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Abstract 

Retinitis pigmentosa (RP) is a hereditary disease characterised by progressive destruction of 

photoreceptors in the retina. Recently, mutations in the gene encoding one of the two adiponectin 

receptors, AdipoR1, have been reported to cause RP. Several functions of AdipoR1, and AdipoR2, may 

protect the retina and prevent RP, via ceramidase activity and regulation of membrane fluidity.  

The aim was to investigate the effects of targeted and naturally occurring mutations in AdipoR1 to 

gain understanding of structure/function and predict if they would cause RP. Mutants (S187A/T, 

D208A/N, H341A) were designed targeting zinc coordinating residues within the receptor as the zinc 

ion stabilises the receptor and participates in ceramidase activity. Naturally occurring mutations 

predicted to cause functional effects (R40W, L143P, C183S, M309R, Y310C, R320stop, R324L, H341Y, 

A348G, G367R) were identified from the genome aggregation database, gnomAD. The effect of these 

targeted and naturally occurring mutations on AdipoR1 expression and cell surface expression (CSE) 

was investigated by transient transfection, western blot and confocal microscopy. Targeted mutants 

showed significantly reduced protein levels and CSE except for the D208A/N mutants, which had 

increased protein and CSE. All naturally occurring mutants showed significantly reduced protein levels 

with a subset showing relatively unaffected CSE and another showing significantly reduced CSE. To 

determine functional effects, a mass spectrometry assay measuring cellular ceramide concentration 

was developed to investigate ceramidase activity; alongside an MTT assay and qPCR measuring gene 

expression as an indirect measure of effects on membrane fluidity and metabolic health. Ceramide 

concentration was significantly increased by palmitate but was unaffected by overexpression of wild-

type or mutant adiponectin receptors in control or palmitate treated cells. siRNA-mediated 

knockdown of AdipoR1, or AdipoR2 was used to investigate changes of indices associated with 

membrane fluidity in cells treated with palmitate. Results from MTT assays showed that cell 

viability/metabolism was significantly reduced by palmitate in a dose-dependent manner however 

there was no detectable effect of knockdown of AdipoR1, AdipoR2 or both. Similar results were 

observed measuring CHOP and FADS1 gene expression, markers of ER stress and desaturase gene 

expression. 

This is the first study showing that AdipoR1 mutants with mutations at zinc coordinating sites 

significantly reduce protein expression and abolish cell surface expression, further highlighting the 

importance of these sites and of zinc coordination. Characteristics of the D208A/N mutant raise the 

intriguing possibility of a gain of function mutation. This is also the first characterisation of a series of 

naturally occurring SNPs, showing that all exhibit reduced protein expression that can be subdivided 

into two sub-groups, with unaltered or compromised CSE. 
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Interpretation of the functional studies is limited by technical limitations: Measurement of ceramide 

levels, and S1P, should be optimised to provide greater confidence in the negative findings (which are 

consistent with some independent groups) whilst the efficiency of AdipoR1/R2 knockdown (≤60%) 

needs to be optimised.  Future work should then focus on further elaboration of the properties of the 

mutants and determining the downstream effects on function.  
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1. Introduction 

Overview 

Retinitis pigmentosa (RP) is a hereditary eye disease, caused by numerous mutations in a 

range of genes and results in progressive loss of photoreceptor cells, eventually causing 

blindness. Recently, mutations in the gene encoding AdipoR1 have reported to cause RP. 

AdipoR1 is one of two receptors for adiponectin, which are atypical 7 transmembrane 

receptors and are highly conserved between species. Within AdipoRs, is a coordinated zinc 

ion which is reported to stabilise receptors and allow ceramidase function. AdipoRs have 

recently been reported to have membrane fluidity sensing functions that promote 

desaturation of fatty acids through upregulation of desaturase enzymes.  

1.1. Retinitis pigmentosa 

1.1.1. Retina physiology 

In the healthy retina there are two types of photoreceptor cells: rod and cone cells. Rod 

cells are responsible for vision in low light conditions, cone cells allow vision of colour and 

in brighter light. Photoreceptors convert the light input into electrical signals that are 

transduced through neurons to the brain. These neurons include bipolar cells, ganglion 

cells, horizontal cells and amacrine cells. Retinal pigment epithelium (RPE) cells surround 

the photoreceptor cells which supply proteins such as rhodopsin and transducin, which are 

required for vision, to photoreceptor cells (Dias et al., 2018) (Figure 1.1.). Due to the high 

exposure of the eye to light and UV radiation, the eye is one of the most sensitive tissues 

to reactive oxygen species (Dias et al., 2018).   
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1.1.2. Retinitis pigmentosa characteristics 

Retinitis pigmentosa (RP) is a hereditary eye disease involving death of photoreceptor cells 

and RPE cells. Disease progression varies, however typically, rod cells are degraded first so 

the initial symptoms tend to be night blindness. Loss of cone cells also occurs at a slower 

rate (Parmeggiani et al., 2011). Vision is also typically lost in the periphery before central 

vision resulting in patients experiencing tunnel vision (Parmeggiani et al., 2011).  

RP is relatively common, affecting 1 in 4,000 people (Athanasiou et al., 2018; Hartong et 

al., 2006). It is the most common heritable cause of blindness and the leading cause of 

blindness or visual disability in young people (Hartong et al., 2006).   

Age of disease onset varies greatly among patients, with symptoms first noticed between 

early childhood and mid adulthood (Hartong et al., 2006). Vision loss is normally noticed 

Figure 1.1. Diagram of the retina. (Adapted from Dias et al., 2018) Within the retina there are 
two types of photoreceptor cells – rod cells and cone cells. Rod cells are important for low light 
vision, cone cells are required for vision of colours and in bright light. The information is 
converted to electrical signals which are transduced by nerve cells (bipolar cells, ganglion cells, 
to the brain. RPE cells function to supply essential proteins to the photoreceptors to allow 
vision. 
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only following significant degeneration of the retina (Hartong et al., 2006; Parmeggiani et 

al., 2011). As the disease progresses more photoreceptors are destroyed eventually 

leading to blindness. Typically patients are legally blind by the age of 40 (Hartong et al., 

2006). As photoreceptors undergo apoptosis, RPE cells that were supplying lost 

photoreceptors migrate to the neural retina causing pigment deposits in the fundus (Li et 

al., 1995). Other physical changes within the retina include reduced vasculature within the 

eye leading to optic disk pallor, and later-stage destruction of neurons in the eye 

suppressing transduction of visual signals (Milam et al., 1998). There is a spectrum of 

severities and progression speeds between RP patients, depending largely on the cause of 

disease (Hartong et al., 2006).  

1.1.3. Causes of retinitis pigmentosa 

RP is caused by genetic mutations in a broad range of genes. The number of genes with 

mutations found to cause RP exceeds 100 (https://sph.uth.edu/retnet/home.htm). RP can 

be caused by genes inherited in either an autosomal dominant, autosomal recessive, or X-

linked fashion. The different phenotypes and severities of RP are often specific to causal 

genes and inheritance patterns. 

The most common inheritance pattern is through autosomal recessive genes, which cause 

50-60% of cases, autosomal dominant genes cause 30-40% of cases, and X-linked genes 

cause 5-15% of cases (Hartong et al., 2006). There are some cases of mitochondrial 

inheritance although this is rare (Hartong et al., 2006; Mansergh et al., 1999). Of the 

autosomal recessive genes the most common is mutations in USH2A, around 20% of 

autosomal recessive cases, which causes Ushers disease (Hartong et al., 2006; 

Seyedahmadi et al., 2004). The Ushers syndrome type II A (USH2A) gene produces a protein 

of unknown function (Seyedahmadi et al., 2004) so the basis for it causing RP is not 

understood. Mutations in the rhodopsin gene (RHO) account for 25% of autosomal 

dominant cases of RP (Parmeggiani et al., 2011; Sohocki et al., 2001; Athanasiou et al., 

2018). Despite the high number of known RP causing genes, many patients still have 

unidentified causal genes (Parmeggiani et al., 2011).  

Recently, two mutations in ADIPOR1, a receptor for the adipokine adiponectin, have been 

reported to cause RP (Xu et al., 2016; Zhang et al., 2016) (discussed in section 1.3.).  

https://sph.uth.edu/retnet/home.htm
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1.1.4. Types of retinitis pigmentosa 

RP can be syndromic or non-syndromic. Non-syndromic RP is most common, occurring in 

70-80% of patients, where all symptoms are related to vision. Severe early-onset non-

syndromic RP is classified as Leber congenital amaurosis (LCA) (Gu et al., 1997; Morimura 

et al., 1998). Syndromic cases of RP occur in 20-30% of patients who have the typical vision 

loss but also experience non-ocular symptoms (Hartong et al., 2006). 

Syndromic RP has many types due to the variable genetic causes. The most common 

syndromic form is Ushers disease, accounting for 10-20% of all RP cases and can be caused 

by mutations in at least 11 genes with autosomal recessive inheritance (Hartong et al., 

2006; Seyedahmadi et al., 2004). In this disease patients have impaired hearing with 

various severities and some have vestibular dysfunction alongside vision loss 

(Seyedahmadi et al., 2004).   

Another common form of syndromic RP is Bardet Biedl syndrome, occurring in 5-6% of RP 

cases and caused by mutations in at least 10 autosomal recessive genes (Hartong et al., 

2006). Associated symptoms include central obesity, polydactyly, cognitive impairment, 

hypogonadism and renal disease (Beales et al., 1999; Hartong et al., 2006). Around 30% of 

cases have unknown genetic causes (Hartong et al., 2006).  

1.1.5. Treatments 

Currently the only prescribed treatment for RP is vitamin A and docosahexaenoic acid 

(DHA) supplementation (Hartong et al., 2006; Athanasiou et al., 2018). Both DHA and 

vitamin A are important for eye health; deficiency of vitamin A has been linked to 

photoreceptor cell death (Milam et al., 1998) whilst higher red blood cell DHA 

concentrations are linked to decreased rates of photoreceptor cell death (Hoffman et al., 

2004). However, the evidence for supplementation of DHA and vitamin A improving vision 

and slowing degeneration is lacking. Studies on supplementation of vitamin A and DHA 

found few functional effects, however supplementation of DHA reduced loss of 

electroretinogram (ERG) function in rod and cone cells and vitamin A reduced loss of cone 

ERG function (Hoffman et al., 2004; Berson et al., 1993). ERGs measure the electrical 

response of the retina to flashes of light, as the retina degenerates there is a decrease in 

the measured amplitude of signal in response to light (Hartong et al., 2006). 

Supplementation is unlikely to present a remedial treatment due to the severity of 



5 
 

photoreceptor cell loss before RP is typically noticed and diagnosed (Hartong et al., 2006; 

Parmeggiani et al., 2011), however it may serve to protect remaining photoreceptors.  

Some cases of RP are caused by genetic mutations which lead to deficiencies such 

abetalipoproteinaemia (Bassen-Kornzweig syndrome), phytanic acid oxidase deficiency 

(Refsum’s disease) or familial isolated vitamin E deficiency. In these cases, if discovered 

early enough and the deficiency is reverted through supplementation of the gene product 

or gene therapy, RP can be managed and vision can be saved (Hartong et al., 2006). 

Gene therapies have great potential for future treatment of RP. Following identification of 

a patients RP causing gene and mutation, treatments that target the specific cause of the 

disease can be developed and used to potentially treat disease.  

For autosomal recessive mutations that cause RP classic gene therapy can be used where 

the wild-type allele is added to the affected tissues so that there is one copy of the WT 

gene. This should typically produce enough protein to prevent RP from progressing 

(Hartong et al., 2006).  

For autosomal dominant causes of RP, a technique that silences the mutated copy of the 

gene could be used, leaving behind just one functional gene copy (Hartong et al., 2006). 

This can be carried out using ribozymes or RNA interference (RNAi) which prevent 

translation of the product by breaking down its mRNA (Farrar et al., 2002; Cashman et al., 

2005). RNA interference using short hairpin RNA (shRNA) may be preferable to ribozyme 

silencing as it can cleave mRNA at chosen sequences (Cashman et al., 2005). Ribozymes are 

limited to removing mutations that cause a specific NUX sites (any nucleotide, uracil, any 

nucleotide other than guanine) (Farrar et al., 2002). For these techniques to be achieved, 

the specific sequence of the RP causing mutation must be known so that it can be targeted.  

Another potential technique to treat autosomal dominant RP is to correct mutations using 

endonucleases, replacing them with the correct sequence. Clustered regularly interspaced 

short palindromic repeats (CRISPR)/Cas9, transcription activator-like effector nucleases 

(TALEN) or zinc finger nucleases (ZFN) could be used to produce this effect (Yanik et al., 

2017). The benefit of this is that patients would be left with two functioning copies of the 

gene. These techniques could also be used to selectively remove the dysfunctional allele 

without replacing it (Yanik et al., 2017). This technique may be carried out using the 
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patient’s own photoreceptor cells by injecting nucleases into the eye or can be carried out 

on induced pluripotent stem cells (IPSC) originating from the patients cells, which are 

subsequently implanted into the eye (Yanik et al., 2017).  

IPSCs can also be used following initial treatment of RP, if differentiated into photoreceptor 

cells or RPE cells they may replace those lost over the course of the disease (Yanik et al., 

2017).  All therapies will have the greatest success when administered while the patient is 

young, in the earliest stages of disease (Dias et al., 2018). 

Many of these treatments require administration directly to the affected tissue, this is only 

possible by injection into the eye. Ideally therapies would be administered by intravitreal 

injection (into the centre of the eye) as these are relatively non-invasive, don’t require 

general anaesthetic and can be repeatedly carried out in the same eye (Dias et al., 2018). 

Sub-retinal injections have the benefit of delivering treatments to the external 

photoreceptor cells, where the intravitreal injections cannot, but require general 

anaesthesia to be administered and may cause lifting of the retina, which is known to 

increase risk of blindness (Dias et al., 2018). Research is currently being carried out to 

improve the delivery of treatments with intravitreal injections so that they can be received 

by all photoreceptor cells safely, which would increase the utility of this approach (Dias et 

al., 2018).  

