduction 

seen in slow-twitch soleus muscle. Absence of any change to quadriceps or gastrocnemius 

may otherwise imply that the genotype effect has an absolute limit rather than 

proportional amplification, and thus disappears in the larger muscles.  

Few human studies examine fat-free mass in CREBRF variant carriers. Lin et al. (2020) 

have provided the only (published) measures to distinguish between arm and leg lean 

mass, and moreover report no genotype effect on any fat-free measures in the Hawaiian 

cohort. This cannot guide interpretation of the murine muscle-specific changes but may 

help explain absence of any differences in lean mass or length in the current study. The 

muscle-based phenotype currently minimally reported in literature develops somewhat 

inconsistently across surveyed human geographic or ethnic populations (Metcalfe et al., 

2020; Lin et al., 2020; Arslanian et al., 2021; Lee et al., preprint). The additional 

complicating factor of species translation, and the comparatively milder murine 

phenotype, render it perhaps unsurprising that the small sample size of the current study 

cannot outcompete biological variability to produce a significant genotype difference in 

total body composition measures.  

The CREBRF R458Q variant was associated with greater femoral width in the HOM 

mice. This effect on bone is perhaps somewhat explicable in view of the phenotypes 

elsewhere reported which link both human and murine missense variants with increased 

growth, incorporating both lean mass and height (Carlson et al., 2020; Arslanian et al., 

2021; Lin et al., 2020; Metcalfe et al., 2020; Hawley et al., preprint). Muscle and bone 

are developmentally correlated, showing proportional growth and strength (Proctor et al., 
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2000; Ashby et al., 2011; Goodman et al., 2015). The human R457Q variant has also 

been associated with greater bone mass accretion in infant carriers (Arslanian et al., 

2021). That Hawley et al. (preprint) reported this effect to be absent in an adult population 

(which retained a muscle mass phenotype) may suggest a comparatively mild bone 

phenotype, perhaps with an absolute limit on variant-induced bone mass increases, losing 

significance as adult proportions are reached. Indeed, a weak phenotypic effect in this 

regard might explain the absence of variant-induced tibial changes in the KI mice.  

Alternately, the disparity between human infant and adult cohorts could indicate some 

additional environmental influence, perhaps unrelated adaptive responses to age or 

activity, masking variant-induced changes. Human R457Q variant effects on total bone 

mass cannot be wholly equated to the murine hindlimb bone dimension measurements of 

the current study. Indeed, murine femoral mass was not significantly different in variant 

carriers despite greater width, although variations in trabecular bone structure, which was 

not analysed in the current study, remain a possibility. This may have implications for 

CREBRF variant impacts on bone density and therefore strength or related functional 

outcomes. As for muscle, bone has a bidirectional adaptive relationship with physical 

activity and performance. Mouse lines bred for high voluntary wheel running, for 

example, have been shown to possess thicker femora, with larger femoral heads, without 

change to bone length (Kelly et al., 2006; Castro & Garland, 2018). Extrapolation to the 

similar CREBRF variant femoral effects could perhaps imply analogous activity-based 

effects in exercise-trained variant carriers. Variability in musculoskeletal characteristics 

displayed by exercised mice renders bone morphology, taken by itself, an unclear 

indicator of functional consequences (Plochocki et al., 2008; Castro & Garland, 2018). 

More extensive study would be needed to ascertain reproducibility and implications of 

such missense variant effects. 

The current study presented preliminary testing of treadmill endurance and of forelimb 

grip strength which did not find the R458Q variant to be associated with any significant 

alterations to inherent skeletal muscle functional capacity. Examination of skeletal 

muscle performance in the presence of the CREBRF missense variant cannot yet allow 

for comparison between human and murine carriers. The recent Soifua Manuia (Good 

Health) study, which enrolled adult Samoan participants in a follow-up to an earlier 2010 

study, incorporated measurements of handgrip strength and objective physical activity in 
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its study protocols (Hawley et al., 2020). These results are however yet to be published. 

No other human studies have (reported having) undertaken similar measurements and as 

such can offer no specific interpretative guidance for how the R458Q KI mouse model 

might either reproduce or mistranslate the human phenotype. Similarly little relevant data 

pertains to the WT CREBRF, limited primarily to the hyperactivity observed in 

CREBRF-KO mice (Martyn et al., 2012; Frahm et al., 2020). In this absence of literature, 

and also considering the small sample size and non-significant results of the current study, 

extensive speculation is largely unsupported. Given that total lean mass was not impacted 

by genotype in the assessed cohort, the similar absence of significant functional effect is 

perhaps not unexpected but certainly seems to indicate no obvious amplification of 

metabolic efficiency. Assessment of physical performance in murine or human cohorts 

which do display variant-induced increases to lean mass as previously reported might 

offer more conclusive results. 

Any phenotypic effect of the CREBRF variant on fat-free mass morphology or function 

might also receive potential influence from strain or species. Indeed, the genetic variance 

between mouse strains has been shown to substantially contribute to baseline muscle mass 

as well as to functional overload-induced mass gains (Kilikevicius et al., 2016). Murine 

exercise capacity, including intrinsic and forced running endurance, is likewise 

significantly influenced by genetic background (Haramizu et al., 2009; Kvedaras et al. 

2017; Massett et al., 2019). Evidence has likewise been found that genetic background 

impacts exercise capacity and response in humans (Vellers et al., 2018; Harvey et al., 

2020). That genetics can influence if not drive inter-individual variation in skeletal muscle 

performance supports that the CREBRF missense variant could hold the potential to exert 

similar influence. It also, however, underlines the species translation barrier separating 

human and murine variant phenotypes. The overall absence of any pronounced variant 

muscle phenotype in the KI mouse model cannot exclude possible effects in human 

variant carriers, which may be subject to additional or polygenic influences. PI 

populations are known to have greater muscle and bone mass than European or other 

groups (Reid et al., 1986; Cundy et al., 1995; Swinburn et al., 1999; Grant et al., 2005; 

Rush et al., 2009). If any related influence of the CREBRF R457Q variant was to 

comprise augmentation of this baseline predisposition, the effects may not be 

independently visible in a model lacking this PI genetic background. 
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Although intrinsic muscle function in the KI mouse model was not significantly altered 

by presence of the CREBRF missense variant, an interaction might more feasibly be 

precipitated by more direct intervention to induce muscle hypertrophy or atrophy. 

Incorporation of mechanical loading or unloading strategies into the R458Q KI model, 

provoking adaptive muscle responses, might thusly facilitate understanding of any 

variant-associated factors affecting muscle mass and growth (Mirzoev, 2020; Murach et 

al., 2020). Whereas the current study sought to ascertain endurance capacity on a single 

occasion, following only a short acclimatisation period, muscle exercise performance in 

animal as well as human research develops over time. Consecutive bouts of exercise, each 

accompanied by acute metabolic adaptations at the molecular and cellular level during 

recovery, produce cumulative effects to ultimately induce remodelling of substrate 

metabolism pathways in addition to functional improvements in exercise performance 

(Pilegaard et al., 2000). This can include greater skeletal muscle capacity for substrate 

storage as well as metabolic efficiency (Hearris et al., 2018; Fuller et al., 2019), but 

alterations are not limited to that tissue. Given that CREBRF has functions in these realms 

of oxidative metabolism and nutrient handling as aforementioned (Minster et al., 2016; 

Tiebe et al., 2019), it is perhaps liable also to interact with these pathways in response to 

chronic exercise-based (and not only starvation-based) stressors. Indeed, CREBRF may 

exhibit greater activity, and perhaps more pronounced variant-induced genotype 

differentiation, when stimulated by such an environment of physiological stress.  

The nature and magnitude of the adaptive changes which are elicited by exercise training 

are significantly influenced by both the intensity and the duration of exercise (Hildebrandt 

et al., 2003; Ahmadi et al., 2021; Shirai et al., 2021). In rats, for example, eight weeks of 

moderate-intensity continuous training versus isocaloric high-intensity interval training 

produced significantly greater positive responses in metabolic gene expression (compared 

to sedentary animals) under the latter protocol (Ahmadi et al., 2021). Endurance training 

of differing durations in mice was recently shown not to alter body or muscle mass, but 

differentially impacted protein ubiquitination and oxidative stress (Shirai et al., 2021). 

Low-intensity treadmill activity, such as that used to test the KI mice, can acutely produce 

transient metabolic changes in mice which after six weeks of training are more robust but 

do not indicate pathway remodelling (Fuller et al., 2019). Given that the minimal variant 

phenotype which is seen in the mouse model likely requires some potentiation, it is 

perhaps not unexpected that the KI mice, being essentially untrained sedentary animals, 
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do not show significant differentiation between WT and HOM endurance exercise 

performance. A more in-depth assessment of skeletal muscle potential performance in KI 

mice might be better facilitated by looking at whether the variant produces differential 

response to prolonged exercise training of perhaps greater intensity. Functional outcomes 

can include not only time to exhaustion but also speed as well as voluntary exercise 

patterns (De Bono et al., 2006; Kelly et al., 2006; Kvedaras et al. 2017). The latter is 

perhaps of especial relevance given that the hyperactivity phenotype of CREBRF-KO 

mice, being the sole report of CREBRF-associated impacts on physical performance, was 

more behavioural than physiological in cause. Such more complex testing protocols may 

be equally useful in revealing (or excluding) a variant phenotype. 

Given the proposed connections between CREBRF and nutrient-sensing and/or 

homeostasis (Tiebe et al., 2015; Minster et al., 2016; Tiebe et al., 2019), we examined 

storage of glycogen and lipid in our KI mouse skeletal muscle. The similarity in glycogen 

content between WT and HOM mice was perhaps not unexpected: neither WT nor 

missense variant CREBRF has been specifically associated with glycogen content. While 

this is partially a natural consequence of the limited literature available on the protein, 

even the broader associations with altered systemic glucose metabolism in human variant 

carriers are not consistently observed (Minster et al., 2016; Lin et al., 2020). In fed state 

animals, with the starvation-induced CREBRF presumably less actively involved in 

nutrient homeostasis, variant-induced impacts on stored carbohydrate would likely be 

accordingly minimised. Although glycogen stores are depleted by exercise, the effect is 

primarily acute and followed by resynthesis. Low-intensity treadmill exercise as 

performed in the current study would be neither strenuous nor repetitive enough to 

produce longer-term changes visible at endpoint in these mice (Fuller et al., 2019). Any 

interaction between variant and exercise-induced glycogen utilisation would likewise not 

be visible in this measure under the current protocol. The apparent lack of missense 

variant impacts to glycogen content in the current KI mouse model might have 

implications for glucose metabolism in variant carriers more generally. Such 

interpretations would likely, however, necessitate more stringent protocols or energy-

demanding conditions to conclusively exclude any genotype-dependent effect on skeletal 

muscle carbohydrate storage. 
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The missense variant was associated with greater skeletal muscle triglyceride 

accumulation in male R458Q KI mice. Variant-induced enhancement of lipid storage was 

likewise reported in Minster et al. (2016)’s 3T3-L1 adipocyte overexpression model, 

perhaps indicating that the missense variant may induce these effects somewhat 

independent of tissue type. Given the absence of any whole-body adiposity phenotype in 

the KI mice, however, this extrapolation is perhaps of limited relevance and overly 

speculative. The endpoint measurement cannot ascertain whether the greater 

accumulation is a product of altered synthesis or breakdown. Parallels can perhaps be 

derived from a recent in vitro study in which knockdown of the CREBRF cofactor Crebl2 

increased muscle cell triglyceride content, mediated by enhanced glucose uptake (Tiebe 

et al., 2019). Direct translation of this mechanism is unrealistic, and similarly cannot be 

taken to straightforwardly evidence that the missense variant might induce a reduction in 

CREBRF-Crebl2 complex activity, given that Tiebe et al. (2019) and the current study 

utilise wholly distinct models, focusing on different components of that complex. The 

similarity in lipid effect may nevertheless imply that the CREBRF R458Q variant could 

likewise alter glucose uptake and, given its lack of effect on glycogen, perhaps 

subsequently acts to direct these carbons towards lipid rather than glycogen synthesis. 

This might imply utility to investigating glucose (as well as lipid) metabolism more 

closely in this KI model.  

Skeletal muscle mass and nutrient homeostasis are both impacted by fasting. Limited 

availability of energy substrates triggers adaptive catabolic responses and consequently 

atrophic mechanisms (Ibrahim et al., 2020). Energetic pathways are likewise impacted by 

exercise and these impacts on, for example, breakdown or oxidation of intramuscular 

triglyceride content have furthermore been shown to be enhanced when exercise occurs 

in the fasted state (De Bock et al., 2005; Van Proeyen et al., 2011). The corollary is also 

proven, with altered muscle FA uptake (and thus utilisation) shown to impact exercise 

capacity during fasting (Iso et al., 2018, 2019). Given that both fasting and low-intensity 

exercise prefer energy derived from FA substrates (Egan & Zierath, 2013; Iso et al., 

2019), it would be interesting to know whether their combination might produce any 

interplay with the altered TG accumulation which comprised the most overt effect in 

muscle of mice carrying the R458Q missense variant in the current study. Although both 

exercise and fasting represent demands on energy, these two conditions have been 

suggested to stimulate different (and perhaps opposing) molecular responses such that 
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their combination in animals as well as humans is not a straightforward augmentation of 

energy demand, but rather produces changes which are unlike those elicited by either 

stimulus alone (Hildebrandt & Neufer, 2000; Jaspers et al., 2017). Interaction of these 

combined with missense variant would consequently also not be straightforward. 

It may be that the introduction of a fasting state would present additional impacts on 

skeletal muscle metabolism in the R458Q KI mouse model, which may render missense 

variant-associated effects more prominent. Indeed, overnight fasting has elsewhere 

provoked genotype-dependent effects on exercise capacity which are not visible when the 

same transgenic rodents are tested in the fed state (Pedersen et al., 2005; Iso et al., 2018). 

The possibility is particularly promising given that both WT and variant CREBRF are 

linked not only to nutrient handling but specifically to the starvation response (Tiebe et 

al., 2015; Minster et al., 2016; Tiebe et al., 2019). This is true even beyond the exercise 

context. Fasting-induced muscle atrophy would likewise offer another lens through which 

to explore CREBRF variant effects on muscle mass and growth; especially given that this 

proteolytic mechanism operates via the GR (Wing & Goldberg, 1993; Waddell et al., 

2008), which is strongly linked to the operation of CREBRF (Audas et al., 2008; Martyn 

et al., 2012; Frahm et al., 2020). The current study showed exceedingly minor effects of 

the variant on skeletal muscle mass in fed state animals; whether fasting conditions might 

exacerbate or remove the difference between genotypes could help elucidate protein 

physiological function. 

Skeletal muscle mass and functional capacity of R458Q KI mice was primarily examined 

for the potential source or consequences of previously established lean mass increases in 

variant carriers, but secondarily also for variant-associated metabolic changes. The 

speculative scope of these potential changes is perhaps most commonly derived from the 

well-reported finding that the human CREBRF variant is associated with protection 

against risk of diabetes (Minster et al., 2016; Hanson et al., 2019; Krishnan et al., 2020). 

Skeletal muscle is essential to whole-body glucose disposal and homeostasis and this role 

is often compromised in diabetes, a metabolic condition which furthermore is itself 

associated with deteriorations in muscle strength and mass (Cetinus et al., 2005; Park et 

al., 2006; Park et al., 2009; Guerrero et al., 2016). The junction between these three 

aspects of missense variant, muscle, and diabetes is therefore of logical interest. The 

R458Q KI mice, which found only limited or non-significant differences between WT 
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and HOM hindlimb skeletal muscle, were broadly unable in the current study to provide 

insight into a diabetes-related paradigm. This is perhaps unsurprising given that the KI 

mouse model has not been studied in a diabetic setting which might properly allow 

elucidation of possible variant interaction with diabetes-associated muscle decline (Ostler 

et al., 2014). Human studies have not reported any similar such investigation. It may be 

that any such phenotypic effects are not translated verbatim across species, given that 

these KI mice have in other regards been shown not to reproduce the human variant 

phenotype, but would be due further consideration for human and/or murine variant 

carriers in an appropriate model. 

In conclusion, examination of musculoskeletal characteristics in male mice carrying the 

CREBRF missense variant demonstrated only mild genotype effects on reduced tibialis 

and EDL mass, increased femur thickness, and greater muscle triglyceride accumulation. 