Gene therapy techniques have shown successful results in several studies. Adeno-

associated virus 2/5 (AAV)-based vectors were used to deliver RNAi in vivo to suppress a 

mutated copy of the rhodopsin gene in a mouse model of dominant RP. This treatment 

successfully prevented ERG decline and preserved photoreceptors (Chadderton et al., 

2009). Gene augmentation therapy delivered with AAV-based vector systems via subretinal 

injections successfully prevented progression of RP in canine models of X-linked RP (Beltran 

et al., 2012).  More recently the US FDA approved the first in vivo gene therapy, Luxturna 

an AAV2 vector therapy for a form of RP (LCA) (Russell et al., 2017). Thorough 

characterisation of identified genes and mutations will allow selection of efficacious 

therapeutic targets  
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1.2. Adiponectin Receptors 

The Adiponectin receptors, AdipoR1 and AdipoR2 which were first characterised in 2003 

(Yamauchi et al., 2003) may present possible targets for future RP gene therapies. The 

AdipoRs belong to the highly conserved and functionally diverse progestin and adipoQ 

receptor (PAQR) family (Tang et al., 2005).  

1.2.1. AdipoR1 and AdipoR2 structure and expression 

AdipoR1 and AdipoR2 are 7 transmembrane domain proteins with reverse topology to 

GPCRs (intracellular N-terminus, extracellular C-terminus) (Yamauchi et al., 2003). There is 

high sequence homology between AdipoR1 and AdipoR2 (Figure 1.2.) (67% amino acid 

identity between the two receptors). Within the structure the N-terminal domain is non-

conserved and there is much stronger homology within the transmembrane domains. 

There is considerably reduced sequence homology between AdipoRs and other PAQR 

family members aside from several invariant residues that can be assumed to have high 

importance for overall structure and function (Figure 1.3.).  

AdipoRs have different expression patterns, AdipoR1 mRNA is ubiquitous through the body 

(Yamauchi et al., 2003), but the protein is found most highly expressed in the eye and brain 

(Sluch et al., 2018). AdipoR2 is found in fewer tissues, its mRNA is expressed most strongly 

in the liver (Yamauchi et al., 2003). AdipoR1 is highly expressed at the retina (Rice et al., 

2015), AdipoR2 has relatively much lower expression in the eye but at least some 

expression is found in the RPE choroid (Lin et al., 2013). 

The intracellular localisation of AdipoR1 and AdipoR2 also differ. AdipoR1 is typically 

localised at the plasma membrane whereas AdipoR2 is localised predominantly at the ER 

(Keshvari et al., 2013). Sub-cellular localisation is important for function – it was thought 

that receptors have to be on the cell surface for ligand binding and function, however 

AdipoR2 may have functions that require it to be at the ER, which may explain different 

signalling profiles (Keshvari and Whitehead, 2015). It is unknown if AdipoR2 serves a 

function at the ER, and if that function requires adiponectin signalling, or if signalling at the 

plasma membrane is its ultimate purpose. The non-conserved N-terminus determines the 

location that the receptors reside. Removal of the N-terminal domain in AdipoR2 allows it 

to reach the cell surface, introduction of the AdipoR2 N-terminal domain into AdipoR1 
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prevents cell surface expression (Keshvari et al., 2013). It is unclear whether localisation of 

AdipoR2 to the ER is important for function or whether cell surface expression is 

preferable.  

AdipoR1 and AdipoR2 can form homo or heterodimers in basal conditions before they 

reach the cell surface and dissociate upon adiponectin binding (Almabouada et al., 2013). 

Dimerisation may be integral to receptor signalling as adiponectin stimulates disassociation 

and receptor internalisation (Almabouada et al., 2013). When both receptors are co-

expressed, heterodimers amount to about 50% of receptor dimers and allow expression of 

AdipoR2 at the cell surface (Keshvari et al., 2013). Relative proportions hetero and 

homodimers are likely to rely on expression of AdipoR1 and AdipoR2 in specific tissues. 

There is evidence that heterodimers of AdipoR1 and AdipoR2 may be more sensitive to 

adiponectin that homodimers due to less stable association (Almabouada et al., 2013).  

AdipoR1 and AdipoR2 structures were recently solved, confirming the 7 transmembrane 

domain structure and revealing a coordinated zinc ion at the centre of the structure (Figure 

1.4.) (Tanabe et al., 2015; Vasiliauskaité-Brooks et al., 2017). The zinc ion is important for 

stability of the receptor and also for its ceramidase function (Tanabe et al., 2015; 

Vasiliauskaité-Brooks et al., 2017) (discussed in section 1.4.). Crystallisation also revealed 

a large internal cavity within the receptor with an intracellular opening as well as an 

opening in the outer lipid bilayer. The zinc ion is located within this cavity (Vasiliauskaité-

Brooks et al., 2017).   
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Figure 1.2. Alignment of human AdipoR1 and AdipoR2 shows high conservation within the 

transmembrane domains but not at the N-terminus. There is an overall 67% amino acid identity. Blue 

shading indicates percentage conservation, darker shading indicates higher conservation. 
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Figure 1.3. Alignment of human PAQRs. PAQR1 (AdipoR1) and PAQR2 (AdipoR2) show little 

homology with other PAQRs aside from several invariable residues of key importance. Darker 

shading indicates higher conservation  
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1.2.3. Adiponectin 

Adipose tissue functions not solely as an energy store, but also secretes a variety of 

proteins known as adipokines. These proteins include leptin, CRP, TNF, interleukins and 

adiponectin (Ouchi et al., 2011). Adiponectin and its receptors have several functions that 

link it to insulin sensitisation, metabolic health and protection against apoptosis (Yamauchi 

et al., 2014).   

Adiponectin, also known as AdipoQ, ACRP30 or GBP28, is an anti-inflammatory adipokine 

first discovered in 1995, but later discovered independently by a further three groups 

(Scherer et al., 1995; Hu et al., 1996; Nakano et al., 1996; Maeda et al., 1996).  

Figure 1.4. Structure of human AdipoR1. Based on the crystallised structure (Tanabe et al., 

2015) residues 89-375. The structure of AdipoR1 consists of 7 transmembrane domains and a 

non-conserved intracellular N-terminal domain. Within the structure a coordinated zinc ion is 

represented by the brown sphere.   
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The structure of adiponectin resembles the complement C1q superfamily (CTRP) (Scherer 

et al., 1995). Adiponectin has three domains: the signal sequence on the N terminus, a 

collagen-like domain and a globular domain on the C terminus (Scherer et al., 1995).  

Adiponectin multimerises into either trimers, hexamers or high molecular weight (HMW) 

multimers. These different sized structures have different levels of activity. HMW 

adiponectin has been reported to be the most bioactive form of adiponectin and is the 

most protective against diabetes. A high circulating ratio of HMW to total adiponectin 

correlate with reduced risk of obesity and diabetes (Kadowaki et al., 2006). Impaired 

multimerisation of adiponectin causes reduced activation of AMPK (Waki et al., 2003). 

Trimers are formed through non-covalent interactions between the collagenous domains 

(Richards et al., 2006). Larger multimers are formed by combining trimers and rely on 

several post translational modifications. Disulphide bond formation occurs through 

cysteine residues, while conserved lysine residues are hydroxylated and glycosylated, 

allowing HMW adiponectin to be formed (Simpson and Whitehead, 2010). Impaired 

formation of adiponectin trimers are associated with impaired adiponectin secretion and 

diabetes (Waki et al., 2003). Synthetic globular adiponectin with no collagen-like domain, 

which exist as trimers of globular domains, is paradoxically more active than any of the 

natural forms and is typically used in lab investigations (Kadowaki et al., 2006). 

There is sexual dimorphism with both total amounts of adiponectin and proportions of 

each multimer. Females have both a greater amount of total adiponectin and a greater 

proportion of this is high molecular weight (Peake et al., 2005). Lower concentrations of 

adiponectin have been correlated with obesity and diabetes (Arita et al., 1999; Hu et al., 

1996; Yamauchi and Kadowaki, 2013). 

1.2.4. Adiponectin receptor signalling 

Adiponectin binding is able to produce multifaceted signalling mechanisms via AdipoRs, 

the large array of downstream effects allows adiponectin to exert anti-apoptotic and anti-

diabetic effects via shifting cellular energy metabolism.   

Adiponectin binds to AdipoRs expressed at the cell surface (Yamauchi et al., 2003) and has 

been reported to elicit increased glucose uptake, fatty acid oxidation, anti-inflammatory, 

anti-apoptotic and insulin sensitising effects. These effects can vary depending on cell type, 



13 
 

for instance in the liver AdipoRs affect fatty acid metabolism, whereas adiponectin action 

in the heart is largely cardioprotective (Yamauchi et al., 2014). The mechanistic details of 

AdipoR signalling is not wholly understood, with significant questions remaining around 

how AdipoRs transduce the signal and initiate the intracellular cascade. AdipoRs effects are 

attributed to increased AMPK, PPAR-α, and p38-MAPK signalling which have been 

previously implicated as controllers of energy metabolism. AdipoR1 has been associated 

predominantly with AMPK activation, whilst AdipoR2 preferentially activates PPAR-α in 

vivo (Yamauchi et al., 2007). An overview of signalling pathways is shown in figure 1.5. 

The Adaptor protein containing pleckstrin homology domain, phosphotyrosine binding 

domain, and leucine zipper motif (APPL1) is thought to initiate many of the signalling 

events, via adiponectin dependent binding to the AdipoR1 N-terminus (Mao et al., 2006). 

APPL1 is then thought to interact with several proteins, including PP2A and PKCζ, allowing 

dephosphorylation of LKB1. This results in the translocation of LKB1 from the nucleus to 

the cytosol where it is able to phosphorylate AMPK, increasing its downstream activity 

(Deepa et al., 2011). APPL1 is also responsible for crosstalk with insulin signalling which is 

thought to be increased by adiponectin (Ruan and Dong, 2016) and AdipoRs ability to 

increase p38-MAPK activity, via APPL1 complexing with TAK1 (Xin et al., 2011). 

A secondary route of AdipoR AMPK activation is reported to be via Ca2+/calmodulin-

dependent protein kinase kinase (CaMKK). AdipoRs are thought to stimulate release of Ca2+ 

from the ER and thus activate CaMKK and in turn AMPK (Zhou et al., 2009). Holland et al 

suggest AdipoRs integral ceramidase activity as the cause of AdipoRs effects (Holland et al., 

2011). Sphingosine 1-phosphate (S1P), produced through ceramidase activity, has been 

shown to activate AMPK, possibly through increasing intracellular Ca2+ levels and CaMKK 

activation (Olivera et al., 2007; Levine et al., 2007). AMPK is a major regulator of glucose 

and lipid metabolism, recognising when energy levels are low and driving a switch from 

anabolic to catabolic processes (Yamauchi et al., 2002; Kahn et al., 2005). Lipid synthesis is 

reduced, and uptake and oxidation of fatty acids increased through inhibitory 

phosphorylation of acetyl-CoA carboxylase (ACC) (Carling et al., 1987) and sterol regulatory 

element-binding protein 1c (SREBP1c) (Li et al., 2011). Alongside this, glucose metabolism 

is altered by indirectly promoting the glycolytic activity of phospofructokinase-1 (Marsin et 

al., 2000) and inhibition of glycogen synthase (Bultot et al., 2012). AMPK is also reported 
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to increase GLUT4 trafficking to the plasma membrane, allowing increased uptake of 

glucose (Yamaguchi et al., 2005).  

Peroxisome proliferator-activated receptor α (PPARα) signalling by AdipoR2 is less well 

characterised. PPARα is a nuclear receptor and transcription factor, which targets genes 

involved in decreasing inflammation and increasing glucose and lipid utilization 

(Yamauchi et al., 2007). Its ligands are known to be fatty acids, perhaps suggesting a S1P 

mediated mechanism of activation, however, In vitro studies have described PPARα 

downstream of p38-MAPK (Myeong et al., 2006). PPARα is known to increase expression 

of peroxisome proliferator response element (PPRE) containing genes involved in 

metabolism, such as uncoupling protein (UCP) and Acetyl-CoA oxidase (ACO) (Yamauchi 

et al., 2014).  

Both adiponectin receptors are reported to have ceramidase activity (Holland et al., 2011). 

Through this activity apoptosis-inducing ceramides are broken down producing anti-

apoptotic sphingosine 1-phosphate. S1P also engages in downstream signalling activating 

the S1P receptor resulting in increased AMPK activity (Yamauchi et al., 2014). 

Complementary to this is ceramides ability to desensitise cells to insulin, possibly by 

supressing Akt/PKB signalling (Sharma and Holland, 2017). Ceramide may promote PKCζ 

and PP2A activity, which inhibit Akt/PKB signalling. Therefore, AdipoRs ability to lower 

cellular ceramide levels may result in the restoration/increase of Akt/PKB, which is 

responsible for insulin sensitising effects (Sharma and Holland, 2017). 

AdipoR signalling may be regulated by variable cell surface expression. AdipoRs have been 

shown to undergo disassociation and endocytosis upon ligand binding (Almabouada et al., 

2013; Yamauchi et al., 2003). Both AdipoR1 and AdipoR2 are rapidly internalised to early 

endosomes upon adiponectin binding, whether these receptors are then later recycled to 

the cell surface or sorted for lysosomal degradation is unclear (Almabouada et al., 2013).  

Adiponectin also has several additional ligands including osmotin (Narasimhan et al., 2005) 

and the synthetic agonist AdipoRon (Okada-Iwabu et al., 2013). AdipoR1 preferentially 

binds synthetic globular adiponectin with greater affinity than for full-length adiponectin 

(Yamauchi et al., 2003). 
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1.3. Mutations in ADIPOR1 and RP: 
Two mutations in ADIPOR1 have recently been reported to cause RP (Xu et al., 2016; Zhang 

et al., 2016). RetNet have listed ADIPOR1 mutations as causing both autosomal dominant 

RP and Bardet Biedl syndrome. It could be speculated that more mutations in AdipoR1, and 

possibly AdipoR2, could be RP causing and that a proportion of these will be autosomal 

dominant. One of the RP causing mutations causes syndromic RP (Xu et al., 2016), it is likely 

that similar mutations, causing loss of receptor expression or receptor instability, will cause 

syndromic RP if homozygous. Some autosomal recessive mutations may cause non-

syndromic RP if they retain partial function, possibly disrupting retinal protective functions 

but allowing typical AdipoR signalling. 

1.3.1. A homozygous mutation causes syndromic RP 

A homozygous frameshift mutation, Q11Rfs*24 in ADIPOR1 causes syndromic autosomal 

recessive RP (Xu et al., 2016). This was found in a single patient whose parents were first 

Figure 1.5. Adiponectin signalling. (Adapted from Yamauchi et al., 2014) Adiponectin signals via 
its two receptors AdiopR1 and AdipoR2. The major changes in metabolism associated with 
adiponectin are mediated through AMPK and PPARα pathways. AdipoR1 has been shown to 
activate AMPK via APPL1 and LKB1 as well as by increasing intracellular Ca2+ and subsequent 
CaMKK activation. AdipoR2 predominately activates PPARα, possibly via p38-MAPK. Both 
receptors have ceramidase activity and the conversion of ceramides to S1P is associated with 
downstream signalling and anti-apoptotic effects.  
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cousins. The patient experienced significant vision loss by the age of 8 alongside syndromic 

symptoms including cognitive impairment where the patient had delayed speech and a 

limited attention span, and truncal obesity. The symptoms found resemble Bardet Biedl 

syndrome, although with no polydactyly or renal disease. None of these symptoms were 

found in any of the family members, indicating that heterozygous mutations have no 

phenotype (Xu et al., 2016).  

The Frameshift mutation is likely to cause complete loss of the receptors due to disruption 

of the transmembrane domains. Any other mutations that cause complete loss of AdipoR1 

is likely to have the same effect. The ADIPOR1 knockout mouse has similar symptoms 

combination of retinal dystrophy and metabolic complications, however no cognitive 

impairment has been reported (Sluch et al., 2018). Knockdown of ADIPOR1 in zebrafish 

causes abnormal retinal development affecting rod photoreceptors and this can be rescued 

by overexpression of human wild-type AdipoR1 (Zhang et al., 2016).     

1.3.2. A heterozygous mutation causes autosomal dominant non-syndromic RP 

A heterozygous mutation in ADIPOR1, Y310C in helix 6, causes non-syndromic autosomal 

dominant RP (Zhang et al., 2016). The family studied had 12 family members known to 

have RP with no male/female bias, the 8 living family members with RP were all found to 

have the Y310C mutation in ADIPOR1. Family members without RP were screened for the 

mutation and none of the 8 screened had the mutation. The age of disease onset varied 

between family members, the earliest onset was age 8 whereas the eldest age of onset 

was 40 (Zhang et al., 2016). Overexpression of human AdipoR1 with this mutation in 

zebrafish following knockdown of AdipoR1 does not restore photoreceptors, while wild-

type AdipoR1 overexpression is restorative (Zhang et al., 2016).  

The mutation is dominant and has stronger effects than the heterozygous knockout 

produces in mice (Sluch et al., 2018) indicating that it has dominant negative effects that 

impact on the function of wild-type receptors. One possibility is that it dimerises with wild-

type receptors (Yamauchi et al., 2003; Keshvari et al., 2013) and impairs cell surface 

trafficking, preventing wild-type/mutant receptor heterodimers from reaching the cell 

surface.  
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1.3.3. Why AdipoR1 may protect against RP 

As ADIPOR1 mutations have been found to cause RP it is likely that wild-type adiponectin 

receptors have a protective role in photoreceptor health. Knockout of ADIPOR1 has also 

been reported to cause retinal degeneration in mice as does knockdown in zebrafish (Sluch 

et al., 2018; Zhang et al., 2016). However, no links between its ligand, adiponectin, and RP 

have been made. Several functions of the adiponectin receptors could be linked to reduced 

cell stress and apoptosis to potentially prevent retinal damage.  

AdipoR1 and AdipoR2 have also been reported to have intrinsic ceramidase activity utilising 

the coordinated zinc ion (Holland et al., 2011; Vasiliauskaité-Brooks et al., 2017). Ceramide 

is broken down into sphingosine and a free fatty acid leading to increased concentrations 

of sphingosine 1-phosphate (Holland et al., 2011) (Figure 1.6.). Ceramide has inflammatory 

and apoptosis-inducing effects whereas sphingosine 1-phosphate protects cells from 

apoptosis (Holland et al., 2011). Ceramide breakdown is important for retinal health as 

light induced retinal degeneration (LIRD) occurs when ceramides accumulate (Chen et al., 

2013).  This will be discussed in greater detail in chapter 5.  

Figure 1.6. Ceramidase activity of AdipoRs. (Adapted from Holland and Scherer, 2017) 

Ceramide enters the receptor and interacts with the zinc ion leading to its cleavage into 

sphingosine and a free fatty acid. Sphingosine can then be phosphorylated by sphingosine 

kinases to make sphingosine 1-phosphate 
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AdipoR1 and AdipoR2 have been reported to have membrane fluidity sensing abilities (Ruiz 

et al., 2019). They are able to respond to saturated fatty acid exposure and increase gene 

expression of desaturase enzymes, although the mechanism for this is unknown. This then 

allows the saturated fatty acids to become desaturated before they insert into the 

membrane, protecting from membrane rigidity and lipotoxicity (Figure 1.7.). Adiponectin 

receptors protect the cells from saturated fatty acid induced apoptosis and reduce stress 

in the cells. When this is perturbed then more photoreceptors may die as a result. This will 

be discussed in greater detail in chapter 6.    

Adiponectin receptors have been found to increase uptake and retention of 

docosahexaenoic acid (DHA) in the retina and central nervous system. Ablation of ADIPOR1 

causes loss of DHA retention in the retina and induces retinal degeneration (Rice et al., 

2015). AdipoR1 is required to allow elongation and recycling of very-long chain poly-

unsaturated fatty acids (VLC-PUFAs) at the photoreceptors. Low concentrations of VLC-

PUFAs are reported in age related macular degeneration and RP. DHA is esterified and 

elongated to allow conversion of free DHA to docosanoids which protect the eye from 

Figure 1.7. Membrane fluidity sensing activity of AdipoRs. (Adapted from Ruiz et al., 2019) 
Adiponectin receptors detect changes in membrane fluidity when cells are exposed to high 
concentrations of saturated fatty acids. They are then able to upregulate the gene expression 
of desaturases which reduce saturation of fatty acids before they are inserted into the 
membrane as phospholipids. This protects the membrane from rigidification. 
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oxidative damage. Knockout of ADIPOR1 in mice reduces retinal levels of both esterified 

and total DHA and therefore limits docosanoid production. The retina is susceptible to 

oxidative damage due to its light and UV exposure and protection against this reduces cell 

death (Dias et al., 2018).  

1.4. Aims and objectives of this project 

Objectives as part of this project: 

• To characterise targeted mutations in ADIPOR1 in highly conserved zinc 

coordinating residues in order to investigate importance of these residues for 

receptor expression and localisation 

• To characterise naturally occurring mutations in ADIPOR1 in order to identify those 

that may cause RP  

• To develop a mass-spectrometry based ceramide assay that can be used to 

investigate ceramidase activity 

• To investigate changes in cell viability and desaturase gene expression in response 

to palmitate following overexpression or knockdown of adiponectin receptors  

The long-term aim following characterisation of ADIPOR1 mutations is to identify those 

that cause RP. Patients with RP could be screened for these mutations and treated using 

gene therapy specific to their mutation, preventing RP progression.  
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2. Materials and Methods 

2.1. Materials  

Unless otherwise stated, all general materials were from Sigma-Aldrich or ThermoFisher. 

All tissue culture reagents were purchased from Gibco. 

2.2. Naturally occurring SNPs 

Naturally occurring loss of function or missense mutations in R1 were identified from the 

genome aggregation database, gnomAD (https://gnomad.broadinstitute.org/). gnomAD 

shows a collection of SNPs found in sequencing studies collected from a relatively healthy 

population with no known severe disease. All missense or loss of function mutations were 

selected and analysed using provean (http://provean.jcvi.org/index.php) and SNAP2 

(https://www.rostlab.org/services/SNAP/) to predict if an effect on function would be 

seen. These algorithms base their predictions on conservation of residues across species. 

Residues that were predicted to have effect were chosen for further analysis and primers 

were designed for site directed mutagenesis using the Agilent QuikChange software 

(https://www.agilent.com/store/primerDesignProgram.jsp). Conservation between 

AdipoR1, AdipoR2 and homologs in several species was also analysed. Sequences for each 

receptor were retrieved from NCBI (https://www.ncbi.nlm.nih.gov/protein/), aligned using 

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and viewed in Jalview 

(https://www.jalview.org/). Protein mutations were mapped onto the 3D structure of 

human AdipoR1 (PBD: 3WXV) and visualised using Jmol (http://jmol.sourceforge.net/).  

2.3. Targeted mutant design 

Mutations were designed to investigate residues identified by Vasiliauskaité-Brooks et al., 

2017 to be involved in zinc ion coordination. Conservation of residues between AdipoR1, 

AdipoR2 and homologs in several species was confirmed in order to design mutations with 

the highest chance of causing effects (using the technique described in section 2.2.). All 

chosen residues are conserved between AdipoR1 and AdipoR2 and between humans and 

analysed species. Residues S187, D208 and H341 were mutated to alanine residues to 

remove effects of any functional groups. S187 and D208 were also mutated to threonine 

and asparagine respectively to investigate the effect of the functional group and its 

position. The likelihood of effect for each mutant was analysed using Snap2 and provean, 

https://gnomad.broadinstitute.org/
http://provean.jcvi.org/index.php
https://www.rostlab.org/services/SNAP/
https://www.agilent.com/store/primerDesignProgram.jsp
https://www.ncbi.nlm.nih.gov/protein/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.jalview.org/
http://jmol.sourceforge.net/
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each was predicted to be have an effect. Primers were designed to produce each mutation 

using the Agilent QuikChange software.   

2.4. Creating SNPs and plasmid checks 

SNPs were introduced by site directed mutagenesis using QuikChange (Agilent) as directed 

using primers shown in Table 2.1 and Table 2.2 and the cycling parameters shown in Table 

2.3 into pcDNA5/FRT (Invitrogen) containing HA tagged AdipoR1. Single colonies were 

picked and grown in lysogeny broth (LB) supplemented with 100 μg/ml Ampicillin (Sigma) 

at 37 °C, 220 rpm overnight/ 12 h before plasmid DNA was extracted using a miniprep kit 

(QIAGEN) as directed. DNA concentration was then estimated using UV-Vis 

spectrophotometry at 260nm (Nanodrop 2000, Thermo) and plasmids sequenced with 

CMV forward and BGH reverse primers (Source BioScience) to confirm mutations had been 

successful. Plasmid integrity was tested regularly by running on a 1% agarose gel with 0.5% 

SyberSafe (Invitrogen), size was estimated by inclusion of hyperladder 1kb (BioLine).     

Position Original 
Residue 

New 
Residue 

Forward Primer Reverse Primer 

187 S A 
CTCTGCCTCAGCTTCGCCTG

GCTCTTTCACA 

TGTGAAAGAGCCAGGCGAAG

CTGAGGCAGAG 

187 S T 
CTCTGCCTCAGCTTCACCTG

GCTCTTTCACA 

TGTGAAAGAGCCAGGTGAAG

CTGAGGCAGAG 

208 D A 
GGACTTTTTCCAAACTGGCC

TATTCAGGGATTGCTCT 

AGAGCAATCCCTGAATAGGC

CAGTTTGGAAAAAGTCC 

208 D N 
CGGACTTTTTCCAAACTGAA

CTATTCAGGGATTGCTC 

GAGCAATCCCTGAATAGTTC

AGTTTGGAAAAAGTCCG 

341 H A 
CCAGTCTCATCAGATTTTCG

CTGTCCTGGTGGTGGCA 

TGCCACCACCAGGACAGCGA

AAATCTGATGAGACTGG 

 

 

 

 

Table 2.1. Targeted mutant mutagenesis primer sequences. All primers were from Agilent 



22 
 

 

Position Original 
Residue 

New 
Residue 

Forward Primer Reverse Primer 

40 R W 
TGGCGATTACCCATTTGCCC

TTCTCTTCTAGCAG 

CTGCTAGAAGAGAAGGGCA

AATGGGTAATCGCCA 

143 L P 
GAAACAGCACGAAACCAGGC

AGATGGGTCCAGATG 

CATCTGGACCCATCTGCCT

GGTTTCGTGCTGTTTC 

183 C S 
GAGAAGCTGAGGCTGAGCAC

TGCACCC 

GGGTGCAGTGCTCAGCCTC

AGCTTCTC 

309 M R 
CCAGCTCCAGTGATGTACCG

CACAGCCATGAGGAAGAA 

TTCTTCCTCATGGCTGTGC

GGTACATCACTGGAGCTGG 

310 Y C 
GCCAGCTCCAGTGATGCACA

TCACAGCCATGAG 

CTCATGGCTGTGATGTGCA

TCACTGGAGCTGGC 

320 R Stop 
GAAGCGCTCAGGAATTCAAG

CAGCATAAAGGCCAG 

CTGGCCTTTATGCTGCTTG

AATTCCTGAGCGCTTC 

324 R L 
AATTTTCCAGGAAAGAAGAG

CTCAGGAATTCGAGCAG 

CTGCTCGAATTCCTGAGCT

CTTCTTTCCTGGAAAATT 

341 H Y 
CACCACCAGGACATAGAAAA

TCTGATGAGACTGG 

CCAGTCTCATCAGATTTTC

TATGTCCTGGTGGTG 

348 A G 
AGAAGTGGACAAAGCCTGCT

GCCACCACC 

GGTGGTGGCAGCAGGCTTT

GTCCACTTCT 

367 G R 
GTACAGCCGCGTTCTAGGCC

GTAACGGAAT 

ATTCCGTTACGGCCTAGAA

CGCGGCTGTAC 

 

 

Segment Cycles Temperature (°C) Time (seconds) 

1 1 95 120 

2 18 

95 20 

60 10 

68 150 

3 1 68 300 

Table 2.2. Naturally occurring mutant mutagenesis primer sequences. All primers were from 

Agilent 

Table 2.3. QuikChange Lightning cycling parameters 
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2.5. Cell culture techniques 

Human embryonic kidney (HEK-293) cells were grown in Dubecco’s Modified Eagle’s media 

(DMEM) with added 2 mM L-glutamine, 10% foetal calf serum (FCS) and 100 U/mL 

penicillin-streptomycin (all from Gibco). All plates (Sarstedt) or coverslips (Agar Scientific) 

were coated with poly d-lysine (Gibco) before seeding of cells. Cells were grown in an 

incubator at 37°C and at 5% CO2. Cells were detached from the flask surface using trypsin-

EDTA (Gibco). Inducible HEK293 cell lines for WT-R1-FLAG and WT-R2-FLAG were induced 

with 10 μM tetracycline (Sigma). Inductions were carried out for 24 h prior to analysis or 

additional treatment and subsequently media was changed and supplemented with fresh 

tetracycline every 24 h.  