Body composition could not reproduce the phenotypes reported either in human 

populations or in the earlier mouse cohort described in Chapter 3 of this thesis and did 

not significantly impact muscle function in the presence of the variant allele. The 

theoretical development of any musculoskeletal phenotype in this mouse model may be 

more conclusively studied using exercise- or nutrient-based interventions, but 

inconsistent associations in the primarily-sedentary, chow-fed animals of this pilot cohort 

cannot establish a fat free mass-driven phenotype. 
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CHAPTER 6: Molecular Signalling in Hepatocytes from 

CREBRF R458Q Knock-In Mice 

6.1 INTRODUCTION 

Systemic energy metabolism is vitally connected to whole-body homeostatic 

maintenance. Its physiologic regulation entails complex signalling contributions from 

multiple metabolic tissues including muscle, bone, adipose, and liver. Of the endocrine 

organs, the liver is particularly essential as a nutrient state sensor for maintaining both 

carbohydrate and lipid homeostasis (van den Berghe, 1991; Rui, 2014). Much of the 

relevant hepatic regulation is enacted via the coordinated action of hormonal signals. 

Insulin and glucagon, secreted from pancreatic β-cells and α-cells respectively, induce 

generally oppositional counter-regulation. In the transition from the fed to the fasted state, 

circulating insulin levels, and therefore signalling, become reduced; concurrent elevations 

in glucagon secretion and signalling enforce that suppression. In the postprandial state, 

the inverse is true. The balance between insulin and glucagon levels can accordingly 

govern the hepatic response to nutrient state, including maintenance of euglycemia as 

well as lipid metabolism and energy balance more broadly. That this governance is not 

purely counter-regulatory in all respects, but can involve gradation or modulation as well 

as synergy, indicates fine-tuned control mechanisms. Alterations in hepatic homeostatic 

processes following stimulation by these two major pancreatic hormones can inform 

broader physiological regulatory response mechanisms.  

Insulin signalling provides systemic regulation of postprandial nutrient metabolism. In 

the liver, these signals can be broadly classified as promoting anabolic metabolism, 

modulating glucose and lipid homeostasis as well as cell growth and survival (Saltiel & 

Kahn, 2001; Taniguchi et al., 2006; Santoleri & Titchenell, 2019). Coordination of 

glucose flux to control postprandial concentrations is facilitated by multiple insulin-

stimulated mechanisms. Most directly related is the suppression of hepatic glucose 

production (HGP), inhibiting glycogenolysis and repressing gluconeogenic gene 

expression, supplemented by signals to downstream processes which ultimately lead to 

increased hepatic uptake of circulating glucose (Petersen et al., 1998; Iozzo et al., 2003; 

Noguchi et al., 2013). Insulin seems to regulate HGP partially by extra-hepatic 

mechanisms, primarily the suppression of circulating adipocyte-derived FFA levels, but 

the direct action on liver tends to predominate unless it becomes otherwise defective 
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(Rebrin et al., 1995; Edgerton et al., 2006; Titchenell et al., 2015; Bergman & Iyer, 2017; 

Titchenell et al., 2017). Insulin also acts directly on the liver to modulate lipid 

metabolism, producing increased de novo lipogenesis, enhanced triglyceride 

esterification and secretion, postprandial lipoprotein clearance, and suppression of FAO 

(Biddinger et al., 2008; Laatsch et al., 2009; Leavens & Birnbaum, 2011; Haas et al., 

2012). Postprandial insulin signalling has further been linked to hepatic regulation of 

circadian rhythms, repressing transcription of circadian genes regulated by feeding (Dang 

et al., 2016; Kalvisa et al., 2018). These hepatic regulatory activities position insulin 

signalling as vital for systemic homeostatic metabolism.   

The hepatic glucagon signalling network is primarily active during states of nutrient 

deprivation. Many of its major signalling targets respond to fasting-induced signals and 

can be broadly classified as attempts to source or produce energy. The canonical pathway 

has long been characterised: glucagon regulates the conversion of stored hepatic glycogen 

into glucose and subsequently its release into the portal circulation, allowing a rapid 

response to reductions in blood glucose levels (Jakob & Diem, 1974; Magnusson et al., 

1995). The hormone can also, however, facilitate regulation of multiple other cellular 

processes including the hepatic production of new glucose, with glucagon known to exert 

significant transcriptional control to upregulate gluconeogenic genes (Koo et al., 2005; 

Mihaylova et al., 2011; Wu et al., 2018). Glucagon signalling suppresses lipid synthesis 

and enhances lipid catabolism, decreasing liver lipid content (Foretz et al., 1999; Longuet 

et al., 2008; Nason et al., 2020). These aspects closely mirror the traditional starvation 

response in its first two phases. Indeed, the transcriptional response to glucagon exposure 

in primary hepatocytes is time-dependent: expression of gluconeogenic genes peaks at 

two hours post-glucagon administration, followed by FAO gene upregulation peaking at 

24 hours (Lv et al., 2017). Glucagon signalling further impacts broader bioenergetic 

signalling, not necessarily glucose- or lipid-dependent, including synchronisation of the 

peripheral circadian clock (Sun et al., 2015b), activation of the cellular energy sensor 

AMPK, and the cessation of mTORC1 activity (Kimball et al., 2004; Berglund et al., 

2009). Where insulin facilitates the disposal and utilisation of excess energetic stores, 

hepatic glucagon signalling seeks to conserve or produce energy during scarcity.  

Hormonal counter-regulation can be observed at key junctions in insulin- and glucagon-

stimulated signalling cascades, and indeed is evidenced even for individual proteins 
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involved in glucose and/or lipid metabolism. The glucagon-activated gluconeogenic 

transcriptional programme operates primarily via CREB, in cooperation with coactivators 

which are likewise activated by glucagon during fasting conditions and are inhibited by 

insulin signalling in the fed state (Chrivia et al., 1993; Arias et al., 1994; Koo et al., 2005; 

Patel et al., 2014). Key rate-limiting gluconeogenic enzymes are also upregulated by 

FoxO1. Glucagon stimulates both FoxO1 gene expression and, by promoting nuclear 

translocation and stability, its transcriptional activity (Daitoku et al., 2004; Matsuzaki et 

al., 2005; van der Heide & Smidt, 2005; Wondisford et al., 2014; Wu et al., 2018; Kodani 

& Nakae, 2020). During the fed state, insulin acts via PKB to trigger FoxO1 

ubiquitination, nuclear exclusion, and consequent proteasomal degradation (Matsuzaki et 

al., 2003). Hepatic lipid metabolism is similarly receptive to hormone- and nutrient-

responsive homeostatic mechanisms: overnutrition prompts lipid synthesis to store excess 

energy; deprivation prompts lipid breakdown, to utilise those stores. Expression and 

activity of the lipogenic sterol regulatory element-binding protein-1c (SREBP-1c), for 

example, are promoted by insulin and repressed by glucagon, targeting not only 

transcription but proteolytic processing, protein stability, and occupancy at gene 

promoters via multiple redundant mechanisms (Foretz, 1999; Azzout-Marniche et al., 

2000; Cagen et al., 2005; Yellaturu et al., 2009a, 2009b; Li et al., 2010; Yecies et al., 

2011; Lee et al., 2014; Tong et al., 2016; Tian et al., 2016; Wang et al., 2016; Li et al., 

2019). The contrast is likewise visible in the context of hepatic lipid catabolism: where 

insulin inhibits peroxisomal FAO (Hamel et al., 2001), glucagon enhances FAO by 

multiple complementary pathways which are primarily but not exclusively transcriptional 

(Longuet et al., 2008; von Meyenn et al., 2013; Lv et al., 2017; Nason et al., 2020; Perry 

et al., 2020). The directly oppositional hormonal signalling suggests coordination 

reflective of the broader nutrient state response.  

Nutrient state-based hormonal counter-regulatory measures can also be illustrated acting 

on the mTOR signalling pathway. When activated during nutrient replete conditions, 

mTORC1 promotes protein synthesis and growth. Insulin is well-known to promote this 

signalling pathway via multiple PKB-mediated mechanisms (Proud, 2006; Vander Haar 

et al., 2007; Huang & Manning, 2009). Nutrient deficient conditions produce the opposite 

effect, promoting instead autophagy and amino acid catabolism. Following glucagon 

stimulation, mTOR complex signalling is inhibited by promotion of complex dissociation 

and reduction of mTOR catalytic activity (Kimball et al., 2004; Xie et al., 2011; Wu et 
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al., 2019b). The hormonal signalling effects, although broadly oppositional, do not 

however simply present as an on/off switch. Although glucagon represses 

phosphorylation and activity of mTOR substrates 4E-BP1 and S6K1, which insulin 

induces, it does not similarly repress factors further downstream of S6K1 (Kimball et al., 

2004). These counterintuitive effects, which are achieved by concurrent glucagon-

stimulated activation of the extracellular signal-regulated protein kinase 1-p90(rsk) 

signalling pathway, suggest that signals transduced downstream of mTOR can be 

precisely modulated in response to hormone administration (Kimball et al., 2004). Nor 

are the hormonal imperatives on mTOR signalling evenly balanced: coadministration of 

insulin and glucagon in a perfused rat liver model shows that the repressive effects of the 

latter are dominant (Baum et al., 2009). The counter-regulation, with its emphasis on 

glucagon-induced tuning of mTOR signalling, reflects broader hepatic interests in 

ensuring energy preservation during nutrient deprivation.  

Insulin and glucagon do not entirely forgo a degree of mutual activity. Of special interest 

is the mutual effect of glucagon and insulin on the serine/threonine kinase PKB. That 

insulin administration will phosphorylate PKB, which is extremely integral to the insulin 

signalling network, at Ser473 and at Thr308 is common knowledge (Alessi et al., 1996; 

Titchenell et al., 2017). Kim et al. (2018) recently discovered that hepatic glucagon 

signalling, both in vivo and in vitro, can also phosphorylate PKB at the same site. The 

study further found that joint administration of glucagon and insulin will enhance this 

phosphorylation above levels achieved by either hormone alone, implying distinct 

signalling pathways (Kim et al., 2018). Such interactions between pancreatic hormones, 

whether synergistic, cooperative, or simply replicative, highlight the complexities of their 

regulatory actions which, in extending beyond simple direct oppositional counter-

regulation, may necessitate closer investigation to explicate. 

Pancreatic hormones are far from the sole regulatory factors governing hepatic response 

to nutrient-based stimuli, but rather operate in coordination with parallel and/or 

overlapping pathways involving sensors of sugars or carbohydrates, of lipids, or of amino 

acids. Postprandial glucose availability activates sensors such as LXR and liver 

glucokinase, which have regulatory roles in cholesterol, lipid, and glucose metabolism 

(Anthonisen et al., 2010; Massa et al., 2011; Bindesbøll et al., 2015). The three major 

peroxisome proliferator-activated receptor isoforms (PPARα, PPARβ/δ, PPARγ) have 
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distinct roles in the liver, as recently reviewed by Wang et al. (2020), but together 

comprise major transcriptional sensors of fatty acids and fatty acid derivatives with broad-

ranging effects on hepatic and systemic metabolism (Poulsen et al., 2012; Contreras et 

al., 2013). Amino acids signal primarily via the mTOR complexes, shown to modulate 

hepatic and systemic lipid metabolism via mTORC1, and PKB signalling via mTORC2 

(Tato et al., 2011; Dai et al., 2015; Uno et al., 2015). Selective activation is differentiated 

by nutrient/starvation conditions accompanying amino acid provision (Tato et al., 2011). 

The extensive regulatory impacts of these and other nutrient sensors reflect their 

importance to hepatic metabolism.  

Maintenance of homeostasis in the hepatic environment involves numerous tightly 

interwoven signalling networks. Presenting the hormonal signals as divorced from 

alternate nutrient sensing pathways is a largely artificial construct, for ease of digestion, 

rather than an accurate reflection of the adaptive, multifaceted mechanisms involved. 

Glucose directly stimulates insulin secretion and suppresses glucagon secretion; the 

hormones, as discussed, can operate as nutrient sensors and cooperatively maintain 

euglycemia by facilitating glucose uptake or production as necessitated. Amino acids 

promote α-cell proliferation and secretion of glucagon, which feeds back to reduce amino 

acid signalling apparently independent of its glucose-related regulatory functions (Unger 

et al., 1970; Dean et al., 2017; Hayashi & Seino, 2018; Suppli et al., 2020; Winther-

Sørensen et al., 2020). These hormonal regulatory functions merge in many respects with 

carbohydrate-, lipid-, and amino acid-responsive signals. Nutrient sensing mechanisms 

are however complicated by more than simple downstream overlap in shared signalling 

pathways or targets. Rather, the sensors cooperate by design, providing additional layers 

of regulation, such that pathway activation may be determined by the combination of 

inputs. Liver glucokinase, for example, responds to the dual postprandial increases in 

glucose and insulin (Massa et al., 2011). The regulatory functions of SREBP-1c and 

ChREBP, TFs which respond to increased insulin and carbohydrate concentrations 

respectively, are overlapping but distinct, and consequently ensure that the liver’s full 

capacity for lipid synthesis is reached only when both stimuli are present (Linden et al., 

2018). The balance between these regulatory signals is therefore strongly integrated with 

maintenance of normal metabolism.  
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Pancreatic hormone secretion and signalling is dysregulated in diabetes. The field is 

dominated by investigation into the roles played by hyperinsulinemia and insulin 

resistance. Although these are unequivocally central to the condition, more recent studies 

have also begun to focus on the well-reported elevation of circulating glucagon in people 

with diabetes (Unger & Cherrington, 2012; Lee et al., 2016; Bisgaard Bengtsen & Møller, 

2021). In the diabetic context, hyperinsulinemia and/or hyperglucagonemia contribute to 

hyperglycaemia through failure to ensure proper glucose homeostasis. The inappropriate 

responses elicited, however, are neither limited to glucose control nor wholly 

straightforward: metabolic disease can for example demonstrate pathway-selective 

insulin resistance, such that effects on glucose metabolism are impaired while lipogenic 

effects are increased (Otero et al., 2014). Chronic hyperinsulinaemia in insulin-resistant 

syndromes can promote hepatic lipid accumulation (Wolfrum et al., 2004; Steneberg et 

al., 2015; Meroni et al., 2020), alter amino acid metabolism (Rozance et al., 2020), or 

suppress hepatic autophagy (Liu et al., 2009). Chronic hyperglucagonemia, traditionally 

causally linked to hyperglycaemia, has recently been theorised to potentially induce 

glucagon resistance in the liver and therefore improve glucose homeostasis (Bozadjieva 

Kramer et al., 2021); such resistance, however, may also dysregulate lipid and amino 

acid/protein metabolism and generally lacks uniform consequences (Janah et al., 2019; 

Galsgaard, 2020; Suppli et al., 2020; Winther-Sørensen et al., 2020). Perturbation of these 

hormones, and by extension their complex hepatic signalling networks, seems to be 

integrated with the diabetic phenotype; examination of their interactions might therefore 

be informative.  

The CREBRF R457Q missense variant has an established protective effect against T2D 

in human carriers (Minster et al., 2016; Krishnan et al., 2018; Hanson et al., 2019; 

Krishnan et al., 2020). Published studies have not as yet been able to provide a definitive 

basis for this effect, which is accompanied in some cohorts by reduced blood glucose 

levels or increased insulin secretion but is overall without consistent links to potential 

mediating factors across studies (Minster et al., 2016; Ohashi et al., 2018; Hanson et al., 

2019; Krishnan et al., 2020; Lin et al., 2020; Burden et al., 2021). Molecular or tissue-

specific studies have not been undertaken and as such there has been little focus on the 

pancreatic hormone signals which are dysregulated in the diabetic condition. There is, 

however, a clear association between WT CREBRF and nutrient-responsive energy 

metabolism: CREBRF expression is induced by starvation and linked with both glucose 
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and lipid metabolism in vitro, via associations with Crebl2 and FoxO1 (Tiebe et al., 2015; 

Minster et al., 2016; Tiebe et al., 2019). An indirect connection to (hepatic and systemic) 

glucose homeostasis is provided by starvation-induced expression of the shortened 

CREB3 isoform, sLZIP, which can promote gluconeogenic enzyme activity in human and 

murine liver cells with consequences on in vivo glucose tolerance (Kang et al., 2020). 

CREBRF variant activity on diabetes risk (or growth phenotypes) might feasibly involve 

altered nutrient-responsive signalling in peripheral tissues such as liver. With the 

exception of this last example, however, these associations have largely not been 

specifically studied in the liver. Current literature, therefore, cannot indicate whether 

CREBRF, either WT or variant, acts on the relevant hepatic signalling networks, or how 

such an interaction might influence cellular or systemic processes. 