2.6. Transfections 

Transient transfections were carried out using lipofectamine LTX Plus (ThermoFisher) with 

Optimem reduced serum media (Gibco). Volumes of each reagent used in transfection are 

shown in in Table 2.4. Two reagent mixtures were prepared separately as indicated in Table 

2.4 and incubated for 5 min before they were combined and incubated for at least 20 min. 

The transfection mixture was then added to wells dropwise and mixed by rocking the plate. 

Transfections were carried out for 24 h prior to analysis or additional treatments and media 

was changed after 5 h. Transfection efficiency for each experiment was estimated by 

transfecting GFP and visualising fluorescence using an inverted fluorescence microscope 

(Nikon).  

 

Plate Size OptiMEM 
(μL) 

Lipofectamine 
LTX (μL) 

OptiMEM (μL) DNA 
amount (μg) 

Plus Reagent 
(μL) 

6 well 150.00 10.00 150.00 2.00 2.50 

12 well 59.38 3.96 59.38 0.79 0.99 

24 well 31.25 2.08 31.25 0.42 0.52 

96 well 5.00 0.33 5.00 0.07 0.08 

Table 2.4. Transfection reagent volumes showing volume used per well for each plate size using 

lipofectamine LTX Plus 
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2.7. Knockdowns 

Knockdown of R1 or R2 was carried out using nanojuice (Merck Millipore) or Lipofectamine 

RNAiMAX (ThermoFisher) 24 h prior to analysis using volumes shown in Table 2.6 or 2.7. 

Media on cells was replaced with antibiotic free media prior to knockdown. When using 

the QIAGEN kit, nanojuice reagents were incubated for 5 min at room temperature before 

siRNA was added and incubated for a further 15 min. When using Lipofectamine RNAiMAX 

two separate mixtures were made, as indicated in Table 2.7. Mixtures were combined and 

mixed by gentle pipetting before incubating at room temperature for 10 min. The 

knockdown mixtures were added to wells dropwise and distributed by rocking the plate. 

Pooled siRNAs were used for each knockdown consisting of four different siRNAs (QIAGEN), 

sequences shown in Table 2.5. Scrambled siRNA was used as a control. Knockdowns were 

confirmed by qPCR measuring gene expression of R1 or R2. 

 

 

 

 

 

 

Target 
 

siRNA Sequence 

ADIPOR1 1 TTGGAGGGTCATCCCATATGA 

ADIPOR1 2 CAGGAATTCCGTTACGGCCTA 

ADIPOR1 3 CTGGCTAAAGGACAACGACTA 

ADIPOR1 4 AAGGACAACGACTATCTGCTA 

ADIPOR2 1 CACCAACTGGATGGTACACGA 

ADIPOR2 2 TAGGGTGTCATTGTCATTTGA 

ADIPOR2 3 TCGGCTCTCCTTGAATAAGAA 

ADIPOR2 4 TCCAGGGACTATGACCCTAAA 

Table 2.5. siRNA sequences for knockdown of ADIPOR1 and ADIPOR2. siRNAs 1-4 for each target 

were pooled together for each knockdown. All siRNAs were from QIAGEN 
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Plate Size OptiMEM 
(μL) 

Lipofectamine 
RNAiMAX (μL) 

OptiMEM (μL) siRNA (μL) 
10 μM) 

Plus Reagent 
(μL) 

6 well 100.00 6.00 100.00 0.20 206.20 

12 well 50.00 3.00 50.00 0.10 103.10 

24 well 25.00 1.50 25.00 0.05 51.55 

96 well 6.25 0.38 6.25 0.03 12.9 

 

2.8. Palmitate treatment 

Sodium Palmitate (Sigma) was dissolved in methanol to a concentration of 160 mM by 

heating in a waterbath and regularly vortexing. Once dissolved, palmitate was sterilised by 

passing through a 0.2 μm filter. Palmitate was added to serum containing or serum free 

media as indicated to a final concentration of 200 μM unless otherwise stated. Fatty acid 

free bovine serum albumin (BSA) (Sigma) was included in the media at 75 μM so that it 

could be conjugated with palmitate. Control wells were treated with an equivalent volume 

of methanol to palmitate with identical concentration of BSA as in treatments. Palmitate 

treatments were incubated with cells for 12 or 24 h prior to analysis as indicated.       

2.9. BCA assay 

BCA assays were used to estimate protein concentration in cell lysates prior to SDS-PAGE. 

Standard concentrations of BSA (Pierce, Thermo) were prepared at 0, 1, 2, 3, 4, 5 and 10 

μg/mL in water and 50 μL of each standard was loaded into a 96 well transparent plate 

(Sartstedt). For unknown samples 2 μL of cell lysate and 48 μL of water was added to wells. 

Plate Size OptiMEM 
(μL) 

NanoJuice 
Core (μL) 

NanoJuice 
Booster (μL) 

siRNA (μL) Per Well 
(μL) 

6 well 72.40 2.40 1.20 4.00 80.00 

12 well 36.20 1.20 0.60 2.00 40.0 

24 well 18.10 0.60 0.30 1.00 20.00 

96 well 3.00 0.10 0.05 0.17 3.32 

Table 2.6. Knockdown volumes using QIAGEN NanoJuice showing volumes used per well for 

each plate size. Volume shown for siRNA was for each of the siRNAs before combining  

Table 2.7. Knockdown volumes using Lipofectamine RNAiMAX showing volumes used per well 

for each plate size. Two separate mixtures, indicated by separating lines, were produced then 

were mixed together and incubated before adding to wells. Volume shown for siRNA was total 

after pooling  
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Pierce BCA Protein Assay Reagent A and Reagent B (Thermo) were mixed 50:1 and 200 μL 

added to wells. The plate was incubated at 37 °C for 30 min before absorbance was read 

at 562 nm on a plate reader (TECAN 200Pro). Concentration of protein in samples was 

determined using the standard curve.        

2.10. Western blot. 

Cells were cultured in 12-well plates and grown to 70-90% confluency. Media was 

removed, PBS was used to wash cells. Cells were lysed with 50 μL tyrosine kinase lysis 

buffer (50 mM HEPES, 150 mM NaCl, 1% Triton-X-100, 1 mM Na3VO4, 30 mM NaF, 10 mM 

Na4P2O7, 10 mM EDTA and protease inhibitor) (Pierce protease inhibitor mini tablets, EDTA 

free, Thermo) in water. Cells were scraped, transferred to 1.5 mL microcentrifuge tubes 

and cell debris cleared by centrifugation at 17,000 g, 4 °C for 10 min on a benchtop 

centrifuge. Supernatant was removed and transferred to a new microcentrifuge tube. Total 

amount of protein was estimated using a BCA assay as described in section 2.9. Equal 

weights of protein were transferred to new tubes, typically 25 μg, diluted to the same 

volume with water and Laemmli sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% 

glycerol, 0.01% bromophenol blue, 2% 2-mercaptoethanol) was added. Samples were 

incubated for 37°C for 5 min.  

12.5% gels were prepared as in (Laemmli, 1970). Separating buffer consisted of 1.5 M Tris-

HCl pH 8.8 and 0.4% sodium dodecyl sulphate (SDS). Stacking buffer consisted of 0.5 M 

Tris-HCl pH 6.8 and 0.4% SDS. The separating gel contained 4.16 mL 30% Acrylamide 

(Fisher), 2.66 mL separating buffer and 3.18 mL water in every 10 mL. The stacking gel 

contained 1.33 mL 30% Acrylamide, 2.5 mL stacking buffer and 6.17 mL water in every 10 

mL. To polymerise 60 μL 10% ammonium persulphate (APS) (Thermo) and 6 μL 

tetramethylethalenediamine (TEMED) (Sigma) was added for every 10 mL of gel.  

Denatured samples were loaded onto gels alongside BioRad Precision Plus Protein 

Standards ladder. Running buffer was 2.028M Glycine, 0.247 M Tris base and 1% SDS in 

water. Proteins were separated at 150 V until the dye front had moved past the end of the 

gel.  

Proteins were transferred to immobilon FL PVDF membrane (Merck Millipore) by semi-dry 

transfer (Bio-Rad Trans-Blot). For transfer, blotting paper was soaked in transfer buffer (50 
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mM Tris, 40 mM Glycine, 0.3% SDS, 10% Methanol) and PVDF membrane was activated by 

immersion in methanol. The membrane was layered with 4 sheets of transfer buffer soaked 

blotting paper on each side. Transfer was set at 0.18A for 75 min.  

Following transfer membranes were transferred into blocking buffer (2.5 mL Li-Cor PBS 

blocking buffer and 2.5 mL PBS per membrane) for 30-60 min with agitation at room 

temperature. Blocking solution was removed, and membranes probed by addition of 

primary antibodies against HA (mouse anti-HA BioLegend) or R1, generated and purified 

in-house by Hayley Charlton (29ELGPLLEEKGKRVIAN44) (Charlton et al., 2010), diluted 

1:1000 in blocking buffer. Membranes were left incubating in primary antibodies at 4°C 

overnight. Antibodies were removed and membranes were washed with PBS-Tween (0.1% 

Tween) (Sigma) six times for 5 min per wash. Secondary donkey anti-mouse IRDye 800CW 

antibodies (Li-Cor) were added to the membranes 1:10000 in diluted blocking buffer. 

Membranes were washed six times for 5 min per wash with PBS Fluorescence was analysed 

using the Li-Cor Odyssey Fc imager and bands were quantified using Image Studio Lite V5.2 

software. Intensity of bands were normalised to WT-R1.              

2.11. Immunofluorescent staining for permeabilised cells 

Cells were grown to 80% confluency on coverslips as previously described. Media was 

removed and coverslips washed once in cold PBS before fixing and Immunofluorescence 

staining. Cells to be permeabilised were fixed with 4% paraformaldehyde (PFA) in PBS 

(Fisher) for 20 min at 4 °C before permeabilisation with ice-cold methanol for 8 min. 

Coverslips were blocked for 35 min with 0.2% bovine serum albumin (Sigma) and 0.2% fish 

skin gelatin (Sigma) in PBS (Fisher). Coverslips were quenched using 0.3 M glycine (Fisher) 

for 15 min and incubated with mouse anti-HA antibody (BioLegend) diluted 1:600 in 

blocking buffer for 45 min. Following Primary antibody binding coverslips were washed 

four times in PBS and incubated in AlexaFluor 568 donkey anti-mouse secondary antibody 

diluted 1:400 in blocking buffer for 35 min at room temperature. Coverslips were washed 

four times in PBS before incubation with DAPI (Molecular Probes) diluted 1:100 in PBS for 

15 min. Coverslips were washed three times in PBS and a final wash in water to remove 

PBS salts before being mounted onto slides with VectaShield (VectorLabs) or ProLong Gold 

(ThermoFisher). 
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2.12. Immunofluorescent staining for non-permeabilised cells 

For non-permeabilised cells, coverslips were washed with cold PBS and then blocking was 

carried out for 35 min at 4 °C with 0.2% BSA, 02% FSG in KRH (20 mM HEPES, 5mM KH2PO4, 

1 mM CaCl2, 136 mM NaCl, 4.7 μM KCl, 1mM MgSO4). Coverslips were removed from wells 

and placed on 1:600 mouse anti-HA and rabbit anti-calnexin (Cell Signalling Technology) 

primary antibodies in blocking buffer for 45 min. Anti-calnexin was used as a control to 

identify permeabilised cells. Coverslips were then washed with PBS and placed back into 

wells with the cells exposed. Cells were fixed with 4% PFA for 20 min and then quenched 

with 0.3 M glycine for 15 minutes. Coverslips were removed from wells and placed on 1:400 

secondary antibody solution containing 568 Alexa Fluor donkey anti-mouse and 488 Alexa 

Fluor goat anti-rabbit (Invitrogen) in the blocking buffer described in section 2.11 at room 

temperature. Following this the protocol followed on from the secondary antibody step in 

section 2.11.             

2.13. Confocal microscopy 

Confocal microscopy was carried out using Leica TCS SP8. Images for cell counting were 

taken with the HC PL FLOUTAR 20x/0.50 DRY optical lens. Slides were blinded before image 

acquisition. At least 3 images were taken at different positions on each coverslip. Cells 

staining for HA, but not calnexin in non-permeabilised cells, were counted using the cell 

counter plugin on image J 1.52, Fiji, software (https://fiji.sc/) (Schindelin et al., 2012). The 

ratio of cells expressing HA in non-permeabilised cells compared with in permeabilised 

conditions was calculated to determine percentage of expression on the cell surface. Cell 

surface expression levels for each mutant were then normalised to wild-type to see change 

in effect. 

For detailed images of each cell the HC PL APO CS2 63x/1.40 OIL was used. Images were 

taken at 4x zoom. Z-stacks were taken for each mutant.      

2.14. Ceramidase assay 

The ceramidase assay was carried out using HPLC-MS in collaboration with JBL sciences. 

Initially peaks were identified for stearic acid (C18.0) and sphingosine 1-phosphate (S1P) 

(Cayman Chemical) dissolved in ethanol. Signature peaks were identified with molecular 

weights 566 and 567 for C18 and 380 for S1P using positive scans on the mass 

https://fiji.sc/
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spectrometer. Samples were separated by HPLC using ACE Excel 3 μn C18 100x4.6 mm 

heated to 40°C. A mixture of organic and inorganic mobile phases was used. The organic 

mobile phase was 90:10 isopropyl alcohol to acetonitrile with 10 mM ammonium formate 

and 0.1% formic acid (Fisher for all). The inorganic mobile phase was 60:40 acetonitrile to 

10 mM ammonium formate with 0.1% formic acid.     

 After extensive optimisation, the following method was adopted for lipid extraction from 

mammalian cells. Briefly, cells were grown in 6 well plates to 70-90% confluency before 

lipid extraction. Cells were washed with PBS and then scraped in 250 μL PBS and 

transferred to 1.5 mL microcentrifuge tubes. Cells were pelleted by centrifugation in a 

bench-top centrifuge at 16,000 g for 10 min at 4 °C. Supernatant was removed and 

discarded and the pellet was resuspended in 450 μL ethyl acetate and 50 μL hexane with 1 

μL 0.0002% butylated hydroxytoluene and sonicated for 5 min at 4 °C. Lysates were then 

vortexed for 5 min before centrifuging at 16,000 g for 10 minutes at 4°C. Supernatant was 

then transferred to a new microcentrifuge tube and the solvents removed by evaporation. 

Samples were stored at -80°C until they were analysed. Prior to analysis samples were 

resuspended in 100 μL 1:1 organic and inorganic mobile phase.    

2.15. MTT assay 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was prepared at 5 

mg/mL in PBS and sterilised by passing through 0.2 μm filter. Cells were seeded in 96 well 

plates at 35% confluency and were transfected or induced and 24 h later treated with 

palmitate as previously described. 20 μL MTT was added to the media of each well and 

incubated at 37°C for 3 h. Media was removed, 150 μL dimethyl sulphoxide (DMSO) was 

added to dissolve formazan crystals and the plate was agitated for 15 min. Absorbance was 

read at 590 nm with a 620 nm reference filter.     

2.16. qRT-PCR 

In preparation for qPCR cells were lysed with RLT buffer (QIAGEN) and stored at -20 °C. 

RNA was extracted using QIAGEN RNeasy as directed, including a DNA digest. RNA was 

quantified using spectrophotometry at 260 nm (Nanodrop 2000, Thermo) and 1 μg was 

used for cDNA synthesis as directed using BIOLINE sensiFAST or QIAGEN SensiScript. Each 

reaction was diluted 1:10 with RNase free water prior to qPCR. qPCR was carried out using 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl


30 
 

Rotor-Gene Q (QIAGEN) and samples were prepared using QIAGEN Rotor-Gene kit as 

directed but reaction volume was reduced to 12.5 μL and volume of 2x Rotor-Gene SYBR 

Green PCR Master Mix was halved to 6.25 μL per reaction. 2.5 μL of cDNA mix was used in 

each qPCR reaction. All gene of interest measurements were normalised to GAPDH 

expression. Primers used were for GAPDH, R1, R2, FADS1, FADS2, CHOP, sxBP1 

(Eurogentec). Sequences for each primer are shown in Table 2.16.1.  

 

2.17. Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 8.3.0. Significance was analysed 

with one-way ANOVA was used with Tukey post-test or Dunnett’s multiple comparisons 

analysis and significance was defined as p<0.05. 

  

Target 
Gene 

Forward Primer Reverse Primer 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

ADIPOR1 CATCGTCTGTGTCCTGGGCATT CTTGACAAAGCCCTCAGCGATAG 

ADIPOR2 CCTCTACATCACAGGAGCTGC CCTGGAGGTTTGAGACACCATG 

FADS1 TGGCTAGTGATCGACCGTAA GGCCCTTGTTGATGTGGAAG 

FADS2 GGGCCGTCAGCTACTACATC CAAACCAGTGGCTCTCCAG 

SCD TTCGTTGCCACTTTCTTGCG TGGTGGTAGTTGTGGAAGCC 

CHOP GGTATGAGGACCTGCAAGAGGT CTTGTGACCTCTGCTGGTTCTG 

sXBP1 CTGCCAGAGATCGAAAGAAGGC CTCCTGGTTCTCAACTACAAGGC 

Table 2.8. qPCR primer sequences. Primers were from Eurogentec 
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3. Targeted mutations in zinc coordinating residues alter AdipoR1 

expression 

3.1. Introduction 

Adiponectin receptors AdipoR1 and AdipoR2 are 7 transmembrane receptors with reverse 

topology to GPCRs (Yamauchi et al., 2003). The transmembrane domain is highly conserved 

between AdipoR1 and AdipoR2, but the N-terminal domain is non-conserved (see Figure 

1.2.). Central to both AdipoR1 and AdipoR2 structure is a coordinating zinc ion within a 

large internal cavity discovered when the structures were crystallised (Tanabe et al., 2015; 

Vasiliauskaité-Brooks et al., 2017). Three histidine residues in AdipoR1, H191, H337 and 

H341 directly coordinate the zinc ion binding together helices II, III and VII. These residues 

are conserved between AdipoR1 and AdipoR2, the equivalent residues in AdipoR2 (H202, 

H348 and H352) also coordinate the zinc ion. In AdipoR2, a water molecule is coordinated 

to the zinc ion by D219, however no water molecule was found in AdipoR1 (D208) (Tanabe 

et al., 2015). This is likely due to limitations of the study, and as there is high conservation 

and high similarity of the zinc coordinating pockets, it is most likely that both receptors 

share this tetrahedral coordination (Tanabe et al., 2015). The function of the zinc ion is not 

entirely known, it has clear structural importance, but functional effects have not been 

confirmed.    

Tanabe et al mutated the three zinc coordinating histidine residues in AdipoR1: H191, H337 

and H341, along with D208 to alanine residues and measured effects on adiponectin-

stimulated AMPK phosphorylation, a key mediator of AdipoR1 signalling. No single 

mutation caused a reduction of AMPK phosphorylation but the combination of all did 

significantly (Tanabe et al., 2015). Mutation of the equivalent residues in AdipoR2 showed 

that individual mutations reduced UCP2 induction, a downstream effector of PPARα, and 

this effect was increased when mutations were combined. The authors interpreted that 

coordination of the zinc is not required for AdipoR1 signalling but may have structural 

importance or could suggest that single residues are not required for zinc ion coordination 

(Tanabe et al., 2015). As effects were seen with AdipoR2 mutations, it may be that the zinc 

ion is more important for AdipoR2 signalling (Tanabe et al., 2015). Despite the lack of 

functional findings for single mutations in ADIPOR1, we considered it likely that mutations 
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that have an impact on structure will also have functional effects. Impaired function may 

be a result of altered signalling and or sub-cellular location as the protein may be less able 

to traffic to the plasma membrane, may be less able to internalise in response to ligand 

binding, or may have impaired ligand-binding ability. Proteins that are severely misfolded 

are likely to be broken down by the proteasome resulting in loss or reduction of activity.  

The structure of the zinc binding pocket of AdipoRs is conserved with the alkaline 

ceramidases (Tanabe et al., 2015) and AdipoRs have also been reported to possess 

ceramidase activity utilising the zinc ion (Holland et al., 2011; Vasiliauskaité-Brooks et al., 

2017) (the importance of this reaction is discussed in chapter 5). AdipoR2 responds to 

ceramide by undergoing rearrangement of the zinc binding pocket so that S198 

coordinates the zinc ion and the ceramidase activity can be carried out (Vasiliauskaité-

Brooks et al., 2017). As this residue is conserved between AdipoR1 and AdipoR2 it is likely 

that the serine residue S187 serves the same function in AdipoR1 but this has not been 

demonstrated directly.  

Holland et al created targeted mutants aimed at investigating the role of conserved 

histidine residues and measured effect on ceramidase activity (Holland et al., 2011). The 

chosen residues were H141 and H191 in AdipoR1, and H152 and H202 in AdipoR2.  All single 

point mutations caused reduced ceramidase activity and both ADIPOR1 mutations lost 

basal and adiponectin stimulated response (Holland et al., 2011). Since the research was 

published, only H191 in AdipoR1 and H202 in AdipoR2 were confirmed to be zinc 

coordinating (Tanabe et al., 2015). Findings suggested that all investigated histidine 

residues were critical in mediating ceramidase activity (Holland et al., 2011).  

With the aim of investigating residues highly conserved across the PAQR family (Tang et al, 

2005), that are implicated in zinc coordination, targeted mutations were designed and their 

effects on protein expression were characterised.  
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3.2. Results 

3.2.1. Targeted mutant design 

Mutations were created in ADIPOR1 on residues predicted to be essential in zinc ion 

coordination (Tanabe et al., 2015; Vasiliauskaité-Brooks et al., 2017). Residues S187 

(transmembrane domain II), D208 (transmembrane domain III) and H341 (transmembrane 

domain VII) were chosen and all were replaced with alanine residues. The intention was to 

make mutations that may be detrimental to zinc binding but were less likely to cause 

complete protein misfolding so more conservative mutations were also designed. S187 and 

D208 were also replaced with threonine and asparagine respectively. The purpose of these 

targeted mutations was to investigate importance of each residue and changes of 

functional groups and their position shown in figure 3.1. Structural or functional effects of 

these mutations were predicted using Snap2 and Provean, which predict importance of 

residues largely based on conservation between species, but also based on predicted 

structural changes and properties of substituted residues. All mutations were predicted to 

have a deleterious effect, shown in Table 3.1. Both Snap2 and Provean gave lower values 

for S187 mutants, possibly indicating a less severe effect. All of the chosen residues are 

highly conserved across numerous species (shown in figure 3.2) suggesting they are likely 

to have functional importance. Mutations were produced by site directed mutagenesis and 

sequenced to confirm that they had been successful and there were no ‘off-target’ 

mutations. All mutations were successfully produced, and no off-target mutations were 

identified (Figure 3.3).  
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Mutation Snap2 Prediction Provean Prediction 

S187A 72 Effect -2.806 Deleterious 

S187T 71 Effect -2.806 Deleterious 

D208A 97 Effect -7.151 Deleterious 

D208N 98 Effect -4.238 Deleterious 

H341A 98 Effect -8.474 Deleterious 

Figure 3.1. Structure of AdipoR1 showing position of the targeted residues. A – Structure of 
AdipoR1 between residues 89-375 with positions of targeted residues indicated by arrows. The 
brown sphere represents the zinc ion. B – close up image of the centre of the AdipoR1 structure 
showing the zinc ion (brown sphere) and the residues that coordinate it. 

 

Table 3.1. Targeted mutant Snap2 and Provean results. For Snap2 values above 0 indicate that 
an effect will be seen. For provean, values lower than -2.5 indicate that an effect will be seen  
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Figure 3.2. Alignment of AdipoR1 in different species showing conservation of targeted 

mutants. AdipoR1 is highly conserved across species. Targeted mutant positions are highlighted 

by coloured boxes. All are conserved in all species investigated.  
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3.2.2. Characterisation of protein expression levels 

Total expression of AdipoR1 protein in HEK293 cells, either wild-type or with each of the 

targeted mutations, was investigated using transient transfection of ADIPOR1-HA 

constructs and quantitative western blot with antibodies detecting the HA tag. It was 

assumed that transfection resulted in identical mRNA expression across all constructs.  

Intensity of AdipoR1 bands at approximately 37 kDa was quantified and normalised to 

intensity of WT-R1 expression to allow comparison of expression levels (Figure 3.4.). Two 

mutants, S187A and S187T, showed significantly reduced expression at around 60% 

Figure 3.3. DNA chromatograms showing positions of mutations. Protein sequences have been 

aligned against wild-type AdipoR1 and altered residues are shown in red boxes. Altered codons 

are shown in black boxes and mutated residues are indicated with arrows. To create S187A the 

codon TCC was replaced with GCC. To create S187T the codon TCC was replaced with ACC. To 

create D208A the codon GAC was replaced with GCC. To create D208N the codon GAC was 

replaced with AAC. To create H341A the codon CAT was replaced with GCT (reverse compliment 

is shown in chromatogram) 
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relative to wild-type and one, H341A, showed significantly reduced expression at around 

70% of wild-type. Both D208A and D208N exhibited an increase in protein expression at 

around 120% and 130% relative to wild-type respectively. This change was significant for 

D208N (p=0.0107) but not D208A (p=0.2202).  

 

Additional, minor bands, were also observed in some blots (a representative western blot 

is shown in the appendix (Supplementary figure 1)). One band, specific to cells expressing 

WT or mutant ADIPOR1-HA constructs, migrated at around 25 KDa, indicating a possible 

cleavage product.  The intensity of this band typically mirrored the intensity of the 37 kDa 

band. A second higher molecular weight band, positioned at the top of the separating gel, 

was also visible. This heavier band typically showed an inverse correlation with the 

Figure 3.4. Expression of AdipoR1 with targeted mutations. A – a representative Western blot 

showing expression of AdipoR1 with targeted mutations. B – quantification of western blot 

results averaged from n=5-6 independent experiments. HEK293 cells were transfected with 

ADIPOR1-HA constructs containing targeted mutations. Western blot was carried out with 

antibodies against the HA tag. Intensity of bands were quantified and normalised against wild-

type to determine change in expression. *p≤0.05, **p≤0.01, ***p≤0.001, bars show standard 

deviation  
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intensity of the 37 kDa band. Whilst interesting, these observations were variable across 

experiments precluding meaningful statistical analysis. 

3.2.3. Confocal Microscopy 

Expression of wild-type AdipoR1 or AdipoR1 with targeted mutations was detected by 

immunofluorescent staining visualised with confocal microscopy. Immunofluorescent 

staining was carried out using techniques that have been previously described (Keshvari et 

al., 2013). Constructs included a HA tag on the C-terminus which is exposed on the cell 

surface (Yamauchi et al., 2003; Charlton et al., 2010) allowing antibody binding and 

detection of receptors in non-permeabilised cells. Staining was carried out for HA and 

calnexin on HEK293 cells transiently transfected with targeted AdipoR1 mutations. Cells 

were either permeabilised or non-permeabilised allowing detection of either total 

expression or cell surface expression respectively. Primary antibodies recognising the 

intracellular chaperone calnexin were included with the non-permeabilised cells so that 

permeable cells could be excluded (in work leading up to these studies it had been 

observed that a small population of the cells were permeable in the absence of 

permeabilisation, possibly as a result of the treatments). 

High resolution images were taken to visualise the expression pattern of AdipoR1 mutants 

in individual cells (figure 3.5.). No cell surface expression (HA-staining) was detected in non-

permeabilised cells transfected with S187A, S187T and H341A mutants. In contrast, D208A 

and D208N mutants showed similar cell surface expression to wild-type AdipoR1. In 

permeabilised cells the distribution of WT-R1 and the various mutants looked comparable, 

with no obvious differences (figure 3.5.).  