Given these limitations, the current study investigated potential impacts of the CREBRF 

missense variant on hepatic signalling in the R458Q KI mice. Although the study 

described in Chapter 3 could not strongly indicate a role for the missense variant in the 

regulation of hepatic metabolism, the fasting-induced genotype differentiation in nutrient 

storage as well as the hepatic transcriptome (Chapter 4) also do not dissuade more 

targeted examination of hormone-stimulated signalling networks. The isolated primary 

hepatocyte model provides an opportunity to investigate molecular signalling in a 

controlled environment. Precise regulation of extracellular influences, including nutrient 

supply and hormonal stimuli, restricts confounding factors to allow clearer evaluation of 

interactions or mechanisms. In this chapter the aim was to characterise metabolic 

molecular pathways in primary hepatocytes isolated from WT and HOM male KI mice, 

and to determine whether the associated responses to nutrient conditions or hormone 

stimulation were impacted by presence of the R458Q variant. 
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6.2 METHODS 

6.2.1 Primary hepatocyte isolation  

Primary hepatocytes were isolated from chow-fed male CREBRF R458Q gene variant 

mice (WT and HOM) aged 10 weeks, which were housed and maintained as described in 

section 2.1 of this thesis, using a two-step perfusion method. Mice were intraperitoneally 

injected with a ketamine and xylazine cocktail (125 mg/kg and 25 mg/kg respectively) to 

induce deep anaesthesia. The liver was exposed and perfused in situ via the inferior vena 

cava, outflow via the hepatic portal vein, with pre-warmed 1x Hanks Buffered Salt 

Solution (HBSS; 138 mM NaCl, 50 mM HEPES, 5.6 mM glucose, 5.4 mM KCl, 0.34 

mM Na2HPO4, 0.44 mM KH2PO4, 4.17 mM NaHCO3, pH 7.4, at 37°C) with 0.5 mM 

EGTA. After 15 mins perfusion at a flow rate of 5 mL/min, liver was perfused with 50 

mL of 1 mg/mL collagenase H (Roche) in pre-warmed 1x HBSS supplemented with 2 

mM CaCl2. The digested liver was removed intact and placed in cold HBSS-CaCl2. 

Hepatocytes were released by gentle teasing of the softened liver and filtered through a 

100 μM cell strainer (BD Biosciences). Cells were then washed three times with ice-cold 

HBSS-CaCl2 at 50 g for 3 min at 4°C and the supernatant discarded. The final cell pellet 

was resuspended in adherence medium (below) for plating. 

6.2.2 Cell culture conditions 

All cell culture was carried out in aseptic conditions in a sterile biohood. Cells were 

cultured in a 37°C, 5% CO2 incubator. Hepatocytes were plated on collagen-coated 6-

well plates (Type 2 rat collagen from tail, Gibco) in an adherence medium (5.5 mM 

glucose Dulbecco's Modified Eagle Medium [DMEM] supplemented with 1% 

penicillin/streptomycin, 1% v/v Bovine Albumin Fraction V [7.5% solution, Thermo 

Fisher], 100 nM dexamethasone, 100 nM insulin, 2% v/v FBS). After 4 hr attachment, 

media was changed to basal media as described below. All cells were used in subsequent 

experiments within 24 hr. 

To test the possible influences of glucose content and/or amino acid composition, 

hepatocytes were cultured in either low- or high-glucose DMEM (D6046 and D6429 

respectively, Sigma Aldrich), or in Medium 199 (M199; #11043, Gibco). Media were 

supplemented with 1% penicillin/streptomycin and 100 nM dexamethasone. To test the 

effects of highly lipotoxic FA treatment, chosen to potentiate more stressful conditions 

and prominent impairment of insulin signalling than is necessarily seen with mixed-FA 
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media (Montgomery et al., 2016), palmitic acid solutions prepared in absolute ethanol 

were diluted in low-glucose DMEM media containing 2% FA-free BSA (Sigma Aldrich) 

to concentrations of 250 μM or 750 μM palmitic acid, or vehicle (ethanol added at 

equivalent volumes). FA and vehicle media were conjugated for 2 hr at 55°C, filter-

sterilised, and cooled to 37°C before addition to cells. 

6.2.3 Molecular signalling in hepatocytes 

To assess hormone-stimulated molecular signalling in hepatocytes after 16 hr incubation 

overnight as described above, hepatocytes were treated for 15 min with 100 nM insulin 

(Actrapid), 10 nM glucagon (Glucagen® Hypokit, Novo Nordisk), or insulin and 

glucagon coadministration (100 nM each; Mothe-Satney et al., 2004). For assessment of 

basal culture medium effects, hepatocytes were incubated for 24 hr without stimulation. 

Media was then removed, cells rapidly washed with cold phosphate-buffered saline 

(PBS), and collected using a cell scraper (Corning Inc., Corning, NY, USA) in 100 μl of 

ice-cold lysis buffer (50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 1% nonidet NP-40, 

10 mM Na4P2O7, 1 mM β-glycerol phosphate) supplemented with protease and 

phosphatase inhibitors (100 mM NaF, 2 mM Na3VO4, 4 µg/mL leupeptin, 100 µg/mL 

PMSF, 4 µg/mL aprotinin, 1 µg/mL pepstatin, 30 µM ALLN). Wells were rinsed with an 

additional 100 μl of lysis buffer to ensure that all cell material was collected. Samples 

were kept on dry ice before storage at -80°C. Cells were mechanically homogenised by 

passing through a needle and lysates prepared for immunoblotting as per the methods 

described in sections 2.2.1-3. Phosphorylation was normalised by immunoblot analysis 

using antibodies to respective total proteins, with GAPDH and pan 14-3-3 (see Table 2.5) 

used as housekeepers. 

6.2.4 Hepatocyte triglyceride measurements  

To assess triglyceride accumulation in hepatocytes, cells were cultured as described 

above for 16 hr overnight. Cells were then washed with cold PBS and collected in 200 μl 

of ice-cold PBS. Protein was quantified as per the methods described in section 2.2.2 and 

lipids extracted and quantified using GPO-PAP reagent (Roche) using the protocol 

described in section 2.2.4.  

6.2.5 Statistical analysis 

Densitometry and triglyceride accumulation were analysed by ordinary two-way 

ANOVA with post-hoc testing of WT vs HOM by Sidak’s multiple comparisons. Data 
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are presented as means ± SEM, with statistical significance accepted at p < 0.05. Sample 

size n represents biological replicates. Statistical analysis was performed in GraphPad 

Prism software (Prism 8, Version 8.0.2).   



163 
 

6.3 RESULTS 

6.3.1 Nutrient-responsive protein expression 

Examination of molecular signalling in an isolated hepatocyte model, free from influence 

of circulating hormones or substrates, allows narrower restriction of external confounding 

factors than is possible in an in vivo model. Nutrient provision impacts both hepatic 

metabolic function and CREBRF activity (Minster et al., 2016; Tiebe et al., 2019). We 

therefore clarified baseline effects of differential media composition on expression of 

selected proteins in hepatocytes isolated from male R458Q KI mice cultured for 24 hours 

under basal, unstimulated conditions, focusing on glucose and amino acid availability. 

To provide preliminary control measures for hepatocyte response to glucose availability, 

we evaluated expression of known glucose-responsive proteins, glycogen synthase (GS) 

and thioredoxin-interacting protein (TXNIP). Basal levels of inhibitory phosphorylation 

of GSSer641 in our hepatocyte model did not exhibit the expected glucose-induced 

increases in GS activity (Figure 6.1A). Under the high-glucose (25 mM) conditions only, 

HOM cells had significantly less GSSer641 phosphorylation than WT. TXNIP expression, 

known to be upregulated in hyperglycaemia and degraded upon energy stress (Ma et al., 

2006; Wu et al., 2013), was prominent in high-glucose and absent in low-glucose media 

(Figure 6.1A). There was no visible differentiation between WT and HOM cells.  

Given the known hyperglycaemia-induced suppressive effects on the hepatic PI3K/PKB 

pathway (Cordero-Herrera et al., 2014), comparative basal activity of PKB was assessed 

across the three media conditions. Phosphorylated PKBSer473 and PKBThr308 expression 

demonstrated the expected glucose-induced reductions, only faintly present in cells 

cultured in 25 mM glucose media (Figure 6.1A-B). Interestingly, phosphorylation was 

also promoted by culture in the more diverse amino acid conditions of M199 media, 

compared to either of the DMEM conditions. Expression of the phosphorylated proline-

rich Akt substrate 40 kDa (PRAS40)Thr246 protein, a canonical target of PKB kinase 

activity, appeared to mirror the glucose-induced repression patterns of PKB 

phosphorylation indicative of signal transduction (Figure 6.1B). The levels of PKB 

phosphorylation at both sites furthermore appeared to show a genotype-induced trend to 

reduced expression in HOM cells specifically in the low-glucose DMEM conditions. We 

therefore determined to focus primarily on hepatocytes cultured in this media to more 

thoroughly elucidate the potential genotype effect which was observed.  
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Figure 6.1: Basal nutrient-responsive signalling in R458Q primary hepatocytes.  

Hepatocytes isolated from WT and HOM male mice were cultured for 22 hours in M199 

(5.5 mM glucose), low-glucose (5.5 mM) DMEM, and high-glucose (25 mM) DMEM 

conditions without treatment. Cell lysates were loaded at 30 µg/well and immunoblotted 

for expression of insulin signalling proteins, with GAPDH used as a housekeeper. Results 

are shown as (A-B) representative images and (C) quantification by densitometry analysis 

shown as mean ± SEM, n = 3-4. # p < 0.05, ## p < 0.01, #### p < 0.0001 main effect of 

media, †† p = 0.0013 interaction between media and genotype by ordinary two-way 

ANOVA; * p < 0.05, ** p = 0.01 HOM vs WT by Sidak’s multiple comparisons test.  
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6.3.2 Insulin signalling 

Given that the CREBRF variant had been associated with diabetes risk in humans (Minster 

et al., 2016; Krishnan et al., 2018; Hanson et al., 2019; Krishnan et al., 2020), as well as 

with in vivo insulin tolerance in the mouse model (Figure 3.6), we investigated insulin 

signalling in isolated hepatocytes. Protein expression of phosphorylated PKB was utilised 

as the primary readout for the active insulin signalling pathway. Hepatocytes cultured 

overnight in low-glucose DMEM exhibited significantly lower levels of both PKBSer473 

and PKBThr308 phosphorylation in insulin-treated HOM cells compared to WT (Figure 

6.2). To provide a gauge for robustness of this genotype effect, the same measure was 

examined under different media conditions. Insulin-treated HOM hepatocytes reproduced 

the significantly stifled expression of phosphorylated PKBSer473 when cultured in M199, 

with a trend towards the same effect seen in high-glucose conditions (Figures 6.3, 6.4). 

To clarify any upstream source of the effects on PKB activity, protein expression of the 

active insulin receptor (InsR)Tyr1150/1151 was assessed. Insulin-treated cells under low-

glucose conditions did not show significant genotype differentiation (Figure 6.2). The 

HOM hepatocytes cultured in high-glucose media, in contrast, did demonstrate 

InsRTyr1150/1151 phosphorylation below WT levels, but this differentiation was not reflected 

in the comparatively minor reduction in PKB expression (Figure 6.3). Interestingly, the 

reduced PKB phosphorylation which was associated with presence of the missense 

variant following insulin stimulation was also a visible trend in the vehicle-treated cells. 

Prominence of this basal effect across media conditions largely mirrored insulin-

stimulated expression levels of phosphorylated PKB: greatest with M199 and least with 

high-glucose media. The genotype effect therefore seemed to become statistically 

significant due to the magnification of activity levels by insulin, not only a consequence 

of hormone administration per se. 

Possible functional relevance of this conserved genotype effect was therefore 

subsequently assessed in both low- and high-glucose conditions via the expression of key 

proteins representing distinct signalling pathways downstream of PKB. In the context of 

glycogen synthesis, phosphorylation of glycogen synthase kinase (GSK)3αSer21 and 

GSK3βSer9 was not consistently or significantly different between WT and HOM 

hepatocytes cultured in any media condition despite the genotype-dependent expression 

of the responsible kinase (Figures 6.3, 6.4). This was not driven by a failure in signal 
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transduction, which was demonstrated in the expected increases to GSK3α/βSer21/Ser9 

phosphorylation levels seen in insulin-treated WT cells. This stimulatory effect was most 

prominent in DMEM conditions but showed as a visibly more modest trend in M199-

cultured cells. Expression of the phosphorylated PRAS40Thr246 in low-glucose conditions 

was likewise increased by insulin administration, but not significantly impacted by 

genotype in the stimulated cells when normalised to housekeeper (Figure 6.2). There was 

however a trend to variant-associated reduction in the basal state which reflected that seen 

for PKB and may therefore represent genotype-dependent signal transduction.  
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Figure 6.2: Insulin signalling in R458Q primary hepatocytes cultured in low-glucose 

DMEM.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in 5.5 mM 

glucose DMEM and treated with vehicle or 100 nM insulin for 15 min. Cell lysates were 

loaded at 30 µg/well and immunoblotted for expression of insulin signalling proteins, 

with GAPDH used as a housekeeper. Results are shown as (A) representative images and 

(B) quantification by densitometry analysis shown as mean ± SEM, n = 3-6. Data were 

analysed by ordinary two-way ANOVA, * p = 0.0133, ** p = 0.0058 by Sidak’s multiple 

comparisons test.  
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Figure 6.3: Insulin signalling in R458Q primary hepatocytes cultured in high-

glucose DMEM.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in 25 mM 

glucose DMEM and treated with vehicle or 100 nM insulin for 15 min. Cell lysates were 

loaded at 30 µg/well and immunoblotted for expression of insulin signalling proteins, 

with pan 14-3-3 used as a housekeeper. Results are shown as (A) representative images 

and (B) quantification by densitometry analysis shown as mean ± SEM, n = 3. ** p < 0.01 

main effect of genotype by ordinary two-way ANOVA; * p < 0.05 by Sidak’s multiple 

comparisons test.  



169 
 

 

Figure 6.4: Insulin signalling in R458Q primary hepatocytes cultured in M199.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in M199 

and treated with vehicle or 100 nM insulin for 15 min. Cell lysates were loaded at 30 

µg/well and immunoblotted for expression of insulin signalling proteins, with pan 14-3-

3 used as a housekeeper. Results are shown as (A) representative images and (B) 

quantification by densitometry analysis shown as mean ± SEM, n = 3. * p < 0.05, ** p < 

0.01 main effect of genotype by ordinary two-way ANOVA; * p < 0.05 by Sidak’s 

multiple comparisons test. 

 

6.3.3 Glucagon signalling  

In order to supplement the analysis of hepatic insulin signalling, glucagon administration 

was used to develop a more complete image of pancreatic hormone signalling in our 

hepatocyte model. Given that, in physiological settings, periods of fasting are known to 
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induce both glucagon secretion and CREBRF expression, we investigated whether any 

elements of hepatic glucagon signalling might interact with presence of the CREBRF 

missense variant. Expression of phosphorylated CREBSer133 protein, as an established 

gluconeogenic target of hepatic glucagon signalling, provides an important indicator of 

functional signal transduction in our hepatocyte model. In low-glucose DMEM media 

conditions, both WT and HOM glucagon-treated cells showed increased phosphorylation 

from basal levels, with no differentiation between the genotypes (Figure 6.5). β-

cateninSer552 phosphorylation can similarly be utilised as a readout of glucagon signalling 

(Chowdhury et al., 2015). There were again no genotype differences in the significantly 

heightened expression which was induced by glucagon treatment in hepatocytes cultured 

in either low- or high-glucose DMEM media (Figures 6.5, 6.6).  

In the context of hepatic lipid metabolism, inhibitory phosphorylation of the lipogenic 

ACCSer79 was induced as expected by glucagon treatment (Figure 6.5). Expression levels 

in both vehicle- and glucagon-treated HOM cells suggested a shared trend to reduced 

phosphorylation, reflecting potentially greater activity irrespective of the hormone signal 

transduction, compared to WT. To further investigate specifically nutrient-responsive 

metabolism in our hepatocytes, we looked for the key growth- and survival-related 

protein mTOR. Phosphorylation at mTORSer2448, typically taken as a marker of mTORC1 

activation, was marginally induced by glucagon treatment and reflected a trend towards 

greater expression in HOM than WT cells which was present in both the basal and 

glucagon-stimulated conditions (Figure 6.5).  

Protein expression of active PKB, which we had previously utilised primarily as an 

indicator of insulin signalling, was further examined in the context of glucagon 

stimulation. Hepatocytes cultured in low-glucose conditions showed that glucagon 

treatment induced PKBSer473 phosphorylation in WT cells but was significantly less 

effective in HOM cells, where active PKB expression was only marginally greater than 

basal levels (Figure 6.5). The genotype differentiation represented in this measure was of 

greater magnitude than that seen with the equivalent insulin-stimulated conditions 

although the effect of glucagon was less. A similar trend to lesser HOM than WT 

expression of phosphorylated PKBSer473 was present in hepatocytes cultured in both high-

glucose DMEM and M199 media conditions, but this did not replicate the effect size 

(Figures 6.6, 6.7). 
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Figure 6.5: Glucagon signalling in R458Q primary hepatocytes cultured in low-

glucose DMEM.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in 5.5 mM 

glucose DMEM and treated with vehicle or 10 nM glucagon for 15 min. Cell lysates were 

loaded at 30 µg/well and immunoblotted for protein expression, with GAPDH used as a 

housekeeper. Results are shown as (A) representative images and (B) quantification by 

densitometry analysis shown as mean ± SEM, n = 3-4. * p = 0.0206, ** p = 0.0067, *** 

p = 0.0001 main effect of genotype, † p = 0.0170 interaction between treatment and 

genotype by ordinary two-way ANOVA; * p = 0.0467, *** p = 0.0002 by Sidak’s 

multiple comparisons test. 
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Figure 6.6: Glucagon signalling in R458Q primary hepatocytes cultured in high-

glucose DMEM.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in 25 mM 

glucose DMEM and treated with vehicle or 10 nM glucagon for 15 min. Cell lysates were 

loaded at 30 µg/well and immunoblotted for expression of insulin signalling proteins, 

with pan 14-3-3 used as a housekeeper. Results are shown as (A) representative images 

and (B) quantification by densitometry analysis shown as mean ± SEM, n = 3. p = 0.0068 

HOM vs WT by multiple t-tests, corrected for multiple comparisons using the Holm-

Sidak method.  
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Figure 6.7: Glucagon signalling in R458Q primary hepatocytes cultured in M199.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in M199 

and treated with vehicle or 10 nM glucagon for 15 min. Cell lysates were loaded at 30 

µg/well and immunoblotted for expression of signalling proteins, with pan 14-3-3 used 

as a housekeeper. Results are shown as (A) representative images and (B) quantification 

by densitometry analysis shown as mean ± SEM, n = 3, * p = 0.0215 main effect of 

genotype by two-way ANOVA.  

 

 

6.3.4 Insulin-glucagon crosstalk 

Known crosstalk exists between the insulin and glucagon hepatic signalling networks, 

including specifically at the PKB junction; co-administration of the two hormones can, 

in vivo, stimulate greater activation of PKB than is induced by insulin alone (Kim et al., 

2018). Given that we had identified PKB phosphorylation following glucagon 

stimulation, we therefore tested whether co-administration would produce this reported 

additive effect in our hepatocyte model, and whether this might show genotype 

differentiation. 
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In hepatocytes cultured under low-glucose media conditions, expression of 

phosphorylated PKBSer473 protein was significantly elevated following insulin and 

glucagon co-administration compared to treatment with either vehicle or insulin alone 

(Figure 6.8). This reproduction of the apparent crosstalk effect was present in both WT 

and HOM cells. The genotype effect observed at this phosphorylation site with insulin 

treatment was furthermore partially retained in co-treated cells. Phosphorylation induced 

at the alternate PKBThr308 site by co-treatment, in contrast, was not different between 

genotypes (Figure 6.8). Compared to the effects of insulin administration alone, the co-

administered glucagon did not significantly alter PKBThr308 in WT cells but induced mild 

increases in HOM cells. 

Downstream of PKB, the insulin-induced phosphorylation of PRAS40Thr246 was not 

significantly further increased in cells co-treated with glucagon (Figure 6.8). The main 

effect of genotype visible in insulin-stimulated conditions was retained. Hormone-

stimulated phosphorylated mTORSer2448 expression was significantly reduced in HOM 

compared to WT cells (Figure 6.8). The genotype effect appeared driven primarily by 

differentiated response to insulin treatment, which produced significantly increased 

phosphorylation in WT cells but strikingly had no discernible change from vehicle in 

HOM cells. There was however a repetition of the genotype trend in vehicle-treated cells, 

although this was not statistically significant, indicating some basal differentiation. Co-

administered glucagon produced a further increase for both genotypes.  

Signal transduction through the PKB-mTOR pathway, as evaluated here, displayed only 

mild cohesion. The additional phosphorylation of PKB which was observed in response 

to co-treatment did not seem to produce corresponding increases in the kinase activity 

directed at downstream substrates which were monitored here. The relationship between 

PRAS40 and mTOR, albeit not wholly interpretable solely from respective 

phosphorylation levels, was likewise not clearly correlated in the co-treatment context. 

The significant stimulatory effect of glucagon on β-cateninSer552 expression in the co-

treated cells (of both genotypes), absent in vehicle- and insulin only-treated cells, 

confirmed that the hormones acted as expected at the known target (Figure 6.8). 
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Figure 6.8: Insulin-glucagon signal crosstalk in R458Q primary hepatocytes.  

Hepatocytes isolated from WT and HOM male mice were cultured overnight in 5.5 mM 

glucose DMEM and treated with vehicle, 100 nM insulin, or co-treated with 100 nM 

insulin and 100 nM glucagon for 15 min. Cell lysates were loaded at 30 µg/well and 

immunoblotted for expression of insulin signalling proteins, with GAPDH used as a 

housekeeper. Results are shown as (A) representative images and (B) quantification by 

densitometry analysis shown as mean ± SEM, n = 3-5. ** p = 0.0091, *** p = 0.0004, 

**** p < 0.0001 main effect of genotype, † p = 0.0392 interaction between treatment and 

genotype by two-way ANOVA; * p < 0.05, ** p < 0.01 HOM vs WT by Sidak’s multiple 

comparisons test.   
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6.3.5 Triglyceride accumulation  

Given that WT and variant CREBRF have been linked to lipid metabolism in published 

in vitro models (Minster et al., 2016; Tiebe et al., 2019), we assayed triglyceride content 

to determine possible R458Q variant protein involvement in the KI hepatocytes. Cells 

cultured in low- and high-glucose DMEM exhibited significantly lesser levels of 

triglyceride accumulation in HOM compared to WT hepatocytes (Figure 6.9A). This 

genotype effect was especially prominent in the low-glucose media. Glucose 

concentration did not itself have a significant impact on triglyceride despite a seemingly 

positive relationship between glucose and triglyceride in HOM hepatocytes only. 

Hepatocytes were also cultured in a highly lipotoxic FA media to provide a crude mimicry 

of conditions observed with in vivo high fat feeding. Supplementation of low-glucose 

DMEM with palmitic acid consequently revealed a similar genotype differentiation in the 

FA-induced accumulation of triglyceride (Figure 6.9B). Provision of either 250 μM or 

750 μM palmitic acid content in media significantly increased triglyceride levels above 

those seen in control conditions. Although WT cells showed a trend to further increases 

when cultured in the more concentrated palmitate medium, this was not observed in the 

HOM cells which demonstrated no significant differences in accumulated triglyceride 

between the two FA media conditions. The overall effect of lessened triglyceride content 

in hepatocytes isolated from mice carrying the CREBRF missense variant also reached 

statistical significance specifically in the 750 μM palmitic acid conditions. 
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Figure 6.9: Triglyceride content in cultured hepatocytes isolated from R458Q mice.  

Accumulation of triglyceride in hepatocytes isolated from male 10-week-old variant mice 

and cultured overnight in (A) 5.5 mM and 25 mM glucose DMEM media (n = 5-7), or 

(B) low-glucose DMEM supplemented with 250 μM or 750 μM palmitic acid (PA), or 

vehicle (n = 3-5). Data are shown as mean ± SEM. ** p = 0.0015, *** p = 0.0005, main 

effect of genotype by two-way ANOVA. * p = 0.0216, ** p = 0.0038, HOM vs WT by 

Sidak’s multiple comparisons test.  
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6.4 DISCUSSION 

The liver is an essential organ involved in regulating the homeostatic response to nutrient 

state, mediated by the coordinated signalling actions of pancreatic hormones insulin and 

glucagon. Dysregulation of these hepatic networks is a contributor and consequence of 

metabolic perturbations found in, for example, insulin resistant conditions. The CREBRF 

R458Q missense variant is strongly associated with effects on growth and diabetes in 

human carriers but exploration of the metabolic phenotype has been largely restricted to 

the organismal scale (Minster et al., 2016; Hanson et al., 2019; Carlson et al., 2020; 

Krishnan et al., 2020; Metcalfe et al., 2020; Arslanian et al., 2021). In the current in vitro 

study, primary hepatocytes isolated from male mice harbouring this missense variant 

showed a subdued signal at the PKB-mTOR axis in HOM compared to WT cells. This 

variant-induced trend would run contrary to a human phenotype more logically reflective 

of the opposite associations but persisted across cells exposed to differing pancreatic 

hormone and media nutrient conditions. 

The current study examined PKB protein expression with the intent of providing a readout 

of insulin signalling in these hepatocytes. Activity at the insulin receptor did not, 

however, reflect differentiation in PKB phosphorylation between WT and HOM cells, 

suggesting that this effect was perhaps not driven by alterations to upstream insulin signal 

transduction per se. Indeed, the greater variant-induced impairment of PKBSer473 

phosphorylation which was produced in glucagon-stimulated HOM hepatocytes may 

suggest a closer interaction with CREBRF variant function than was presented by insulin. 

The nature of this R458Q interaction, revealed in PKB phosphorylation rather than total 

protein levels, seems to be mediated by upstream effector activity rather than changes to 

PKB gene transcription or protein degradation rates per se. The immediate kinases which 

act on PKB do not provide an obvious mechanistic basis: Thr308, phosphorylated by 

PDK1, and Ser473, phosphorylated by mTORC2, both showed reductions in HOM 

compared to WT cells.  

In contrast to the well-established insulin signalling pathway stimulating both PDK1 and 

mTORC2 kinases, the mechanism by which glucagon induces hepatic PKB activity both 

in vivo and in vitro is underreported in literature (Kim et al., 2018; Sunilkumar et al., 

2021). Although glucagon acutely stimulates insulin secretion in vivo, this has little effect 

on insulin clearance and furthermore cannot account for glucagon-stimulated effects in 
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isolated hepatocytes (Gelling et al., 2009; Song et al., 2017). Sunilkumar et al. (2021) 

recently suggested that glucagon-induced increases to intracellular cAMP concentrations 

might trigger an Epac-mediated mechanism to stimulate mTORC2 and thereby PKB 

activity. Interference with this Epac pathway might explain the selectivity which left more 

conventional glucagon signalling targets, mediated instead by the PKA pathway, largely 

unaffected by the R458Q variant. Glucagon is not known to induce PDK1 action on 

PKBThr308, but some convergence of signal is feasible: genetic inhibition of hepatic 

mTORC2 activity can, for example, produce defects in insulin-stimulated 

phosphorylation of both PKB sites, not only its direct Ser473 target (Yuan et al., 2012). 

This proposal cannot fully explain the insulin-stimulated effects in R458Q hepatocytes 

but highlights mTORC2 as a stronger candidate for further investigation.  

As shown here and elsewhere, coadministration of insulin and glucagon produces greater 

hepatic PKB activity than is achieved by either hormone alone (Kim et al., 2018). This 

additive effect implies distinct signalling pathways even downstream of the hormones’ 

respective receptors. The increased PKBSer473 activity following co-treatment in both WT 

and HOM hepatocytes, retaining but not enhancing the genotype effect, further proves 

that the R458Q variant did not impose an absolute ceiling on phosphorylation. Given that 

PKB phosphorylation was stifled in vehicle- as well as hormone-treated HOM cells, 

however, the variant-induced trend was perhaps not driven by hormone stimulation per 

se but brought into greater relief (and statistical significance) by the thusly heightened 

expression levels. This likely also holds for the comparatively mild genotype trend in 

cells cultured in 25 mM versus 5.5 mM glucose conditions, representing a consequence 

of the overall reduction in PKB expression induced by high glucose rather than any direct 

interaction between media and CREBRF variant function. The R458Q effect may 

therefore instead reflect a factor more consistently present in the kinase, cells, or culture 

conditions which has additional interaction with insulin- or glucagon-stimulated 

signalling. Phosphatase activity provides one feasible option, whereby the missense 

variant might induce greater removal of phosphorylation from PKB rather than limit 

upstream signal transduction. Beyond the potential to elucidate specific CREBRF variant 

protein interactions, identification of the relevant influence on PKB could also help to 

ascertain whether any other hepatic signalling pathways might likewise be impacted. 

Treatment of KI hepatocytes with alternate stimuli, or with inhibitors targeting either 

PKB-associated upstream molecules or phosphatases, could provide a more dedicated 
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interrogation. Mass spectrometric measurement of cellular contents would likewise 

provide broader knowledge, and thusly allow deeper insight into the variant-affected 

mechanism.  

Alternate phosphorylation sites on PKB can indicate not only upstream signal origins but 

also downstream consequences. The kinase can be activated by Thr308 phosphorylation 

alone but reaches maximal activity following Ser473 phosphorylation. The balance 

between these sites can finetune PKB substrate specificity, gearing the hepatic response 

towards, for example, glucose or lipid metabolism (Kazyken et al., 2019; Kearney et al., 

2019). Reductions to both Thr308 and Ser473 phosphorylation in vehicle- and insulin-

treated hepatocytes might imply general stifling of PKB activity in these HOM cells, 

without overt direct impacts to substrate selection. PKB phosphorylation is, however, 

non-linearly related to its kinase substrates which can show near-maximal 

phosphorylation even following significant reductions in phosphorylated PKB levels, 

with different substrates exhibiting different sensitivities (Hoehn et al., 2008; Larance et 

al., 2010; Tan et al., 2012). The measure cannot therefore be interpreted to necessarily 

indicate variant-induced changes to functional downstream endpoints. The absence of 

consistent differences in GSK3α/βSer21/Ser9 phosphorylation between WT and HOM cells, 

for example, suggests that the missense variant may not directly impact this aspect of 

glucose metabolism. Given the important role of PKB signalling in glucose regulation, 

further clarification of variant (in)activity might involve analysis of cellular glucose 

uptake or output, or of gluconeogenic gene expression, to offer insight into downstream 

functional consequences. The consequences of lessened PKB signalling seem to instead 

flow to diminished PRAS40Thr246 and mTORSer2448 phosphorylation in insulin-stimulated 

HOM hepatocytes, indicating that any phenotypic impacts may more likely influence 

growth or proliferation outputs (Han et al., 2016; Saxton & Sabatini, 2017). Although this 

differentiation among these PKB substrate expression patterns may imply some variant-

induced kinase selectivity, analysis of a broader range of PKB signalling targets, 

including functional metabolic assays, would elucidate any potential physiological 

relevance of these hepatic R458Q variant effects. 

Phosphorylation of mTORSer2448, although often taken as a proxy of mTOR activity, is 

nevertheless a debated and potentially inadequate measure. It has been variously reported 

as dependent on PKB activity or alternately as a target of p70S6K, itself an mTORC1 
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target, but is not necessarily indicative of mTOR catalytic activity (Chiang & Abraham, 

2005; Figueiredo et al., 2017). Indeed, both insulin and glucagon are elsewhere shown to 

induce mTORSer2448 (via PKB- and PKA-mediated pathways respectively) although only 

the former hormone will stimulate downstream mTORC1 targets 4E-BP1 and S6K1—an 

effect which is repressed by glucagon co-administration without change to Ser2448 

expression levels (Kimball et al., 2004; Mothe-Satney et al., 2004; Baum et al., 2009). 

The R458Q variant-induced reduction in mTORSer2448 phosphorylation in KI hepatocytes 

seemed driven primarily by insulin stimulation, with the further increase in response to 

glucagon co-administration not significantly different between WT and HOM cells. This 

difference perhaps provides further indication that the CREBRF missense variant which 

we see in this model largely operates on the PKB-centric pathways and is selective in its 

flow-on effects. Sunilkumar et al. (2021) recently reported that glucagon transiently 

stimulated mTORC1 signalling followed by latent suppression of its downstream targets, 

a biphasic effect which was mediated by PKB, not additive with insulin, and may suggest 

further unaddressed complexities of the associated signalling networks. That mTOR 

expression in the glucagon-treated KI hepatocytes did not mirror PKB activity may 

further indicate context-specific influence of either variant or hormone signalling. 

Examination of other components of the mTOR complex(es), and/or of downstream 

signalling targets, would help determine CREBRF missense variant interactions. 