Additional images were captured at lower magnification (with a large visual field) in order 

to visualise receptor expression in a large number of cells. The number of cells expressing 

HA in permeabilised and non-permeabilised conditions were compared for each mutant in 

order to determine percentage of expression on the cell surface. The cell surface 

expression was then normalised to wild-type to allow comparison (Figure 3.6.). S187A, 

S187T and H341A reduced cell surface expression significantly from wild-type to 2%, 7% 

and 3% respectively. D208A and D208N increased cell surface to around 190% of wild-type 

AdipoR1 (Figure 3.6.).     
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Figure 3.5.  Distribution and cell surface expression of wild-type and mutant AdipoR1 

constructs. HEK 293 cells were transfected with ADIPOR1-HA constructs as indicated. IF staining 

for HA was carried out in permeabilised and non-permeabilised cells and visualised using 

confocal microscopy. IF staining was carried out for calnexin only in non-permeabilised cells in 

order to detect unwanted permeabilisation. Images are shown as split channels taken with a 

63x lens at zoom 4. Scale bar is included in merged images showing 10μm. A – Wild-type 

AdipoR1-HA, B – S187A-HA, C – S187T-HA, D – D208A-HA, E – D208N-HA, F – H341A-HA 
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Figure 3.6. Cell surface expression of wild-type and mutant AdipoR1 construct. HEK 293 cells 

were transfected with ADIPOR1-HA constructs with the WT-R1 and targeted constructs. IF 

staining for HA was carried out in permeabilised and non-permeabilised cells and visualised with 

confocal microscopy. Fields typically contained approximately 2,000 cells and all that were 

expressing HA were counted. Number of cells expressing detectable HA in the non-

permeabilised state was compared with the number of cells expressing detectable HA in the 

permeabilised state. Values were then normalised to wild-type. Statistical significance was 

investigated by one-way ANOVA with a Dunnett’s multiple comparisons test.      ** p≤0.01, *** 

P≤0.001 bars show standard deviation, n = 3-5  
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3.3. Discussion 

Targeted mutations were designed in order to investigate the zinc coordinating residues 

within AdipoR1. The chosen residues were S187, D208 and H341 and each were replaced 

with alanine residues. S187 and D208 were also replaced with more conservative residues 

threonine and asparagine respectively. It was anticipated that targeted mutations would 

cause loss of zinc ion coordination and that this would cause receptors to become 

destabilised. Removal of functional groups removes interaction between the amino acid 

and zinc ion (Figure 3.1.B) so all alanine substitutions were predicted to be deleterious. The 

mutation of S187 to threonine retains the same functional groups however with a different 

placement, which may prevent zinc ion coordination without disrupting structure. The 

mutation of D208 to asparagine leaves a residue of approximately the same size, therefore 

maintaining structure, but removes the carboxyl group predicted to allow a water molecule 

to be held (Tanabe et al., 2015) in turn preventing zinc ion coordination. In a later chapter 

the residue H341 is replaced by tyrosine, causing possible structural disruption due to 

increased residue size and loss of the nitrile group involved in zinc ion coordination. All 

mutations were predicted to have deleterious effects using bioinformatics approaches.  

Only one of the three zinc coordinating histidine residues was mutated as it was anticipated 

that they would all produce similar effects based on previous reports (Tanabe et al., 2015; 

Holland et al., 2011).   

Targeted mutations in ADIPOR1 were all successfully produced without off-target 

mutations (Figure 3.3.). All caused altered expression and distribution of AdipoR1. H341A, 

S187A and S187T decreased both total expression of AdipoR1 and relative cell surface 

expression (Figure 3.4., Figure 3.5., Figure 3.6.). It is assumed that mRNA levels remain 

constant between different transfections so the change in protein expression is due to 

altered stability of the mutant protein. Consistency of AdipoR1 mRNA concentrations could 

be ensured through quantification using qPCR. One possibility is that mutations lead to 

reduced protein structural integrity, leading to proteasomal degradation.  

Surprisingly, both D208A and D208N mutants showed an increase in receptor expression 

and relative cell surface expression (Figure 3.4., Figure 3.5., Figure 3.6.). This may give rise 

to ‘gain of function’ of AdipoR1 due to increased receptor number and availability. Gain of 

function mutations have been described before, with gain of function polymorphisms in 
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the MC4R being recently reported to protect against obesity (Lotta et al., 2019). Another 

possibility is that the increase in D208A/N AdipoR1 protein and surface expression is due 

to a loss of ability to internalise in response to adiponectin stimulation (Almabouada et al., 

2013). This may lead to altered adiponectin signalling: some adiponectin stimulated effects 

are thought to occur whilst the receptor is situated at the cell surface (e.g. AMPK 

activitation), while others are dependent on internalisation (e.g. p38MAPK activation) 

(Charlton et al., 2010; Mao et al., 2006). Thus, it may be predicted that the D208A/N 

mutants would promote increased AMPK activation whilst reducing activation of signalling 

events dependant on internalisation. It is interesting to note that the mutations with the 

highest total expression also gave rise to the highest proportion at the cell surface. This 

correlation could possibly be due to an increase in stability or the proposed decrease in 

adiponectin stimulated dissociation and internalisation. An overview of the effects of 

targeted mutations on protein expression is included in Table 7.1. 

Previously Tanabe created the H341A and D208A mutants and found they had no 

significant effect on acute adiponectin-stimulated AMPK phosphorylation following 

transient expression (Tanabe et al., 2015). These observations suggest that, at least under 

the experimental conditions employed by Tanabe and colleagues, single mutants did not 

compromise zinc ion coordination to the extent that integrity and function of the mutant 

receptors were affected.  This contrasts with results presented in the current study, where 

the reduction in H341A protein level and cell surface expression would be expected to 

compromise downstream signalling. Differences in experimental approaches may 

contribute to these contrasting observations. For example, Tanabe and colleagues 

performed serum starvation which was not employed in the current study. Further, more 

detailed studies should help to explain these differences.  

Whilst the zinc ion has been reported to be integral to ceramidase activity it is not clear 

what effect these mutations could have on the numerous other functions of AdipoR1. 

Although Holland et al claimed that the H191R mutant did not affect stability no 

quantitation was provided and the representative Western blot indicated a clear reduction 

in protein levels of both H141R and H191R mutants (Holland et al 2011).  This is entirely 

consistent with the results presented here, which provide the first quantitative indication 
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that the conserved residues may be important for structure/stability and correct 

localisation of AdipoR1. 

D208 and S187 have not been reported to be involved in zinc ion coordination in AdipoR1 

but their corresponding residues in AdipoR2 have (Tanabe et al., 2015; Vasiliauskaité-

Brooks et al., 2017). Given the high degree of conservation between R1 and R2 (Figure 

1.2.), the PAQR family (Figure 1.3.), and across multiple species (Figure 3.2.) it seems 

highly likely that the residues characterised are involved in zinc ion coordination in 

AdipoR1. Structural studies, characterising the mutants, and or biochemical studies, to 

measure the amount of zinc bound to the mutant receptors, would help to address this. 

In summary, mutations targeted to predicted zinc coordinating residues in AdipoR1 were 

generated and characterised. This provided the first evidence that at least one conserved 

histidine residue (H341) and a highly conserved serine (S187), implicated in zinc ion 

coordination, are important for stable expression and localisation of AdipoR1 at the cell 

surface. The equivalent residues in AdipoR2 are likely to produce a similar effect. 

Mutations in a conserved aspartic acid residue (D208) increased receptor expression, 

particularly at the cell surface, potentially leading to a gain in AdipoR1 function.   
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4. Naturally-occurring mutations alter AdipoR1 expression 

4.1. Introduction 

Retinitis pigmentosa is a heritable disease which causes destruction of photoreceptor cells 

in the retina. It is relatively common, affecting approximately 1 in 4,000 people and can be 

caused by mutations in a diverse range of genes (Hartong et al., 2006). 

RP has over 100 discovered genetic causes (https://sph.uth.edu/retnet/home.htm). The 

diverse range of causal genes and inheritance patterns result in extreme variation of RP 

symptoms, severities and age of onset. These mutations can be autosomal dominant, 

autosomal recessive or X-linked (Dias et al., 2018). The most common autosomal dominant 

cause is mutations in the gene encoding rhodopsin (Hartong et al., 2006; Athanasiou et al., 

2018). The most common autosomal recessive cause is mutations in USH2A which causes 

syndromic disease (Hartong et al., 2006). 40% of cases of RP have unidentified genetic 

causes (Hartong et al., 2006).  

Around 70% of patients have non-syndromic RP where the symptoms are only related to 

the retina and vision. The remaining 30% of patients have syndromic RP and experience a 

variety of non-ocular symptoms in addition to the typical retinal dystrophy (Hartong et al., 

2006; Dias et al., 2018). Syndromic symptoms are variable, depending on the causal gene 

(Hartong et al., 2006). Bardet Biedl syndrome, one of the most common syndromic RP 

types, causes metabolic and developmental phenotypes alongside typical RP vision loss. 

Syndromic symptoms of Bardet Biedl syndrome include polydactyly, renal dysfunction, 

central obesity and cognitive dysfunction (Beales et al., 1999).  

Recently, ADIPOR1 mutations have been reported to cause RP. A homozygous frameshift 

mutation, Q11Rfs*24, causes autosomal recessive syndromic RP with developmental and 

metabolic defects (Xu et al., 2016). The patient was a result of a marriage between first 

cousins, no other family member had RP indicating that there is no phenotype for 

heterozygous mutations. The syndromic symptoms resembled Bardet Biedl syndrome but 

lacking renal dysfunction or polydactyly (Xu et al., 2016). This mutation likely causes loss of 

receptor stability and loss of AdipoR1 function due to loss of transmembrane domains (Xu 

et al., 2016). ADIPOR1 knockout in mice causes retinal degeneration and loss of DHA uptake 

https://sph.uth.edu/retnet/home.htm
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(Rice et al., 2015; Sluch et al., 2018). This indicates that AdipoR1 is essential for vision and 

loss of AdipoR1 function causes RP. 

Heterozygous Y310C causes autosomal dominant non-syndromic RP (Zhang et al., 2016). 

This mutation was identified in several family members all of whom had RP. Family 

members without RP were screened for Y310C and all lacked the mutation. Heterozygous 

knockdown of ADIPOR1 does not have a retinal phenotype (Sluch et al., 2018). As the 

symptoms of Y310C are more detrimental, this supports the idea that Y310C produces a 

dominant negative effect, where the faulty mutated receptor compromises the wild-type 

functioning receptor.  

Mutations in the amino acid sequence of the receptor may alter the tertiary structure of 

the receptor. Changes in receptor structure may have effects on function due to changes 

in trafficking to the cell membrane, altered ligand binding, impaired signal transduction 

and may lead to receptor degradation by the proteasome.  

It was theorised that more naturally occurring mutations in ADIPOR1 will be linked to RP. 

The aim for this chapter was to generate and characterise naturally occurring mutations in 

ADIPOR1 in order to determine changes in expression and identify those that may cause 

RP.   
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4.2. Results 

4.2.1. Naturally occurring mutant generation 

Naturally occurring mutations in ADIPOR1 were identified from the genome aggregation 

database, gnomAD, which were gathered from exome and genome sequencing studies. All 

SNPs in the coding sequence for ADIPOR1 were evaluated using bioinformatics approaches 

as was carried out with targeted mutations in chapter 3 (Table 4.1.) and those predicted to 

have a negative impact on structure and function were selected for characterisation. All 

residues that were chosen were predicted to be detrimental by both snap2 and provean 

except for R40W which was only predicted to be detrimental by snap2. Together the 

prevalence of mutations amounts to around 1 in 6,000 based on allele frequencies listed 

on gnomAD. The mutation identified by Zhang et al, Y310C, which was found to cause RP 

(Zhang et al., 2016)was not found in gnomAD but was also included. A mutation in one of 

the residues involved in zinc ion coordination, H341Y, was also found. None of these 

mutations, aside from Y310C, have been characterised prior to this study.  

The chosen residues were mapped onto the AdipoR1 structure (Figure 4.1.). Residues were 

spaced out across the AdipoR1 structure with no apparent hotspots. Conservation of these 

residues between species was investigated (Figure 4.2.). All but R40W were conserved 

across all species. The alternate residues found in chickens and zebrafish at the same 

position were not predicted to be deleterious by provean or snap2. This was anticipated as 

the natural genotype for a species is unlikely to be detrimental. As R40W was predicted to 

be deleterious by snap2 it could be that some substitutions of this residue are tolerated 

while others have negative impacts. R40W is in the non-conserved domain, within this 

region there is variation between species and between AdipoR1 and AdipoR2. This region 

is important for receptor localisation and function (Keshvari et al., 2013; Keshvari and 

Whitehead, 2015) amino acid sequence likely has some importance, variation at some 

residues may not be tolerated. This portion of the receptor has also not been crystallised 

due to its high flexibility, so the 3D structure of this region has not been described. Putative, 

functional missense mutation constructs were generated by site directed mutagenesis and 

investigated using transient transfection in HEK293 cells.  
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Mutation Snap2 Prediction Provean Prediction 

R40W 52 Effect 0.163 Neutral 

L143P 77 Effect -5.816 Deleterious 

C183S 91 Effect -8.541 Deleterious 

M309R 70 Effect -3.916 Deleterious 

Y310C 71 Effect -7.865 Deleterious 

R320stop     

R324L 60 Effect -5.634 Deleterious 

H341Y 98 Effect -5.145 Deleterious 

A348G 56 Effect -3.457 Deleterious 

G367R 62 Effect -3.273 Deleterious 

Table 4.1. Naturally occurring mutant Snap2 and Provean results. For Snap2 values above 0 
indicate that an effect will be seen. For provean, values lower than -2.5 indicate that an effect 
will be seen. All mutations were predicted to be deleterious except R40W which was only 
predicted to have effect by Snap2  
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Figure 4.1. Structure of AdipoR1 with naturally occurring mutations indicated. Mutations are 

spread throughout the structure with no hotspots. Zinc ion is shown by the brown sphere. The 

grey portion of the structure on the N terminal domain is a representation of the structure. 