Although phosphorylation at mTORSer2448 is reported in literature to be primarily found 

in mTORC1, with active mTORC2 instead dominated by autophosphorylation at 

mTORSer2481, the distinction is not absolute (Copp et al., 2009). These two mTOR 

complexes possess disparate roles, operating either upstream or downstream of PKB, with 

their actions either distinct or feedback-linked depending on the stimulus (Julien et al., 

2010; Tato et al., 2011; Saxton & Sabatini, 2017; Javary et al., 2018; Sunilkumar et al., 

2021). Reduced mTOR expression could represent either cause or consequence of the 

reduced PKB activity seen in the HOM hepatocytes. More conclusive identification of 

the specific CREBRF variant-affected complex in this hepatocyte model would aid in 

confirming mechanistic interactions. The question is particularly relevant given the 

feedback loops involved: just as mTORC2 will impact PKB-mediated mTORC1 

activation, so too can mTORC1 signalling inhibit mTORC2 phosphorylation of PKB 

(Julien et al., 2010). Implications of mTORC1 versus mTORC2 loss of function are not 

identical. Dysregulation of mTOR signalling is known to disrupt hepatocellular 
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homeostasis, provoking pathological consequences associated with metabolic disorders 

including obesity and diabetes (Cho et al., 2020). Identification of potentially functional 

consequences of the CREBRF missense variant in this context is therefore warranted. 

Although the hepatic mTOR signalling pathway(s) impacted by the CREBRF R458Q 

variant remain to be conclusively defined, some theories can nevertheless be formed. 

Stressors such as energy or nutrient depletion, for example, can suppress the pro-growth 

mTORC1 activity and induce mTORC2 signalling (Ben-Sahra et al., 2013; Kazyken et 

al., 2019; Kowalsky et al., 2020). These same conditions promote CREBRF expression 

by means both dependent and independent of mTORC1 inhibition, facilitating the 

downstream transcriptional programme which acts as a metabolic brake (Tiebe et al., 

2015; Minster et al., 2016; Tiebe et al., 2019). Consequent blunting of growth and 

proliferation, and promotion of cell survival, is perhaps not divorced from CREBRF-

mediated degradation of CREB3, which is induced by and facilitates pro-growth 

mechanisms (Penney et al., 2018). If the CREBRF R458Q variant does suppress the 

signal from PKB to mTORC1 in the KI hepatocytes, perhaps partially via PRAS40, then 

in theory this might induce its own expression and/or help promote a cellular metabolic 

state leaning towards a fasting response. Lack of a viable CREBRF antibody has, 

however, hindered testing protein expression levels. Speculation of greater CREBRF 

(variant) activity in a context of reduced PKB signalling would run somewhat against 

earlier reports that silencing of the WT protein inhibited PKB in gastric cancer models 

(Han et al., 2018). Whether this might reflect an element of tissue or model specificity 

requires additional clarification.  

Potential enhancement of the hepatic fasting response might typically incorporate 

heightened glycogenolysis, gluconeogenesis, or FAO. These pathways in the liver are at 

least partially stimulated by glucagon signalling (Longuet et al., 2008; Oh et al., 2013; 

Pereira et al., 2020). Presence of the CREBRF variant appeared not, however, to influence 

(major) glucagon-induced changes to protein expression in the KI hepatocytes beyond 

(non-canonical) phosphorylation of PKB. The general lack of differentiation between WT 

and HOM hepatocytes in glucose-dependent protein expression likewise does not reflect 

significant genotype association with nutrient provision. Although PKB activity has 

elsewhere been identified to enhance cellular bioenergetics (Li et al., 2013a), perhaps 

influenced by nutrient state, the current R458Q hepatocyte model has not been explicitly 
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examined for mitochondrial substrate supply or catalytic efficiency. Future investigation 

of this aspect is perhaps warranted even independent of the PKB association, given the 

established involvement of CREBRF in both starvation and bioenergetics (Minster et al., 

2016; Tiebe et al., 2019). Current work in this context cannot yet provide additional 

support for the theory that the R458Q variant might augment the hepatocyte fasting 

response. Cells were not, however, exposed to true starvation conditions. This perhaps 

hindered clarification of genotype-dependent hepatic signalling in response to 

bioenergetics or nutrient deprivation. Treatments such as rapamycin can induce mimicry 

of the fasting response and also provoke CREBRF expression (Minster et al., 2016; Tiebe 

et al., 2019). Implementation of different starvation conditions to model the KI 

hepatocyte response to nutrient scarcity vs sufficiency would permit more comprehensive 

interrogation of any R458Q interaction in this context.  

Amino acids provide an additional contributor to culture medium composition. KI 

hepatocytes cultured in M199, irrespective of genotype, showed protein expression 

patterns which were distinct from low- or high-glucose DMEM-cultured cells even in 

unstimulated conditions. The composition of M199 differs from DMEM primarily by 

incorporating a more diverse range of AAs (including alanine, aspartic acid, glutamic 

acid, and proline, which are absent from the latter medium), but approximately half the 

total concentration. AAs comprise a major hepatic carbon fuel source and are considered 

to be essential elements in normalisation of the metabolic phenotype in hepatocytes (Boon 

et al., 2020). They can activate PKB at both phosphorylation sites, representing a stimulus 

independent of insulin with distinct downstream effects, as well as mTORC1 signalling 

(Findlay et al., 2007; Tato et al., 2011; Takahara et al., 2020). It is possible that the greater 

amino acid diversity in the M199 medium might facilitate AA-specific signals, producing 

the observed protein phosphorylation, despite the reduced quantity: supplementation of 

media with limited, specific AAs (e.g., glutamine, leucine, and proline) is sufficient to 

augment insulin-induced PKB phosphorylation (van Meijl et al., 2010). Although there 

was no clear genotype dependence of the M199 influence on hepatocyte protein 

expression, a more specific interrogation involving overload and/or starvation of amino 

acid content would likely help to conclusively define interaction with the R458Q variant. 

Presence of the R458Q variant was associated with reduced triglyceride accumulation in 

isolated hepatocytes across multiple glucose and FA media conditions. The finding runs 
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contrary to Minster et al. (2016)’s adipocyte overexpression model in which the CREBRF 

missense variant promotes triglyceride accumulation even above the lipogenic effects of 

the WT protein. The disagreement may derive from differing models of variant protein 

transfected overexpression in immortalised cells versus transgenic knock-in in isolated 

primary cells. The protein may also have cell type-specific effects: knockdown of the 

CREBRF cofactor, Crebl2, inhibits lipogenesis in adipocytes but increases triglyceride 

levels in hepatocytes and myocytes (Ma et al., 2011; Tiebe et al., 2019). If Crebl2 can be 

taken to reflect CREBRF activity, the murine R458Q variant may therefore enhance WT 

lipid metabolism activity in hepatocytes as was seen in the earlier adipocyte model. In 

providing a static image of lipid content, however, this measure has somewhat limited 

capacity to reflect potential variant-induced fluctuations in the dynamic intracellular lipid 

pool. It is unclear, for example, whether triglyceride storage in HOM (unlike WT) cells 

was not stimulated by greater palmitic acid supply due to inhibited FA uptake, inhibited 

triglyceride synthesis, or heightened lipid catabolism. Reduced pACC expression in 

HOM cells perhaps indicates a trend towards greater lipogenic activity, but carries the 

caveat that total levels could not be quantified. Although the variant effect is most 

pronounced following FA exposure, its presence in non-supplemented DMEM might 

imply partial contribution of glucose uptake and metabolism. Nor is it known how this 

altered triglyceride accumulation might consequently impact FA partitioning and 

accumulation of bioactive, potentially more deleterious, lipid species. These questions 

could be better answered by testing, for example, cellular fate of labelled palmitate or 

glucose substrates in order to elucidate a possible mechanism of action, as could not be 

sufficiently analysed in the present study (Parks & Hellerstein, 2006; Triebl & Wenk, 

2018). 

Altered triglyceride content suggests further-reaching effects of the R458Q variant 

influence on hepatocyte metabolism beyond the PKB-mTOR axis. The mutual stifling of 

these effects in HOM cells is perhaps unlikely to reflect a unanimous downregulation of 

cellular processes, given that total protein expression (and by implication activity) is not 

uniformly impacted. PKB-mTOR pathway inhibitors have, however, elsewhere been 

shown to reduce lipogenesis in primary hepatocytes, and it is possible that the subdued 

PKB signal in HOM hepatocytes might act similarly (Li et al., 2010; Han et al., 2015). 

Alternately, reduced mTORC2 activity has also been shown to inhibit hepatic lipogenesis 

both in consequence of and independent of its effects on PKB (Hagiwara et al., 2012; 
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Yuan et al., 2012). If reduced lipid storage implies fewer available energy reserves, this 

might pre-empt suppression of PKB-mediated growth processes. Given that KI 

hepatocytes were cultured in a lipid-rich environment, the absence of any overt response 

to this potential energy substrate source in the HOM cells could have broader implications 

for nutrient sensing or fuel selectivity. Regardless, the triglyceride measure serves to 

indicate that the apparent deterioration of insulin sensitivity in these R458Q hepatocytes 

was neither sparked nor facilitated by excess lipid accumulation. 

Current literature provides no specific interrogation of hepatic molecular signalling in 

human CREBRF missense variant carriers. Of the pancreatic hormones, glucagon is 

wholly unmentioned. Although both Hanson et al. (2019) and Burden et al. (2021) report 

an association with greater insulin secretion in R457Q variant carriers, the effect appeared 

not to represent compensation for decreased peripheral sensitivity (such as that which 

seemed to be indicated in the KI hepatocytes). Indeed, hyperinsulinemic-euglycemic 

clamp measurements in the more recent human study indicate that the altered glucose-

stimulated insulin release associated with the CREBRF variant is unaccompanied by any 

changes in insulin sensitivity (Burden et al., 2021). Responses within the hepatocyte may 

not strictly dictate organismal insulin signalling or sensitivity but are nevertheless key to 

homeostatic regulation. Rodent studies have elsewhere demonstrated that liver-specific 

deletion of PKB will produce whole-body insulin resistance, glucose intolerance, and 

hyperglycaemia (Lu et al., 2012). The CREBRF variant-associated deterioration of PKB 

activity in isolated hepatocytes, even if not seen only in insulin-treated conditions, could 

reasonably be expected to predispose R458Q carriers to more systemic insulin resistance 

(or to exacerbate such conditions). That these effects were continued in co-treated 

hepatocytes may moreover bear additional relevance to the diabetic condition, which 

human studies have associated with both hyperinsulinemia and hyperglucagonemia 

(Reaven et al., 1987; Demant et al., 2018; Araujo et al., 2019; Wewer Albrechtson et al., 

2019). In light of this, further investigation of CREBRF variant function in human cohorts 

might also be benefited by a closer focus on pancreatic hormone signalling as well as 

secretion. 

The links between hepatic hormone signalling and metabolic (dys)regulation invite a 

more deliberate study of insulin resistant or diabetic conditions. Culturing primary 

hepatocytes in high glucose conditions has elsewhere been typified by, for example, 
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significant suppression of insulin-stimulated PKBThr308 phosphorylation and reduction in 

basal protein expression compared to low glucose-cultured cells (Cordero-Herrera et al., 

2014; Chen et al., 2019). The lessened PKB expression which was displayed in the current 

study by hepatocytes cultured in 25 mM compared to 5.5 mM glucose media likely 

reflects partial induction of a similarly insulin resistant state. In this state, the CREBRF 

variant-induced decrease in PKBSer473 phosphorylation seen in insulin- or glucagon-

treated cells was of lesser magnitude but HOM cells were notably not protected from high 

glucose-induced reduction of insulin signalling. This contrasts the variant-associated 

protection against diabetes seen in human carriers (Minster et al., 2016; Krishnan et al., 

2018; Hanson et al., 2019; Krishnan et al., 2020), who are perhaps accordingly unlikely 

to share the liver-specific molecular signalling effects seen in the murine in vitro model 

reported here. Insulin-related discrepancies in human and murine variant phenotypes may 

indicate mistranslation of CREBRF variant function between species.  

Any extrapolative effort to apply findings from this hepatocyte model to the whole-body 

context of the missense variant phenotype must consider tissue specificity. CREBRF has 

little literature to elucidate tissue-specific activities, but its cofactor Crebl2 has distinct 

effects on lipid and glucose metabolism across cell lines (Ma et al., 2011; Tiebe et al., 

2019). Whole-body studies of the human R457Q missense variant focus on muscle mass 

and/or fat mass phenotypic effects without specific attention to liver. mTORC1/2 

signalling is also differently regulated in liver compared to muscle, and although 

alterations to mTORC1 signalling in skeletal muscle or bone can impact whole-body 

metabolism, any systemic variant-induced changes similarly driven by other tissue or cell 

types would logically not be visible in a hepatic model (Naito et al., 2013; Guridi et al., 

2016; Tangseefa et al., 2021). PKB-centric signalling in skeletal muscle promotes insulin-

stimulated glucose uptake and is required for insulin/IGF1-mediated skeletal muscle 

growth (Jaiswal et al., 2019). Any reproduction in muscle of the hepatic CREBRF 

missense variant-induced stifling of PKB-mTOR signals, given the major contribution of 

skeletal muscle to whole-body glucose homeostasis and growth, might produce similarly 

weighted influence in variant carriers. Such a (theoretical) lessening of either glucose 

uptake or muscle mass would not align with the reported R457Q variant phenotype. The 

current hepatocyte model cannot be presumed to parallel variant effects in other tissues, 

which should be examined to extend our knowledge of genotype-dependent molecular 

signalling and relevance to the whole-body phenotype. 
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In conclusion, molecular signalling in primary hepatocytes isolated from male mice 

harbouring the CREBRF R458Q variant was most prominently affected by reduction of 

PKB activity. Origins of the baseline trend in HOM cells, seen irrespective of hormone 

or nutrient exposure, are unclear although its enhancement following hormone 

stimulation may indicate some immediate mechanistic convergence on mTORC2. 

Genotype-dependent stifling of signal through the PKB-mTORC1 axis, accompanied by 

altered triglyceride accumulation, may involve altered homeostatic response to nutrients 

reflecting known CREBRF functions as a starvation factor. Lessening of insulin or 

growth signalling would not, however, match the human CREBRF variant phenotype, 

and necessitates consideration of tissue specificity as well as species translatability. These 

results further invite more thorough cross-examination of response to nutrient conditions 

(especially mTORC1/2 signals) to understand the impacts of R458Q on molecular 

signalling.  
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CHAPTER 7: General Discussion 

Obesity represents a public health concern of heightened significance to global 

contemporary populations, being increasingly prevalent and associated with substantial 

adverse metabolic conditions. Attention has been drawn to the search for genetic variants 

which might produce susceptibility to these comorbidities. The R457Q missense variant 

in the CREBRF gene is tightly restricted to Pacific Island (PI) populations, where it has 

been linked to excess body weight, increased height and fat-free mass, and paradoxical 

reductions in risk of type 2 and gestational diabetes (Minster et al., 2016; Naka et al., 

2017; Krishnan et al., 2018; Arslanian et al., 2021). With published reports of the 

CREBRF R457Q variant thus far concentrating primarily on human population studies, 

the current project investigated missense variant function using a novel mouse model to 

facilitate closer in vivo and in vitro examination. This model knocked in the murine 

CREBRF R458Q variant to replace the endogenous CREBRF on an FVB/N background. 

We sought to characterise, firstly, the whole-body metabolic phenotype of this KI mouse 

model; and, secondly, any molecular pathways impacted by variant function. 

The in vivo metabolic phenotypes of male and female R458Q KI mice were assessed from 

8 to 20 weeks of age as described in Chapter 3. Changes in body weight and fat mass 

were not distinguishable between WT and HOM mice, but significant dose-dependent 

increases in total lean mass and naso-anal length were attributed to the missense variant 

in chow-fed male mice. Diabetes risk was not significantly diminished, with subdued 

response to insulin in male HOM mice, minimally altered glucose homeostasis, and 

unchanged basal glucose or insulin levels. Whole-body energy expenditure was not 

impacted, but tissue nutrient homeostasis implied potential exaggeration of fasting 

response in HOM mice. Overall, unlike the human CREBRF variant phenotype, the 

findings presented in this chapter demonstrate only mild differences between mice 

carrying either one or two copies of the knocked-in missense variant and their wildtype 

counterparts.  

Chapter 4 interrogated the transcriptome of gastrocnemius and liver tissues taken from 

20-week-old R458Q KI mice after metabolic characterisation. The results from this 

chapter demonstrated distinct sex- and tissue-specific impacts of the CREBRF missense 

variant on WT transcriptional action, illustrated in differential expression of both mRNA 

and ncRNA transcripts. GSEA revealed significant enrichment of biological processes or 
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pathways relating to protein synthesis, turnover, processing, and trafficking as well as 

cellular respiration and fuel metabolism. These variant-induced alterations broadly 

correlated to a catabolic transcriptional programme with a speculative role in bioenergetic 

homeostasis. Canonical transcriptional factors could not be unambiguously identified to 

mediate even half of the total differential expression, but associations were seen with 

CRE-binding, GRE-binding, and in particular FOXO TFs. 

The fat-free mass phenotype identified in male carriers of the R458Q variant was more 

closely investigated in Chapter 5. Musculoskeletal characteristics of chow-fed WT and 

HOM male mice displayed only mild effects of genotype in this pilot cohort study. 

Skeletal muscle mass was slightly reduced in R458Q tibialis and EDL without visible 

effect on either larger hindlimb muscles. Hindlimb WT and HOM bones were only 

differentiated in femur width measurements. This chapter also saw no significant trends 

in muscle function for exercise endurance and forelimb grip strength parameters. Overall, 

muscle- and bone-specific effects of the murine R458Q variant were inconsistent across 

measures without strong genotype associations. The cohort did not recapitulate the 

genotype-dependent body composition effects seen in Chapter 1 and evidence of a 

muscle-driven lean mass effect could not be established. 

The central goal of Chapter 6 was to perform in vitro characterisation of CREBRF R458Q 

variant effects on metabolic molecular pathways in primary hepatocytes isolated from 

WT and HOM male mice. The missense variant was associated with a subdued signal at 

the PKB-mTOR axis, an effect which was significantly amplified following stimulation 

by insulin and/or glucagon. Lipid accumulation was likewise subdued in HOM cells, and 

less responsive to fatty acid substrate provision. These results recapitulated the in vivo 

link to nutrient-sensitive function in isolated conditions, suggesting a potential molecular 

mechanism for its cellular transduction. The altered hormone response outlined in this 

chapter, which appeared to be pathway selective and persisted across different media 

conditions, also carried implications for missense variant-induced changes to in vivo 

insulin sensitivity and/or glucose homeostasis running counter to the human R457Q 

phenotype. 

Major Phenotype 

Overall, the current thesis finds that this novel CREBRF R458Q mouse model possesses 

a mild, sex-specific metabolic phenotype which, in the timeframe and conditions 
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assessed, showed only partial correlation and speculative parallels with the human R457Q 

variant phenotype. Given the somewhat preliminary nature of this work, the studies 

performed primarily sought to establish the new model without necessarily anticipating 

definitive mechanistic conclusions. The changed body composition seen in variant 

carriers is the most visible and therefore readily identifiable genotype effect in human 

populations; the significant alterations to body composition seen in the R458Q mouse 

model were sex-, diet-, and age-dependent and differed between animal cohorts and 

therefore also between chapters of this thesis. Total fat mass, for example, differed not 

between WT and HOM animals, but between Chapters 3 and 5; total lean mass had 

variant-induced increases in chow-fed males in the former but not the latter chapter. 

Although partially accounted for by natural biological variability independent of missense 

variant function per se, and exacerbated by limited sample sizes, inter-cohort differences 

highlight that the murine missense variant has only particularly minor effects. Potential 

restriction of phenotypic development to specific but largely unidentified contexts 

complexifies interpretation of missense variant function in this mouse model. 

Despite the absence of any obesity phenotype in the R458Q mouse model, assessment of 

in vivo tissue triglyceride storage across these chapters might imply missense variant 

impacts to lipid metabolism on a smaller scale. The greater TG accumulation in male liver 

tissue taken from fasted HOM mice, reported in Chapter 3, might reflect the similarly 

enhanced circulating NEFA levels in these animals. In a similar vein, the R458Q-induced 

increases to male skeletal muscle TG content shown in Chapter 5, but absent in the larger 

cohort described in Chapter 3, might be partially due to the cross-cohort increase in total 

fat mass proportion. Such functional tissue-specific consequences could feasibly offer a 

partial reflection of the greater total or regional fat mass which has elsewhere been 

reported for the human (but not murine) missense variant phenotype (Minster et al., 2016; 

Naka et al., 2017; Krishnan et al., 2018; Hawley et al., preprint). Any parallels drawn 

must, however, be considered with the caveats that CREBRF variant-associated adiposity 

in these population studies has not been assessed specifically in individual organs or 

tissues, disallowing any targeted analysis of possible ectopic distribution patterns. Given 

that the increased TG content in HOM liver and muscle did not significantly alter total 

endpoint mass of either individual tissue, unaltered adipose tissue mass could feasibly 

similarly mask smaller-scale changes. Indeed, this disjunction could thereby lend 
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speculative weight to the inconsistencies in human R457Q-associated adiposity 

(Krishnan et al., 2020; Lin et al., 2020; Hawley et al., preprint).  

Rather than being taken to directly evidence steatotic or lipotoxic consequences on the 

organismal scale, the altered ectopic lipid accumulation in the KI mouse model may more 

accurately imply specific modulation of cellular metabolism. Although a targeted in vitro 

examination of affected pathways could typically facilitate the definition of molecular 

signalling, discrepancies between the in vivo results of Chapter 3 and the in vitro 

hepatocyte model described in Chapter 6 render such interpretation difficult. Presence of 

the CREBRF missense variant alters liver TG content in both contexts, but the in vivo 

increases and in vitro decreases seen in HOM male mice lack an overt common 

denominator to explicate the seeming contradiction. The greater in vivo TG content may 

superficially reflect enhanced hepatic FFA uptake and re-esterification in response to the 

heightened circulating NEFA levels in HOM mice. The failure of isolated HOM 

hepatocytes to likewise respond to greater FA media concentrations contrarily implies 

that the missense variant may impose a limit on one or both of these cellular processes. 

The differential expression of hepatic genes in fasted male mice, described in Chapter 4, 

lacks any clear transcriptional emphasis on either lipid deposition or oxidation processes. 

The results are not wholly irreconcilable. Circulating NEFAs may be heightened by 

reduced uptake as well as increased lipolysis, which may be a question better answered 

using a primary adipocyte model. Relative reductions in lipid storage as TGs may instead 

reflect greater oxidation for use in the TCA cycle or ketogenesis, or vice versa.  

Alternately, the differentiation of these effects on lipid metabolism may be a consequence 

of nutrient conditions, with the missense variant potentially driven by acute adaptation to 

nutrient deprivation. Prolonged fasting is known to promote increased lipid deposition in 

tissues (Hashimoto et al., 2000; López-Soldado et al., 2020). On the molecular scale, lipid 

metabolism and deposition are mediated by nutrient-sensitive TFs including PPARs, 

BCL6, and ChREBP, which are affected in the R458Q variant transcriptome, as well as 

the mTOR complexes, which are also implicated in the hepatocyte model. The molecular 

processes underlying significant fasting-induced increases to NEFA and TG levels in 

vivo, exaggerated in the HOM males, are perhaps simply not stimulated, or even actively 

repressed, in the nutrient-replete conditions of the hepatocyte media. Indeed, reduced 

variant activity in overnutrition might reflect the greater lipid accumulation which was 
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induced in HFD-fed mice without genotype differentiation. Nutrient composition, in 

addition to quantity, can also influence cellular metabolism. Although FAs are known 

PPAR ligands, for example, polyunsaturated FAs are the more potent activators and 

disparity in stimulatory effect between different FAs has been demonstrated in primary 

hepatocytes (Pawar & Jump, 2003; Jump, 2008). The palmitic acid which was used to 

FA-treat the R458Q hepatocytes may have therefore had a milder effect on this lipid 

metabolic pathway than might be induced in vivo. These findings, taken together, may 

suggest that the missense variant could influence the flux through these pathways, 

balancing lipid accumulation and catabolism, in response to cues which presumably differ 

between systemic and isolated models.  

In vivo increases to organismal growth, incorporating greater fat-free mass and naso-anal 

length, comprised the most significant alterations of total body composition phenotype in 

R458Q mice of the present study. Given that variant-induced lean mass and/or height has 

recently been likewise reported in multiple human population studies (Krishnan et al., 

2018; Hanson et al., 2019; Carlson et al., 2020; Lin et al., 2020; Metcalfe et al., 2020; 

Arslanian et al., 2021; Oyama et al., 2021; Hawley et al., preprint), and indeed represents 

the sole strongest point of similarity between murine and human variant phenotypes, the 

functional basis underlying this effect becomes particularly pertinent. Interpretation can 

be somewhat complicated by the general lack of definitive evidence that the overall lean 

mass effect is driven by muscle, as is typically assumed by that measure; the current 

study’s inability to attribute this to any specific tissue or organ might suggest a cumulative 

effect which, being subtler, is not readily defined. Lee et al. (preprint) have recently found 

lower circulating levels of myostatin in male variant carriers in an NZ population and 

present the depletion of this evolutionarily conserved negative regulator of 

musculoskeletal mass as a likely mediator of the CREBRF variant growth phenotype. The 

theorised mechanistic link to CREBRF is threefold: myostatin expression is induced by 

ER stress, by glucocorticoid signalling, and via a cAMP responsive element in the gene 

promoter (Ma et al., 2001; Nogalska et al., 2007; Grade et al., 2019). CREBRF activity 

can repress each of these factors (Audas et al., 2008; Martyn et al., 2012; Audas et al., 

2016); although a direct causative link is unproven, missense variant-induced 

enhancement of these interactions may produce the in vivo myostatin reductions. These 

levels were not assessed in the current study, but the theorised association is no less 

plausible in the mouse model than in human populations. 
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Examination of possible transcriptional mechanisms underlying this lean mass 

phenotype, as described in Chapter 4, revealed instead a seemingly paradoxical shift 

towards atrophic or catabolic cellular processes in HOM gastrocnemius muscle. Although 

myostatin mRNA was not represented in these findings, the missense variant appeared to 

regulate other key mediators of muscle wasting and denervation in a manner not 

conducive to growth. Given that the transcriptional analysis in Chapter 4 was performed 

on tissues taken from the same animals which demonstrated the CREBRF variant growth 

phenotype in Chapter 3, this discrepancy cannot be relegated solely to biological 

variability. Although possible that the gastrocnemius transcriptome does not represent the 

cellular processes in other tissues, a stark opposition between muscle types would be 

necessitated to explain the overall difference. Muscle growth is driven by fibre number 

and size and individual muscles differing in fibre composition can experience fibre type- 

and thereby muscle-specific effects. Alternately, transcriptional changes in R458Q 

muscle were seen in animals which had been fasted overnight, perhaps representing 

missense variant interaction with the WT function as a starvation factor. Differentially 

expressed transcripts could undergo further mRNA processing without being fully 

translated to a correspondingly atrophic or dystrophic effect; a context-dependent driver 

of these changes could be active too briefly for visible constitutive changes to lean mass 

composition. The latter, indicating distinct susceptibility to external or environmental 

conditions, may partially explain why the cohort described in Chapter 5, unlike Chapter 

3, did not exhibit variant-induced changes to total lean mass. 

The catabolic transcriptional shift may not be wholly incompatible with increased total 

lean mass, despite the superficial contradictions, particularly in the context of applied 

pressures. Myostatin depletion, for example, illustrates similarly discrepant and not 

necessarily beneficial consequences for skeletal muscle form and function across multiple 

models. Excessive muscle growth following myostatin knockout or dysfunction can 

enhance bone mineral density and exercise-induced gains in bone strength (Montgomery 

et al., 2005; Hamrick et al., 2006), but can also compromise specific muscle force 

(Mendias et al., 2006; Amthor et al., 2007). This suggests that the trend to reduced grip 

strength and exercise endurance in HOM male mice described in Chapter 5, seen 

alongside greater femoral size, does not necessarily run counter to a pro-growth 

mechanism. More directly relevant, reduced myostatin inhibition of muscle hypertrophy 

does not protect against (and may associate with) the loss of muscle mass induced by 
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fasting, hindlimb suspension, exercise, or neuromuscular disease (McMahon et al., 2003; 

Baltusnikas et al., 2015; Mariot et al., 2017; Fokin et al., 2019). Curiously, myostatin 

deletion does inhibit glucocorticoid-induced proteolysis and atrophy (Gilson et al., 2007), 

implying additional pathway selectivity even within the bounds of acute muscle mass 

loss, which is perhaps instructive even if not strictly applicable to the present study. A 

more nuanced interpretation of CREBRF missense variant interactions in skeletal muscle 

might thereby integrate both constitutive increases to total growth and context-specific 

transcriptional atrophy programmes. Although findings from the current R458Q mouse 

model cannot constructively identify the molecular mechanisms inducing growth in 

variant carriers, they indicate likely transcriptional regulation which with further study 

might reveal details of a delicately balanced adaptive response facilitating skeletal muscle 

metabolism.  

The defining metabolic characteristic of the human CREBRF missense variant is the 

significant reduced risk of type 2 and/or gestational diabetes (Minster et al., 2016; 

Krishnan et al., 2018; Hanson et al., 2019; Krishnan et al., 2020). This protection has 

been associated with reduced fasting blood glucose levels and, independently, with 

greater compensatory insulin secretion or serum lipid content, but these potential 

causative factors are not consistently observed across the surveyed PI populations 

(Minster et al., 2016; Ohashi et al., 2018; Hanson et al., 2019; Krishnan et al., 2020; Lin 

et al., 2020; Burden et al., 2021; Russell et al, preprint). A current prevailing theory 

suggests that the increased height and lean mass in variant carriers, reflecting overall 

organismal growth including of the pancreas, is a key driver of improved glucose 

homeostasis and pancreatic hormone secretion (Metcalfe et al., 2020; Krishnan et al., 

2020). This argument is persuasive in the human population, but distinctly not applicable 

to the current R458Q mouse model, given that glucose tolerance and insulin secretion 

were unchanged despite increased lean mass and length in the male HOM animals. Rather 

than being driven by glucose stimulation, the R458Q genotype differentiation in mice is 

instead observed in subdued peripheral sensitivity to insulin both in vivo and in vitro, 

significantly impairing systemic glucose clearance as well as PKB activity in isolated 

hepatocytes. This effect, seen in an isolated cell model, is logically not a product of 

organismal growth but does lead to further questions regarding possible tissue-specific 

effects of insulin stimulation. Murine variant carriers, seeming more likely to be 
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predisposed to insulin resistance than protected from metabolic syndrome, can in this 

regard offer little direct insight into the human phenotype. 

Deterioration of insulin signalling has at least superficial links to metabolic ill-health but 

is not without ambiguities relating to the aetiology of metabolic syndrome. Excessive 

insulin signalling via the insulin receptor is also associated with developing resistance. 

Indeed, models of mildly defective glucose tolerance and/or mild IR, in contrast to total 

ablation of signalling, have been proposed to represent a protective mechanism during 

ageing (Holzenberger et al., 2003; Schulz et al., 2007; Barzilai & Ferrucci, 2012; 

Lamming et al., 2012). Mice with partial impairment of peripheral insulin receptor 

expression were recently found to exhibit defects in glucose clearance during a GTT, but 

also protection from HFD-induced hepatic lipid accumulation (Merry et al., 2020). This 

metabolic phenotype was underlain by a hepatic energy deficit, accompanied by induction 

of AMPK and mitochondrial biogenesis. Merry et al. (2020) consequently suggest that 

the incomplete impairment of insulin signalling mimics caloric restriction during 

metabolic stress conditions. The link between these facets of metabolism may suggest a 

scenario through which to reconcile the R458Q-induced lessened response to insulin 

administration, the R457Q protection against diabetes, and the shared CREBRF influence 

on fasting nutrient homeostasis and physiological stress. 

The subdued response to insulin administration in male murine variant carriers may not 

be straightforwardly applicable to in vivo diabetic or indeed physiological contexts. The 

disappearance of any significant insulin-induced genotype differentiation in glucose 

clearance upon HFD feeding in vivo, or in PKB expression upon high-glucose culturing 

of hepatocytes, shows an apparent restriction to conditions which are not likely to 

themselves induce insulin resistance. The potential for comparative protection against 

diet-induced deteriorations in sensitivity, being observed from uneven baselines, confers 

little practical advantage in the obesogenic conditions which are presumed to prevail 

among the human populations studied in this context (Minster et al., 2016). Nor did the 

reduction in insulin signalling in chow-fed HOM animals seem explicitly associated with 

altered circulating glucose or insulin levels in any in vivo context beyond the somewhat 

artificial design of the ITT. Diminished glucose uptake in high insulin and low (fasting) 

glucose conditions might be construed as avoidance of hypoglycaemia, but positing a 

genuine protective effect is perhaps too poorly evidenced. Postprandial secretion of 



197 
 

insulin, being less extreme than the dosages provided in either tolerance test or in vitro 

models, might well fail to induce notable genotype differentiation in these measures. 

Comparison to the hepatocyte model suggests a basal trend, magnified to statistical 

significance following pancreatic hormone stimulation. The nature or physiological 

circumstances of this stimulation, however, may not necessarily directly relate to diabetes 

aetiology despite the human variant phenotype. The hepatic PKB-mTOR molecular 

pathways affected in vitro, and indeed potentially the in vivo consequences, could suggest 

nutrient-responsive impacts to growth reminiscent of the likewise paradoxical catabolic 

transcriptome observed in muscle. 