Residues 1-89 cannot be crystallised as the region is highly flexible. 
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Figure 4.2. Alignment of AdipoR1 in different species showing conservation of naturally occurring 

mutations. AdipoR1 is highly conserved across species. Naturally occurring mutant positions are 

highlighted by coloured boxes. All aside from R40 are conserved in all species investigated 
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4.2.2. Western Blot 

Expression of AdipoR1 with each of the naturally occurring mutations was investigated by 

western blot following transient transfection of mutated or wild-type ADIPOR1-HA 

constructs. It was assumed that this resulted in identical mRNA expression across all 

constructs. The HA tag or AdipoR1 were detected through immunofluorescent staining and 

intensity of bands were quantified and compared against wild-type (Figure 4.3.). All 

mutations produced a significantly reduced expression of AdipoR1. Notably there was no 

detection of R320stop using either the HA or R1 antibody. This mutation would result in 

loss of the HA tag, so no detection of HA was expected. However, the R1 antibody 

Figure 4.3. Expression of AdipoR1 with naturally occurring mutations. HEK293 cells were 

transfected with ADIPOR1-HA constructs containing naturally occurring mutations. Western blot 

was carried out with antibodies against the HA tag and AdipoR1. A - a representative blot showing 

expression of WT-AdipoR1 compared with naturally occurring mutants. B – quantification of 

expression of AdipoR1 with each mutation Intensity of HA bands were quantified and normalised 

against wild-type to determine change in expression. *p≤0.05, **p≤0.01, ***p≤0.001 bars show 

standard deviation n = 3-10  
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recognises a region on the N-terminus before the stop codon (residues 20-64) (Charlton et 

al., 2010) so would be able to detect any expression of the mutant receptor. 

As in Chapter 3, in addition to the major 37 kDa band there were additional minor bands 

that migrated at lower (25 kDa) and higher (unable to be resolved) molecular weights, 

consistent with products of proteolytic cleavage and aggregation respectively. This showed 

a similar pattern as seen with the targeted mutations where the intensity of the cleavage 

product mirrored the intensity of the expected band and the heavy band inversely 

correlated with main band intensity (data not shown). While interesting, this observation 

was highly variable. 

4.2.3. Confocal microscopy  

Immunofluorescent staining was carried out using an identical method detailed in section 

3.2.3. Briefly, HEK293 cells transiently transfected with ADIPOR1-HA constructs, either 

wild-type or with naturally occurring mutations, were stained for HA and calnexin. Cells 

were either permeabilised or non-permeabilised allowing detection of either total 

expression or cell surface expression respectively.  

Images were taken to visualise expression pattern of AdipoR1 mutants in individual cells 

(figure 4.4.). Very little or no HA was detected in non-permeabilised cells transfected with 

R40W, L143P, M309R, Y310C, R324L or H341Y. C183S, A348G and G367R had similar 

detection of cell surface expression of AdipoR1-HA to wild-type. Permeabilised cell HA 

expression in M309R, Y310C and R324L appeared to be reduced compared with WT-R1. All 

other mutants exhibited similar permeabilised expression to wild-type.    

Images were taken over a wide field with lower magnification to visualise expression across 

many cells. As in section 3.2.3. percentage of expression at the cell surface was compared 

across mutations (Figure 4.5.). R40W, L143P, M309R, Y310C, R324L and H341Y eliminated 

or significantly reduced cell surface expression compared with wild-type (1-13% relative to 

wild-type). A348G and G367R showed similar cell surface expression to wild-type 

(95%,100%). C183S had significantly increased cell surface expression compared with wild-

type (130%).     
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Figure 4.4.  AdipoR1 distribution with naturally occurring mutations. HEK 293 cells were 

transfected with ADIPOR1-HA constructs encoding WT-R1 or each of the naturally occurring 

mutations. IF staining for HA was carried out in permeabilised and non-permeabilised cells and 

visualised with confocal microscopy. IF staining was carried out for calnexin only in non-

permeabilised cells in order to detect unwanted permeabilisation. Images are shown as split 

channels taken with a 63x lens at zoom 4. Scale bar is included in merged images showing 10μm. A 

– Wilid-type AdipoR1-HA, B – R40W-HA, C – L143P, D – C183S, E – M309R-HA, F -Y310C-HA, G – 

R324L-HA, H – H341Y-HA, I – A348G-HA, J – G367R-HA  
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Figure 4.5. Cell surface expression of Naturally occurring mutants. HEK 293 cells were transfected 

with ADIPOR1-HA constructs with each of the naturally occurring mutations. IF staining for HA was 

carried out in permeabilised and non-permeabilised cells and visualised with confocal microscopy. 

Number of cells expressing HA in the non-permeabilised state was compared with the number of 

cells expressing HA in the permeabilised state. Values were then normalised to wild-type. Statistical 

significance was investigated by one-way ANOVA with a Dunnett’s multiple comparisons test. * 

p≤0.05, **** P≤0.0001, bars show standard deviation n = 3-4   
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4.3. Discussion 

Two naturally occurring mutations in ADIPOR1 have been reported to cause RP, Y310C and 

the frameshift mutation, Q11Rfs*24. It is likely that there are other naturally occurring 

mutations in ADIPOR1 that cause RP but have not yet been identified. It was hypothesised 

that some mutations would cause RP only when homozygous and some would cause 

autosomal dominant RP. It was predicted that some mutations would cause a syndromic 

form of RP. The aim of this chapter was to characterise naturally occurring mutations 

identified from sequencing studies in order to predict functional effects. It was anticipated 

that some naturally occurring mutations would reduce total expression of AdipoR1 and 

that some would reduce expression on the cell surface. 

All SNPs were predicted to be deleterious using bioinformatics approaches (Table 4.1.) and 

were conserved between every species chosen for alignment excluding R40W (Figure 4.2.). 

Although R40 was not conserved across all species, it was conserved between all mammals 

and the species that had differing residues (zebrafish and chicken) were more 

evolutionarily diverged from humans. The conservation of residues indicates that these 

residues are important as they would otherwise be variable between species. Whilst these 

tools are useful in estimation of residue importance based on evolutionary conservation, 

they may not reliably predict biological effect of residue substitution. Highly conserved 

invariable residues may not necessarily be intolerant of substitutions; however, 

substitutions will be predicted to be deleterious using bioinformatics approaches. 

Consideration of alterations in tertiary structure may provide more reliable predictions of 

mutation effects. R40W was not predicted to cause an effect by provean and was not 

conserved across all aligned species; however, it had significant effects on total expression 

and cell surface expression which are likely to translate to reduced function.  

The combined frequency of these mutations (1 in 6,000) compared with the frequency of 

RP (1 in 4,000) is consistent with a model where dominant negativity is required to cause 

RP. As the most common cause of autosomal dominant RP is mutations in the gene 

encoding rhodopsin (25% of autosomal dominant cases) (Athanasiou et al., 2018), few 

dominant negative mutations in ADIPOR1 that cause RP are likely to exist. The frequency 

of homozygosity for each mutation will be much lower making it more feasible that 

mutations will cause RP if homozygous. These mutations were retrieved from gnomAD, a 
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database of SNPs compiled from large scale genomic sequencing studies. This database is 

intended to contain SNPs found in individuals without major disease although some more 

minor cases or patients yet to develop disease may be overlooked. Therefore, it is unlikely 

that the SNPs investigated will cause early-onset disease when heterozygous. Age of RP 

onset in individuals with the Y310C mutation in ADIPOR1 varied from 8 to 40 (Zhang et al., 

2016) so there is a possibility that genomes included in gnomAD contained mutations from 

individuals who would later develop RP.  

Naturally occurring mutations in ADIPOR1 characterised in this study showed altered 

receptor expression. All mutations significantly reduced total expression of AdipoR1 

measured by western blot (Figure 4.3.). There was no detection of R320stop, possibly due 

to loss of the seventh transmembrane domain which could cause misfolding or instability 

of the receptor. This stop codon occurs before two zinc coordinating histidine residues, 

H337 and H341, so this instability is could also to be due to loss of the stabilising zinc ion. 

There was also altered expression of AdipoR1 on the cell surface due to naturally occurring 

mutations (Figure 4.4., Figure 4.5.). Many receptors significantly reduced expression of 

receptors on the cell surface to close to negligible amounts. The mutants that caused this 

were R40W, L143P, M309R, Y310C and H341Y. In contrast, A348G and G367R did not 

change surface expression from wild-type. One residue, H341Y, was at the same position 

as one of the targeted mutations characterised in chapter 3 and produced very similar 

effects on expression. Tanabe et al mutated this residue and found that it produced no 

effect on AMPK activation (Tanabe et al., 2015) which contrasts with findings in this 

investigation as reduced expression, especially at the cell surface, is likely to impair some 

functions (Keshvari and Whitehead, 2015). C183S increased surface expression significantly 

from wild-type this could confer an increase in function but may be a result of various 

negative effects, such as reduced receptor internalisation in response to ligand binding. 

This residue has not been reported to form disulphide bonds and there are no other 

cysteine residues in close proximity. There has also been no reported redox reactivity, so 

it is unlikely that this cysteine has importance for function. An overview of the effects of 

naturally occurring mutations on protein expression is included in Table 7.1.  

No feature of the mutations such as amino acid substitution appeared to determine effect 

on protein expression. Theoretically mutations at the N-terminus should have the highest 
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effect on cell surface expression, as replacing N-termini has previously been shown to alter 

cell surface expression (Keshvari et al., 2013). The only N-terminal residue mutated was 

R40 which seemed to fit this predicted profile. An interesting observation is that the two 

mutations closest to the C-terminus didn’t affect cell surface expression but reduced total 

expression which could indicate that this region isn’t required for cell surface trafficking.   

Expression of receptors on the cell surface is thought to be important especially for the 

adiponectin mediated functions of AdipoR1 (Keshvari and Whitehead, 2015). Mutations 

that have high total expression, but low cell surface expression (R40W, L143P, Y310C and 

H341Y) could potentially be dominant negative as they potentially could dimerise with 

wild-type receptors and prevent them from reaching cell surface. Conversely, dimerisation 

of wild-type and mutant receptors may allow mutant receptors to be expressed on the cell 

surface allowing them to potentially function as normal. This could be investigated by 

coexpressing wild-type AdipoR1/2 and mutant AdipoR1, sub-cellular fractionation and 

western blot to find where receptors are located within the cell. Dominant negative effects 

could be assessed using assays measuring adiponectin dependent functions, such as 

ceramidase activity, and adiponectin independent functions, such as membrane fluidity 

effects. 

The changes in expression found in all mutants indicate that they would reduce the 

function of AdipoR1. It is likely, however that these mutations would have to cause 

dominant negative effects or be homozygous to initiate disease.   

Naturally occurring mutations in ADIPOR1 were generated and characterised. All mutations 

reduced protein expression measured by western blot (R40W, L143P, C183S, M309R, 

Y310C, R320stop, R324L, H341Y, A348G and G367R) and could be subdivided into two 

groups where cell surface expression is either unaltered (A348G, G367R) or compromised 

(R40W, L143P, M309R, Y310C, R324L, H341Y). C183S increased cell surface expression 

despite reduced total expression, possibly indicating a reduction in receptor endocytosis.   
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5. Development of a ceramide assay to investigate ceramidase 

activity of adiponectin receptors 

5.1. Introduction 

Ceramides are inflammatory sphingolipids that are produced by cells in response to 

oxidative stress (Chen et al., 2012). Accumulation of ceramides has also been associated 

with obesity (Holland and Scherer, 2009). Ceramides are known to induce apoptosis 

(Holland et al., 2011; Chen et al., 2013) and their accumulation is linked to insulin resistance 

(Stratford et al., 2004; Bergman et al., 2015).  

AdipoR1 and AdipoR2 have been reported to have ceramidase activity utilising the central 

zinc ion (Vasiliauskaité-Brooks et al., 2017; Holland et al., 2011). Receptors have a basal 

level of ceramidase activity which is significantly increased upon adiponectin binding 

(Holland et al., 2011; Vasiliauskaité-Brooks et al., 2017). The synthetic adiponectin receptor 

agonist AdipoRon has also been reported to stimulate reduction of ceramide levels (Choi 

et al., 2018). AdipoRs also have structural homology with alkaline ceramidases as the zinc 

binding pocket is conserved (Tanabe et al., 2015).  

Intracellular ceramide is reported to enter the AdipoR internal cavity through the 

intracellular opening where it can be in close proximity with the coordinated zinc ion 

(Vasiliauskaité-Brooks et al., 2017). AdipoRs undergo rapid rearrangement of the zinc ion 

binding pocket to hydrolytically cleave the ceramide into sphingosine and a free fatty acid 

(Vasiliauskaité-Brooks et al., 2017). The sphingosine can then be phosphorylated by 

sphingosine kinases to produce sphingosine 1-phosphate (S1P). This reaction is 

summarised in Figure 1.6. S1P has many beneficial properties (inhibits apoptosis, induces 

proliferation and reduces oxidative stress) and is utilised by the cell for downstream 

signalling to increase AMPK (Figure 1.5.) (Holland et al., 2011; Yamauchi et al., 2014). 

Increased S1P production has been linked to decreased risk of cardiovascular, pancreatic 

and retinal cell loss (Botta et al., 2019; Chen et al., 2012). This implicates ceramidase 

activity in reduction of risk of heart disease and diabetes.  

Light stimulates increased de novo synthesis of ceramide leading to ceramide accumulation 

at the retina (Chen et al., 2013). Light induced retinal degeneration (LIRD) is commonly 

associated with macular degeneration and occurs as a result of increased ceramide and its 
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apoptotic effects (Chen et al., 2013). Like RP, macular degeneration is a complex eye 

disease with many contributing genetic factors (Ding et al., 2009). The ceramidase activity 

of functioning AdipoRs may protect against LIRD by reducing concentrations of ceramide 

in the eye. This retina protection may contribute to reduced RP incidence or slowed 

progression.   

Ceramides contain saturated fatty acids which decrease membrane fluidity after inserting 

into cell membrane (Pilon, 2016). Maintenance of membrane fluidity is important to 

ensure function of many receptors such as the insulin receptor (Pilon, 2016). More severe 

membrane rigidity is likely to lead to increased stress and cell death (Devkota et al., 2017). 