Interpretative Frameworks 

The paradigm most commonly used in discussing CREBRF R457Q missense variant 

function is that of a thrifty metabolism, using a conception derived from Neel (1962)’s 

Thrifty Genotype Hypothesis (TGH). This theoretical framework positions the CREBRF 

variant at a bioenergetic pivot point, maximising energy storage and restricting energy 

expenditure to promote a more efficient energy balance. In a modern obesogenic 

environment, with increasing abundance of processed foods and declining physical 

activity, the evolutionary impetus is less applicable and such efficiency becomes less 

advantageous. The association was first drawn upon the discovery of the R457Q variant 

in Samoa and American Samoa, in alignment with greater BMI as well as increased lipid 

accumulation and decreased cellular respiration in the accompanying in vitro model 

(Minster et al., 2016). More recent studies of the R457Q genotype in other PI populations, 

however, have deemphasised the role of fat mass and thus cast some doubt on TGH 

applicability (Metcalfe et al., 2020; Krishnan et al., 2020; Lee et al., preprint). The mouse 

model described in the current thesis likewise cannot support this initially proposed 

framework, demonstrating neither increased total fat mass nor changed whole-body 

energy expenditure as might have been expected from a thrifty phenotype. This 

conceptual shift across both human and mouse studies may imply that the missense 

variant is not impervious to other environmental or ancestral factors, but the literature 

lacks obvious indications regarding the nature of such interference.  

The driving evolutionary force behind the mutation and/or development of its 

contemporary phenotype likely does not directly mirror the thrifty model presented by 

Minster et al. (2016) but may reflect an offshoot of the controversial hypothesis. Studies 
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in Drosophila, for example, have recently demonstrated that the induction of metabolic 

thrift using high-protein environments predisposed animals to accumulate less 

triglyceride than controls, not more, when exposed to fattening high-carbohydrate foods 

(Gray et al., 2021). In contrast, Drosophila selected for starvation resistance typically 

develop significantly obese conditions compared to unselected animals, driven by altered 

nutrient response and catabolism, and exhibit metabolic trade-offs including low activity 

levels and disrupted sleeping patterns (Chippindale et al., 1996; Lee & Jang, 2014; Hardy 

et al., 2018). Similar models of adaptation to restricted nutrition can therefore 

demonstrably differ in development of maladaptation in comparatively nutrient-rich 

environments. It is possible that the varying body composition phenotypes in human 

and/or murine CREBRF missense variant carriers, driving increased total adiposity and/or 

total lean mass in different populations, may not disprove an evolutionary role in 

adaptation to nutrient conditions which may or may not induce metabolic thrift. 

Given the canonical CREBRF role as a starvation factor, nutrient deprivation remains 

perhaps the most probable stimulus for the observation of any metabolic phenotype. 

These conditions are not explicitly examined in human populations beyond, for example, 

fasting blood glucose levels (Minster et al., 2016). The R458Q mouse model, however, 

showed some exaggeration of the fasting response in both tissue nutrient homeostasis and 

the tissue transcriptome, as outlined in Chapters 3 and 4. Fasting-induced changes in 

energy metabolism are not necessarily proof of metabolic thrift. Although greater 

decreases in energy expenditure during acute fasting are linked to the thrifty phenotype 

concept, Hollstein et al. (2020) have recently reattributed this finding to comparatively 

high expenditure during feeding conditions rather than to reduced fasting metabolic rate. 

The CREBRF variant-induced transcriptomic shift described in Chapter 4 towards 

reductions in oxidative phosphorylation and in energy-intensive processes such as protein 

synthesis and processing, and increased catabolism, nevertheless implies a certain 

conservation of energetic reserves reminiscent of survival-oriented thrift in male HOM 

mice. The subdued PKB-mTOR signalling and lipid accumulation seen in HOM primary 

hepatocytes could similarly suggest general reductions in cellular metabolic or anabolic 

activity, in this instance targeted to growth-centric pathways. It is accordingly possible 

that the absence of whole-body genotype impacts to energy expenditure and storage as 

fat mass, unchanged in the basal conditions examined, could be similarly context-

dependent, able to reveal differentiation under more appropriate nutrient conditions. 
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An obesogenic diet may comprise a key determinant in metabolic syndrome aetiology, 

with or without the presence of obesity-linked gene variants. Deeper analysis shows that 

selective targeting of macronutrient composition produces distinctly varied consequences 

for energy storage and metabolic health. Experimental energy-dense or sugar-rich diet 

design in some mouse models of obesity, hindered by an unclear understanding of the 

healthy murine dietary and energy requirements which were addressed in the current 

study’s HFD formulation, has elsewhere produced not only overfeeding but also 

malnutrition due to micronutrient deficiency (Bischoff & Volynets, 2016). High-fat diet 

overfeeding can lead to greater storage of excess energy and minimally altered substrate 

oxidation compared to lesser storage and progressively increased oxidation following 

isocaloric carbohydrate overfeeding (Horton et al., 1995). Metabolic outcomes differ 

between high-fat diets using medium-chain versus long-chain fatty acids, or between 

high-carbohydrate diets using resistant starch versus monosaccharide fructose-glucose 

mixtures (Turner et al., 2009; De Vogel-van den Bosch et al., 2011; Oliveira-de-Lira et 

al., 2018; Zicker et al., 2019; Ströher et al., 2020; Wali et al., 2021). That the introduction 

of a lard-based high-fat challenge did not introduce or exacerbate development of the 

CREBRF missense variant phenotype in the current study might not exclude the potential 

for interactions with gradations in macronutrient provision which were not evaluated in 

the R458Q mouse model. 

Similar dietary considerations apply to consumption of protein. Severe dietary AA 

deficiency, for example, induces compensatory lowering of protein synthesis and 

heightened protein catabolism in muscle and liver (Roisné-Hamelin et al., 2021). The 

thematically similar but less pronounced transcriptomic changes seen in overnight fasted 

R458Q mice might also function in this setting. Greater dietary provision of AAs, in 

contrast, can improve lean tissue growth and muscle quality whereas (necessity-driven) 

increases in endogenous AA biosynthesis limits metabolic outputs including growth (Hou 

et al., 2016; Jang et al., 2021). Given that the presence of the R458Q missense variant 

was associated with enhancements to both lean mass and hepatic AA biosynthetic 

pathway activity in male mice, the intersection may suggest investigation of metabolic 

work rate in this context. AA signalling is also known to both stimulate and be facilitated 

by mTOR complex activity, and the variant-induced transcriptomic and in vitro changes 

associated with mTOR in this mouse model might further suggest feasible alterations in 

these pathways linked to AA or protein provision. 
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The presence of phenotypic differentiation between WT and HOM animals fed the 

standard chow diet could, however, suggest that the CREBRF missense variant might 

differentially impact nutrient handling even independent of the introduction of 

macronutrient-based interventions. Indeed, differential expression of carbohydrate 

interconversion and amino acid metabolism genes in HOM mice indicates potentially 

altered fluxes through these pathways. Development of increased lean mass, for example, 

depends on available energetic and protein resources which, if dietary provision per se 

does not differ, are presumably subject to altered utilisation if not accumulation. The 

variant phenotype may thusly be linked to theories of feed efficiency. This concept is 

often defined as a ratio of body weight gain per unit of feed consumed but can also be 

expressed as the cumulative metabolic efficiency with which dietary nutrients are utilised 

for growth and maintenance (Koch et al., 1963; Patience et al., 2015). Falling under 

general umbrella of thrifty metabolism, greater feed efficiency is associated with lower 

energy metabolic rate. It has been identified as potentially resulting from decreased 

protein turnover, increased expression of ETC components, and more efficient 

mitochondrial production of ATP in skeletal muscle, and enhanced ER protein processing 

in the liver (Kelly et al., 2011; Cantalapiedra-Hijar et al., 2018; McKenna et al., 2021). 

Curiously, although these mechanisms were each associated with the R458Q 

transcriptome described in Chapter 4, variant-induced changes acted in the opposite 

directions, perhaps reflecting the interaction with fasted state in addition to genotype. 

Although the broader link to metabolic thriftiness in dietary intake and nutrient handling 

applies, greater focus on specific energy intake would be required for analysis of feed 

efficiency in human or murine variant carriers. 

Mechanisms of Action and Molecular Pathways 

The near-complete scarcity of published molecular studies to examine the CREBRF 

missense variant has left a similarly lacking understanding of its action on that 

(sub)cellular scale. For the wildtype protein, in vitro studies have primarily identified 

protein-protein interactions, regulating protein degradation of key transcription factors, 

via subcellular co-localisation (Audas et al., 2008; Martyn et al., 2012; Audas et al., 

2016). It may mediate transcriptional activity (Tiebe et al., 2015, 2019), but beyond a 

putative transactivation region within the amino acid sequence, no evidence currently 

proves that CREBRF possesses direct DNA-binding or transcriptional function. The 

current R458Q mouse model likewise cannot offer any explicit indication of molecular 
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protein interactions, being a largely preliminary study on a broader phenotypic scale; any 

theorised implications are speculative. The variant-induced changes to muscle and liver 

tissue transcriptomes offer near-unequivocal evidence that CREBRF function is linked to 

gene expression. That these changes are relatively mild, largely failing to persist 

following FDR correction, implies that the R458Q mutation may impact transcription via 

its regulation of other factors. If the WT protein can indeed act as a TF, these functions 

may be retained by the variant protein without significant alteration.  

Posttranscriptional and/or posttranslational regulation seem more likely targets of variant-

induced changes, particularly given the ambiguous contributions of altered ribosomal 

transcript expression in HOM mice. Indeed, these male variant carriers shows limited 

correlation between gene and protein expression in key pathways including cellular stress 

responses. The metabolic phenotype similarly lacks overt overlaps in cellular and 

organismal processes, with decreased transcription of oxidative phosphorylation 

components not reflected in the unchanged whole-body energy expenditure measures. 

This variant-induced posttranscriptional regulation could not be identified in the current 

study. The moderate in vivo murine phenotype may be produced by similarly modest 

molecular changes or otherwise minimised by adaptive, compensatory mechanisms. 

Future evaluation of CREBRF protein interactions via co-immunoprecipitation and/or 

chromatin immunoprecipitation sequencing would be advisable to better identify affected 

proteins and DNA binding sites in both wildtype and missense variant contexts.  

Review of the current literature pertaining to CREBRF and CREB3 highlights the 

physiological and cellular stress responses as potential molecular mechanisms influenced 

by missense variant activity. The former, mediated via GC signalling, represents perhaps 

the more overt functional link between CREBRF and the dual missense variant phenotype 

of body composition and diabetes protection. Loss of either CREBRF or CREB3 in mice 

produces developmental compensatory changes to HPA sensitivity and circulating 

corticosterone levels (Martyn et al., 2012; Penney et al., 2017; Frahm et al., 2020). 

Changes in GC signalling have in other models been linked to energy metabolism, 

including lipolytic and gluconeogenic pathways, appetite, and high-fat feeding, as well 

as adipose, muscle, and bone composition (Auvinen et al., 2012; Lawson et al., 2013; 

Harrell et al., 2016; Tanaka et al., 2017; Thuzar et al., 2018; Dassonvalle et al., 2020). 

Of particular note to the CREBRF variant phenotype, the maladaptive hypersecretion of 



202 
 

GCs provoked by chronic stress or similar environmental insult, including diet, can 

predispose an individual to metabolic “misprogramming” and risk of pathophysiological 

consequences (Ruiz et al., 2020; Sharma & Singh, 2020; Seal & Turner, 2021). That this 

disturbance of the HPA axis can also be induced by prenatal or early-life stressors bears 

clear thematic relevance to the TGH paradigm(s) used to frame the CREBRF missense 

variant phenotype in human populations (Seal & Turner, 2021). This was not, however, 

specifically examined within the current R458Q model and, despite mild transcriptomic 

associations with direct GC-linked gene expression, whole-body genotype effects are not 

attributable specifically or only to GC signalling.  

Cellular ER and Golgi stress responses are each positively associated with CREB3 

activity in a relationship which is negatively regulated by CREBRF. Dysregulation of this 

regulatory CREBRF-CREB3 counterbalance can suppress the cell stress response, 

compromising protein folding and cellular secretory capacity to produce greater protein 

burden and ER stress (Audas et al., 2008; Penney et al., 2018; Hu et al., 2019; Zhao et 

al., 2020). Its downregulation in the R458Q hepatic transcriptome described in Chapter 

4, represented in UPR/ERAD, heat shock, and protein processing responses, offers 

perhaps the clearest manifestation of a possible stress-based interaction with missense 

variant function despite being unobserved in tissue protein expression. It is not without 

broader relevance to the CREBRF missense variant phenotype, having been linked in 

literature to the PKB-mTOR pathway, lipid metabolism, and development of IR and 

diabetes (Appenzeller-Herzog & Hall, 2012; Volmer & Ron, 2015; Song et al., 2016; 

Pinto et al., 2019; Fernandes-da-Silva et al., 2021). There are, however, weaknesses to 

any presumption of direct relevance. Although reduction of ER stress can improve 

metabolic defects in diet-induced obesity or diabetes (Ozcan et al., 2006; Zanotto et al., 

2016; Wang et al., 2018), the downregulated hepatic gene expression seen in male HOM 

mice could also reflect a reduced ability to respond to proteotoxic stress and thus greater 

cellular disrepair. The stress response is moreover associated with wide-ranging 

physiological and pathophysiological conditions, beyond those which can be logically 

linked to variant function, including inflammation, NAFLD, autophagy, apoptosis, and 

chemoresistance (Verfaillie et al., 2013; Zhong et al., 2017; Wang et al., 2018; You et 

al., 2021). Cellular stress is likely at least tangentially involved with the R458Q variant 

phenotypic effect but cannot on the basis of current findings be identified as a primary 

mechanism.  
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Nutrient stress is likely to be the molecular signalling pathway most strongly correlated 

with theorised functions of the CREBRF missense variant. Previous studies indicated that 

CREBRF may act downstream of mTORC1, activated following starvation or rapamycin 

treatment to mediate an adaptive transcriptional programme which functions as a 

metabolic brake to promote cell survival (Tiebe et al., 2015; Minster et al., 2016; Tiebe 

et al., 2019). The current thesis implies that similar nutrient-sensitive adaptations may be 

exaggeratedly induced by the murine R458Q variant protein and could in theory also 

centre on the mTOR complex signalling network. Variant-induced alterations in 

mTORC1 regulatory factor mRNA expression, as well as potentially stifled mTOR 

complex activity represented by reduced mTORSer2448 phosphorylation in primary 

hepatocytes, are suggestive even if not comprehensive. Subtle, context-dependent 

modulation of WT function would seem more appropriate to the mild in vivo phenotype 

observed in R458Q KI mice than a more dramatic constitutive abrogation or 

oversensitivity. Molecular drivers could be correspondingly difficult to detect. Chapters 

4 and 6 suggest that the missense variant may heighten WT expression and/or activity but 

cannot determine from the current model whether this might reflect, for example, either 

cause or consequence of any heightened mTOR inhibition.  

Mild genotype effects may indicate some degree of selectivity in missense variant 

interactions. The significantly lessened mTORSer2448 phosphorylation in HOM compared 

to WT hepatocytes, for example, represents suppression of insulin-stimulated activation, 

an effect which is not similarly present in glucagon-treated cells. Specific context-

dependence of this suppressive effect, like the catabolic programme discussed above, 

might help to reconcile it with theories of variant-induced growth. The broad range of 

mTOR complex functions could nevertheless potentially produce extensive impacts if 

indeed altered in variant carriers. In the context of metabolic features associated with the 

CREBRF missense variant, the mTOR complexes also have strong links to AA signalling, 

protein synthesis, cell and tissue growth, mitochondrial respiration, ER stress, and 

pancreatic hormone secretion (Mayer & Grummt, 2006; Song et al., 2016; Rosario et al., 

2019; Ham et al., 2020a, 2020b; Rajak et al., 2021; Tabbaa et al., 2021). Roles in diabetes 

further suggests that possible impacts on mTORC1/2 are also specifically relevant to the 

broader human CREBRF variant phenotype (Tuo & Xiang, 2019; Tsai et al., 2021). It is 

nevertheless possible, however, that the far-reaching mTORC1/2 regulatory influences 

on cellular and organismal metabolism might also give correlative associations a 
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misleadingly causative appearance. FOXO, which seems to share gene targets with the 

CREBRF ortholog in Drosophila in a TOR-associated pathway (Tiebe et al., 2015), is 

also linked to more than a quarter of the R458Q-affected genes described in Chapter 4 

and could present another worthwhile investigative avenue for future study.  

The distinct sexual dimorphism of this R458Q mouse model could presuppose biological 

sex-dependent mechanisms and thereby present a feasible exploratory avenue in future 

efforts to ascertain missense variant function. Development and sensitivity of the HPA 

axis and glucocorticoid stress response, for example, is sex-specific and crosstalk 

between glucocorticoid and sex steroid receptor signalling has recently been proposed to 

explain sex bias in stress-related metabolic disease risk (Oyola & Handa, 2017; Ruiz et 

al., 2020; Zuloaga et al., 2020; Moisan, 2021; Toews et al., 2021). The mTORC1/2 

signalling networks likewise possess at least a degree of sex-dependence in both 

organismal and tissue metabolism. Inhibition of mTORC2 signalling impairs survival and 

reduces lifespan in male but not female mouse models (Lamming et al., 2014). Chronic 

rapamycin feeding likewise reveals greater sensitivity to hepatic mTORC1 inhibition in 

male compared to female mice (Drake et al., 2013). If the missense variant phenotype is 

indeed induced even partially via alterations to the wildtype CREBRF interactions 

downstream of mTORC1 inhibition, these male-dominant effects may explain broader 

organismal dimorphism. The mTORC1-related sex-dependence is curiously tissue-

specific, with rapamycin-induced changes to skeletal muscle maintained across both 

sexes (Drake et al., 2013). This further level of regulation might differentially modulate 

any interaction with the CREBRF R458Q variant protein and thereby complexify murine 

phenotype manifestation and interpretation.  

Sex-dependent interactions can produce organismal and developmental effects, including 

risks of (predisposition to) adverse metabolic conditions such as those which are 

associated with the human missense variant phenotype. Low circulating testosterone, for 

example, has been linked to male diabetes risk (Laaksonen et al., 2004; Pitteloud et al., 

2005; Nna et al., 2019; Farooq et al., 2020); oestradiol can increase insulin sensitivity 

and protect against diet-induced glucose intolerance (Alonso et al., 2010; Stubbins et al., 

2012). The latter may partially explain why female mice, unlike males, did not experience 

variant-induced deterioration of insulin response in the current study. A logical 

mechanistic basis for sex-specific CREBRF variant function is suggested by known 
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associations with sex steroid secretion, maternal behaviour, and fertility in CREBRF 

knockout models (Martyn et al., 2012; Yang et al., 2013b; Penney, 2017; Yang et al., 

2018). Unlike the current mouse model, evidence for phenotypic disparity between 

human male and female CREBRF variant carriers is somewhat inconsistent, although 

effect size can differ between human sexes even without strict dimorphism. It is possible 

that whatever factor governs the murine sex-dependent interactions is absent or 

comparatively less dominant in human populations. Its identification might, therefore, aid 

the question of species translation as well as of murine dimorphism in the CREBRF 

context. 

Model 

The novel mouse model described in this thesis, although chosen with the aim to further 

understanding of the CREBRF R457Q variant phenotype in human carriers, bore limited 

correlation to published reports of that phenotype. As a model organism, mice are 

historically considered valuable tools in understanding biology and pathology for their 

phylogenetic relatedness and physiological similarities to humans, as well as ease of 

maintenance, breeding, and genetic manipulation (Perlman, 2016; Kottaisamy et al., 

2021). In the context of the CREBRF missense variant, use of the R458Q mouse model 

can also facilitate closer and more invasive analyses of the metabolic effects than are 

currently performed in human population studies. The knock-in model, replacing rather 

than supplementing the endogenous CREBRF, provides a more accurate reflection of the 

human situation than might, for example, an overexpression model. Although the latter 

might magnify any phenotype, and indeed was used in Minster et al. (2016)’s in vitro 

adipocyte model to supplement the initial discovery of the human CREBRF variant, 

forced overexpression could invalidate any variant-induced effects on protein stability as 

seems indicated by the reduced hepatic Crebrf mRNA in the current model. The mild 

phenotype of the R458Q model, not wholly similar to human studies, nevertheless limits 

its explicative potential.  

The CREBRF protein, which has more than 95% amino acid sequence identity between 

humans and mice, is perhaps therefore unlikely to comprise the direct cause of the species 

variation. The possible candidates which might drive altered interactions with the 

CREBRF variant protein, either directly or indirectly, are uncertain. The CREBRF variant 

could feasibly interact in humans with other gene variants, not independently identified, 
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but which could cooperatively promote the R457Q human phenotype. Effects on fat-free 

mass and height in human variant carriers, for example, might in this case represent 

augmentation of the known predisposition of PI populations to greater muscle and bone 

mass (Swinburn et al., 1999; Grant et al., 2005; Rush et al., 2009). Modulation of 

CREBRF alone, in mice lacking these other factors, might therefore limit development 

of the variant’s full physiological effects. Although evolutionarily conserved biological 

processes are readily comparable between model species, the signalling networks 

underlying pathologies are more flexible, and mouse strains generated to simulate human 

genetic disease can often differ in phenotype between the two species (Elsea & Lucas, 

2002; Perlman, 2016). Taking a broader view, species variation can be driven by the 

increased specific metabolic rate in mice compared to humans. This is characterised by 

anatomic, physiologic, and biochemical differences which are not limited to decreased 

organismal size, increased mitochondrial density, greater proportion of metabolically 

active tissues, and differently evolved dietary needs (Perlman, 2016). Given that each of 

these factors is implied to be at least partially influenced in the missense variant activity, 

the potential for its mistranslation across species could be partially endemic. Any 

straightforward simulation of the human phenotype may not be best served in a mouse 

line. 

The transgenic mouse model herein established for the CREBRF R458Q missense variant 

had no published counterparts at the project’s commencement. Two independent groups, 

based in the U.S.A and New Zealand, have since generated and provided preliminary 

(preprint) data for similar knock-in R458Q mouse models which further complexify 

interpretation of variant protein action (Kanshana et al., 2021; Lee et al., preprint). The 

earlier of these two models, using a C57BL/6J background, reported extensive 

characterisation of body composition and metabolic traits across nutritional conditions 

(Kanshana et al., 2021). Results of this assessment concluded that the R458Q variant had 

not influenced either energy or glucose homeostasis in mice fed either low- or high-fat 

diets, fasted or refed, or subjected to prolonged nutritional stress. Lee et al. (preprint), in 

contrast, tested missense variant KI mouse models on both C57BL/6J and FVB/NJ 

backgrounds. Interestingly, although this latter NZ study saw significant increases in 

relative lean mass of male R458Q variant carriers, aligned with both our current study 

and the human phenotype, the US model saw no changes to any measure of body 

composition. Grip strength and myostatin levels were similarly altered in the NZ but were 
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either not changed or not assessed in our or the US model. The disparity between these 

three KI mouse models demonstrates that manifestation of the variant phenotype can be 

disrupted not only by species translation but also by mouse strain, or potentially by a less 

tangible factor of handling, housing, study design, or location. The mild presentation of 

R458Q phenotype described in the current thesis, and indeed its apparent internal 

contradictions between whole-body, transcriptional, and in vitro effects, seems therefore 

an unsurprising development. 

Environmental standardisation within and between studies or laboratories is a well-known 

weak point in reproducibility of experimental results, but the source of variation remains 

largely in question (Bailoo et al., 2020; Corrigan et al., 2020). In the context of these 

CREBRF variant mouse models, all of which were generated via similar CRISPR/Cas9 

techniques, animal housing represents the most immediate point of difference. While 

Kanshana et al. (2021) set the temperature at 25C, both Lee et al. (preprint) and the 

current study used standard housing conditions of 22 ± 1-2°C. Room temperature has 

demonstrable influence on energy balance, which comprises a key element in the 

theorised activity of CREBRF and may therefore affect mouse metabolism differences 

here (Corrigan et al., 2020). The light/dark cycle, set at 14:10 hr and at 12:12 hr in the 

US-based and NZ-based studies respectively, might likewise influence phenotypic 

plasticity given potential CREBRF interaction with circadian rhythmicity. Whether these 

changes in laboratory conditions were sufficient to modulate the missense variant 

function so decisively as is observed between these models is uncertain, but they are a 

feasible contributor.  

The US-based mouse model is also of especial relevance to the theorised molecular 

mechanisms underlying the CREBRF missense variant function. Grounded in the known 

literature associations with starvation and mTORC1 inhibition, as described above, 

Kanshana et al. (2021) evaluated the effects of not only extreme nutritional stress but also 

pharmacological mTORC1 inhibition. Both these conditions, and particularly the latter, 

have herein been argued to present feasible avenues in drawing out the murine missense 

variant phenotype. Kanshana et al. (2021) did not, however, observe a genotype-

dependent effect on any of the body composition or metabolic measures assessed in their 

mouse model even when exposed to this more extreme nutrient deprivation. The absence 

of phenotype might seem to indicate against any involvement of the starvation response 
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and mTORC1 signalling in CREBRF variant function, running wholly counter to the 

theories linked to the current study’s findings. By extension, there is little evidence that 

the reproduction of such an experimental design in our KI model would be effective in 

elucidating R458Q missense variant effects. Given the general lack of phenotypic 

corroboration between the differing R458Q models, however, it is possible that the 

extended nutrient deprivation would likewise produce varied interactions across these 

mouse lines. Indeed, such an examination may provide further answers regarding the 

molecular drivers of strain differentiation and therefore perhaps also species 

differentiation in variant carriers. The outstanding question might then become the 

robustness (or, perhaps, fragility) of starvation-induced genotype effects, particularly 

given that such effects were among the most significant actors in the current mouse 

model. 

Future Directions 

The largely preliminary nature of the current study, in seeking to establish basic metabolic 

characteristics of the novel R458Q mouse model, provides relatively broad scope for 

future efforts to elaborate upon the CREBRF missense variant phenotype. Modulation of 

in vivo experimental conditions as described in this thesis was limited to high-fat 

challenge, containing 45% kcal from lard, and to overnight fasting immediately prior to 

the endpoint; genotype effects were removed by the former and introduced by the latter. 

The utilisation of either more extreme or more diverse conditions might provoke 

CREBRF variant function and highlight differentiation between WT and HOM animals. 

In the context of nutritional adaptation, these conditions might include more prolonged 

starvation, or pharmacological inhibition of the underlying mTORC1 signalling pathway, 

as trialled by Kanshana et al. (2021). Diets with varied carbohydrate and/or protein 

composition could highlight preferential nutrient handling (Horton et al., 1995; Wali et 

al., 2021). Exacerbation of diet-induced metabolic deficiencies by greater fat content 

provision (e.g., 60% kcals), supplementation with greater sugar content (e.g., high fat: 

high fructose diet), or using fats sourced from coconut oil rather than lard to better mimic 

the traditional PI diet, might likewise differently reveal missense variant interactions 

(Zicker et al., 2019; Ströher et al., 2020). 

Further exploration of the genotype effects which were identified in the current study 

could encompass interactions with muscle growth and atrophy, bone accretion, or insulin 
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sensitivity. Skeletal muscle atrophy, for example, can be induced by multiple stimuli 

including fasting, denervation, ageing, and immobilisation, leading to similar but distinct 

molecular alterations underlain by metabolic remodelling (McKinnell & Rudnicki, 2004; 

Bialek et al., 2011; Renzini et al., 2021). Differentiation between these in the CREBRF 

missense variant model, or of hypertrophic stimuli, might aid interpretation of the 

apparently contradictory transcriptional and organismal effects seen in this study. Tissue 

molecular response to insulin could be examined in vivo or ex vivo. Alternate 

physiological stressors, for example higher intensity exercise or restraint stress, might 

also elucidate possible effects on the canonical CREBRF interaction with the HPA axis 

and glucocorticoid signalling. The association with diabetes risk could perhaps also be 

explored in a more focused model, using streptozotocin or other pharmacological or 

genetic means to induce relevant metabolic dysfunction more strongly than the high-fat 

challenge in the current study.  

The in vitro model described in Chapter 6 demonstrated specific molecular effects of the 

missense variant in isolated hepatocytes, free from confounding external influences. 

Extension of this study, given the in vivo tissue-specific genotype effects which were 

observed for R458Q mice, would logically entail examination of these molecular effects 

in different cell types. The association with muscle mass recommends myocyte isolation 

and culture; associations with obesity and circulating lipids suggests primary adipocyte 

culture; links to insulin secretion suggest pancreatic islet study. Sexual dimorphism of 

genotype effects, as discussed above, suggests analysis of steroidogenic or reproductive 

cells, which have elsewhere shown CREBRF-dependent interactions (Martyn et al., 2012; 

Yang et al., 2013b; Penney, 2017; Yang et al., 2018). Given that these were seen primarily 

in female models, and particularly in the contexts of oestrous cycle, pregnancy, and 

reproductive tissue cell lines, it is possible that missense variant influence on female 

reproduction, cannot be discounted without a more appropriate experimental focus 

despite the otherwise male-specific phenotype. Further afield, current literature has linked 

CREBRF and/or CREB3 to neuronal and brain functions (Audas et al., 2008; Ying et al., 

2014, 2015a; Hasmatali et al., 2019; Oh-hashi et al., 2021b), thereby suggesting another 

possible site for variant interaction, less overtly implicated in the known phenotype. 

Analysis of these same tissues taken from in vivo cohorts would perhaps likewise present 

a feasible option. 
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Molecular characterisation of the CREBRF protein was beyond the scope and capacity of 

the current project. Efforts to determine, for example, any direct structural changes 

effected by the amino acid substitution may nevertheless provide one further means to 

gauge functional alterations. The replacement of arginine with glutamine, changing from 

charged and aliphatic to charge-neutral and polar, falls within a highly conserved region 

of the protein and evidently holds sufficient power to provoke organismal changes in vivo. 

If found to alter a defined binding or catalytic site, knowledge of the variant protein’s 

altered interactions may be better defined. The three-dimensional structure of CREBRF, 

with or without the mutation, is however not yet known. Current literature likewise offers 

no theories regarding the effects of the amino acid substitution on localisation or half-life 

of the protein. This question is further complicated by the generally inconclusive nature 

of such examinations performed for the wildtype CREBRF, which has a short half-life 

and seems to localise dependent on cell type and experimental design (Audas et al., 2016; 

Tiebe et al., 2019; Oh-hashi et al., 2021b). Compounding these problems is the inability 

to procure any commercially available antibody selective for CREBRF protein (Tiebe et 

al., 2019), which has likewise limited efforts to examine its expression in the current 

thesis. Investigation along these lines could, however, provide a valuable insight into the 

regulation and/or interactions of the CREBRF variant. 

Conclusion 

The mild phenotype presented in the current CREBRF R458Q KI mouse model provides 

an imperfect mirror of the missense variant’s major organismal effects as they manifest 

in human populations, or indeed in independently developed mouse models. Initial 

reports of the human R457Q variant in PI populations an increased obesity risk and 

reduced diabetes risk, but largely could not conclusively establish the mechanism 

mediating these effects (Minster et al., 2016; Naka et al., 2017; Ohashi et al., 2018). In 

seeking to establish a novel mouse model which might permit future elucidation of 

CREBRF variant action, this thesis found neither enhanced adiposity nor any benefit to 

insulin sensitivity or glucose tolerance in mice carrying the R458Q variant. The presence 

of the variant allele in these animals seems instead to mediate a whole-body growth 

phenotype, as well as speculative roles in energy homeostasis to produce an exaggerated 

adaptive response during periods of nutrient deprivation. These effects were sexually 

dimorphic and sensitive to environmental conditions including diet, suggesting a context-

dependent modulation of phenotypic manifestation not overtly identified in human 
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variant carriers. Determining the nature of these potentially co-regulatory factors, which 

could cooperatively augment if not facilitate CREBRF variant activity, might enable 

future studies to draw out a more pronounced variant phenotype.  

The feasible involvement of undefined genetic and/or environmental influences on 

phenotypic development, contributing to species mistranslation as well as inter-cohort 

variability, suggests a more potentially more malleable phenotype than was implied by 

earlier human studies. Indeed, as more studies are performed in PI populations, examining 

more metabolic traits with more exploratory study designs, the in vivo phenotype 

observed in human variant carriers is also becoming progressively more complex and at 

times contradictory. The significant impacts to PI population health which may result 

from presence of this human CREBRF R457Q missense variant reinforce the important 

public interests underpinning continued research into its function. The metabolic 

characterisation undertaken in this thesis, however, indicates that the variant allele 

contribution to body composition and metabolism in this R458Q KI mouse line cannot 

provide a wholly robust model of the human variant. Future utilisation of animal models 

may therefore require further (re)consideration of their explicative potential in the attempt 

to decipher the possible relationship between CREBRF missense variant function and 

resultant metabolic thrift and/or risk.  
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