Links between AdipoRs and membrane fluidity will be discussed in more detail in chapter 

6.  

The aim of this chapter was to develop a methodology that could be used in-house to 

measure ceramide 18 and S1P in cells expressing wild-type or mutant ADIPOR1 constructs. 

This method could therefore be used investigate the effect of the mutations that were 

characterised in chapters 3 and 4 on ceramidase activity.  

It was hypothesised that more detrimental mutations would have an increased 

concentration of ceramide relative to wild-type and would be likely to have decreased 

sphingosine 1-phosphate due to reduction in ceramide catabolism. Mutations that cause 

reduced ceramidase activity were predicted to cause increased photoreceptor cell loss due 

to increased apoptosis.  
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5.2. Results 

A HPLC-mass spectrometry based ceramide assay was established in collaboration in-house 

with JBL Science (the commercial arm of the School of Chemistry), experimental design 

followed advice from Dr Sarir Sarmad (Mass spectrometry Instrument Scientist). Ceramide 

was quantified in the lysates taken from cells transfected with ADIPOR1 constructs in order 

to estimate AdipoR1 ceramidase activity.  Ceramide 18 (C18) (d18:1/18:0) was chosen for 

measurement as it was suggested to be energetically favoured by adiponectin receptors 

and has relatively high natural concentrations (Vasiliauskaité-Brooks et al., 2017). In 

addition to ceramide, attempts were made to measure S1P to determine whether 

ceramide was being converted to S1P and to estimate effects on downstream signalling. 

Limited time and resources prevented broader investigations. The priority was establishing 

a method to measure changes in ceramide, measuring S1P was a secondary goal that would 

reinforce any beneficial effects of ceramidase function.  

Signature peaks were identified for C18:0 and S1P from pure analytes (Figure 5.1.). The 

signature peak for C18 was identified at 8.61 minutes and had an m/z of 566. The signature 

peak for S1P was identified at 3.13 minutes and had an m/z of 380. Standard curves were 

generated measuring 11 concentrations of C18 and S1P 0.0156-1000 nM (Figure 5.2.). 

Standard curves were then included with every assay in order to quantify concentrations 

in cell lysates. The standard curve showed that concentrations of C18 below 0.625 nM were 

not easily differentiated and concentrations of S1P below 0.0625 were below limit of 

detection.  

Figure 5.1.  Identification of signature peaks for measurement of ceramide-18 and sphingosine 

1-phosphate. A - The peak for C18 was at 8.61 minutes, m/z = 566. B - The peak for S1P was at 

3.13 minutes, m/z = 380 
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Multiple methods of lipid extraction were carried out in cell lysates following addition of a 

mix of C18 and S1P both at 1960 nM. The extraction methods were provided by Dr Sarir 

Sarmad based on her experience and knowledge of extraction methods compatible with 

mass spectrometry. Concentration of C18 and S1P in the extracts were then measured to 

determine the proportion recovered during the extraction process (data not shown). The 

method that produced the highest recovery of C18, and S1P, used ethyl acetate and hexane 

(Figure 5.3), and was employed in subsequent experiments. On average 342 nM C18 was 

recovered (approximately 17%). On average 3.37 nM S1P was recovered (approximately 

0.17%). These values give an estimate of the proportion of total analytes that will be 

measured from cell lysates. At this stage it became apparent that measuring changes in 

S1P concentration would not be feasible using this extraction method.  However, as S1P 

wasn’t the prioritised analyte, and time was limited, subsequent experiments continued to 

use this extraction method. 

Figure 5.2. Representative standard curves for C18 and S1P. A – Standard curve for 

concentrations of C18:0 0.0156-1000 nM against peak area, R2 = 0.9981 for the line of best fit. B 

– Standard curve for concentrations of C18:0 0.0156-6.25 nM, R2 = 0.9878. This graph better 

represents the concentrations read from cell lysates C- Standard curve for concentrations of S1P 

for 0.0156-1000 nM, R2 = 0.9998. D – Standard curve for concentrations of S1P 0.0156-0.625 nM, 

R2 = 0.9590. This graph better represents the concentrations read from cell lysates  
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Next, measurement of ceramide and S1P from lipid extractions of HEK293 cells transfected 

with GFP, wild-type ADIPOR1-HA or mutant ADIPOR1-HA constructs was carried out (Figure 

5.4.). The naturally occurring mutations chosen for investigation were Y310C, as this had 

been shown to cause RP (Zhang et al., 2016) so was predicted to have an increased chance 

of affecting ceramidase activity, and M309R, which was predicted to have similar effects 

due to its close proximity to Y310C. Characterisation (in chapter 4) of these two mutants 

showed that M309R produced a greater reduction in AdipoR1 expression so it was 

predicted that this would translate to a greater reduction in ceramidase activity. No 

significant difference in C18 or S1P concentration was found with any of the transfections. 

Concentrations of C18 varied between 4-15 nM so were within the readable region of the 

standard curve. Concentrations of S1P varied between 0.01-0.09 nM, which were at the 

limits of detection so were unlikely to be informative.  

 

 

 

Figure 5.3. Recovery of C18/S1P from spiked cell lysates. HEK293 Cell lysates were spiked with 

a solution of C18/S1P to a final concentration of 1960 nM before lipid extraction. On average 

342 nM C18 was recovered or about 17%. On average 3.37 nM S1P was recovered or 0.17%. 

Bars show standard deviation between biological replicates, n = 3, bars show standard deviation 
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In an attempt to increase our opportunity to detect changes in C18 concentration, cells 

were spiked with 200 μM palmitate prior to lipid extraction and analysis by mass 

spectrometry (Figure 5.5.). Palmitate treatment has previously been reported to increase 

concentrations of ceramides (Holland et al., 2011; Zabielski et al., 2017). Palmitate 

treatment doubled the amount of C18 in cell lysates producing a significant difference. 

Palmitate has been reported to increase S1P concentration (Botta et al., 2019) however 

concentration remained at the limit of detection (Figure 5.5.).  

 

 

 

 

Figure 5.4. Measurement of C18 and S1P in unspiked cell lysates with ADIPOR1 mutations. A 

– C18 was measured in lipid extracts from cell lysates following transient transfection of GFP, 

WT-R1, M309R and Y310C. Results were normalised to WT-R1. There was no significant 

difference in the amount of C18 between WT-R1 and any mutant n = 6-8.  B – S1P was measured 

in lipid extracts from cell lysates following transient transfection of GFP, WT-R1, M309R and 

Y310C. Results were normalised to WT-R1. There was no significant difference in the amount of 

S1P between WT-R1 and any mutant n = 3-5.  One-way ANOVA with Tukey, bars show standard 

deviation 
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Having established that palmitate treatment increased C18 levels in control cells, cells 

transfected with GFP, WT-R1 and mutant ADIPOR1 constructs were treated with 200 μM 

palmitate before lipid extraction and analysis by mass spectrometry (Figure 5.6.). No clear 

change in ceramide (or S1P) concentration was seen between cells expressing AdipoR1 

with or without mutations in palmitate treated cells. Surprisingly, concentration of S1P 

seemed higher in cells transfected with GFP.  The reasons for this are unclear.  

  

Figure 5.5. Measurement of C18 and S1P in palmitate treated cells. Cells were treated with 200 

μM palmitate for 12 hours before lipid extraction. A – C18 concentration in lipid extracts from 

non-treated (NT) and palmitate treated (PA) cells. Palmitate doubled C18 concentration and was 

significant with an unpaired t-test. B – S1P concentration in lipid extracts from non-treated (NT) 

and palmitate treated (PA) cells. No significant difference in concentration was measured. ** 

p≤0.01, n=3-4, bars show standard deviation 
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Figure 5.6. Measurement of C18 and S1P in palmitate treated cells transfected with GFP, WT-

R1 or mutant ADIPOR1. HEK293 ells were transfected with wild-type or mutant ADIPOR1 

constructs or GFP for controls. All cells were treated with 200 μM palmitate prior to lipid 

extraction A – C18 concentrations in lipid extracts B – S1P concentrations in lipid extracts. n=2, 

bars show standard deviation  
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5.3. Discussion 

Ceramidase activity is likely to be an important mechanism of AdipoR1 and AdipoR2 

protection against RP. As genetic mutations in ADIPOR1 have been linked to RP (Xu et al., 

2016; Zhang et al., 2016), it is possible that a contributing factor to disease progression 

may be reduced ceramidase activity. In order to develop a method for investigation of 

mutations and their effect on ceramidase activity, an assay was established to measure 

C18. It was anticipated that transfection with wild-type ADIPOR1 would increase 

ceramidase activity and would therefore reduce ceramide concentration. It was predicted 

that some mutations in ADIPOR1 would reduce ceramidase activity which would translate 

to a smaller reduction in ceramide concentration.  

No effect on concentration of C18 was detected between cells transfected with GFP, wild-

type or mutant receptors (Figure 5.4.). There was no change in C18 detected despite 

reasonable extraction recovery and concentrations being within the range where changes 

could be detected. One possibility is that other ceramidases may be breaking down 

ceramide prior to measurement and making it impossible to isolate the effect of AdipoR1. 

However, palmitate treatment significantly increased concentration of ceramides (Figure 

5.5.), likely due to an increase in de novo synthesis (Zabielski et al., 2017) which suggests 

that ceramidase activity was limiting under these conditions and increased levels of 

AdipoR1, WT or mutant, did not prevent this. Ability of the assay to detect ceramide 

concentration reductions could be confirmed by measuring change in C18 concentration 

following breakdown with a known ceramidase. 

Several groups have been unable to demonstrate AdipoR mediated ceramidase activity 

suggesting that specific conditions need to be met. Obata et al were unable to detect any 

differences in ceramidase activity with knockdown of adiponectin receptors measured 

through detection of changes in fluorescence of NBD-ceramide (Obata et al., 2018). 

Devkota et al measured changes in ceramide concentration using LC-MS following 

knockdown of ADIPOR1 and ADIPOR2 (significant knockdown was achieved for both). No 

change in ceramide concentrations were found following knockdown of ADIPOR1 but 

knockdown of ADIPOR2 decreased the amount of ceramide in cells treated with palmitate 

(Devkota et al., 2017). In contrast to these negative findings, Holland et al were able to 

detect an increase in ceramidase activity measured by change in fluorescence of NBD-
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ceramide with overexpression of adiponectin receptors via transient transfection (Holland 

et al., 2011). They were also able to detect decreases in ceramide concentration with 

inducible overexpression of AdipoR1 or AdipoR2 but could only detect an increase in S1P 

concentration with AdipoR2 overexpression (Holland et al., 2017).  

The lack of change in S1P measures throughout these studies may be more indicative of 

inadequate detection or extraction than actual biochemical changes. There was no 

resolution of S1P at the levels measured from cells. The proportion of S1P retrieved during 

the extraction process was extremely low (0.17%). Optimisation of S1P extraction to 

increase recovery is required to progress these investigations. One method of extraction 

was used for both ceramides and sphingosine 1-phosphate even though ceramide is far 

more hydrophobic than S1P. Extracting both separately and using extraction procedures 

more suited to the polar nature of S1P, such as the technique described by Merrill et al, 

are likely to give a greater recovery (Merrill et al., 2005). A less likely possibility is that S1P 

concentrations could not be differentiated due to oversaturation of sphingosine kinases or 

due to loss of their activity. It has also been reported that increased ceramide 

concentrations correlate with increased S1P concentrations so it is likely that 

concentrations will not be as was initially anticipated (Botta et al., 2019). If the inability to 

detect S1P was due to the mass spectrometer itself an alternate detection technique would 

need to be employed. It is also possible to measure S1P using an ELISA for which there are 

commercially available kits (Botta et al., 2019). Although an assay allowing measurement 

of S1P was desired it was a secondary aim following establishment of the ceramide assay. 

An increase in concentration of S1P when treated with palmitate addition was not 

measured suggesting that the ceramide is not being cleaved and phosphorylated or that 

the limit of detection was masking any effect.  

Experiments were typically carried out in the presence of serum which has sufficient 

adiponectin to promote constitutive internalisation of the receptors (Keshvari and 

Whitehead, 2015) so it was reasoned that this would also be sufficient to stimulate 

receptor ceramidase activity and is more reflective of physiological conditions (as 

adiponectin levels are relatively constant). Although preliminary (n=1, data not shown), no 

effect was shown on ceramidase activity following treatment with globular adiponectin 

under conditions which have previously been shown to promote phosphorylation of 
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downstream signalling molecules including AKT, p38MAPK and AMPK (Keshvari et al., 

2013; Keshvari and Whitehead, 2015). However, the host lab has  been unable to detect 

such effects of globular adiponectin, or AdipoRon, on  highlighting a challenge in this field 

(Fu et al., 2018) and limiting interpretation of this observation. It has been reported that 

administration of full-length adiponectin in leptin deficient or high fat diet fed mice 

decreased the amount of ceramide found in the liver (Holland et al., 2011). AdipoRon has 

also been reported to cause a reduction of ceramide levels indicating that ligand 

stimulation induces ceramidase activity (Choi et al., 2018). These studies indicate that high 

ceramidase activity is dependent on adiponectin. However, another group found that while 

adiponectin knockout mice had high ceramide and S1P as a result of a high fat diet, 

adiponectin treatment could not correct ceramide concentrations and reduced S1P 

concentrations (Botta et al., 2019), providing further contradictions in the field.   

Future studies should include lipidomic approaches in cells following knockdown of 

ADIPOR1/R2 and serum starvation and investigation into the effects of adiponectin 

treatment. This would act as a control to allow comparison of AdipoR1/2 ceramidase 

activity against baseline ceramide breakdown, and ultimately allow mutations to be placed 

on a spectrum of non-functional to functional regarding ceramidase activity. One 

possibility for lack of detected differences that was considered was that lipid-based 

transfection techniques may perturb lipid homeostasis affecting concentrations of 

ceramide within the cell. Utilising an alternate transfection technique, such as 

electroporation, or using inducible cell lines may allow overexpression of adiponectin 

receptors without using lipids. Measurement of cells response to exogenous ceramide 

treatment for example measuring changes in fluorescence following treatment with NBD-

ceramide could provide more insight into the enzymatic activity (Holland et al., 2011; 

Obata et al., 2018). Another possibility for the lack of results could be the choice of C18 as 

the analyte measured, as it is the most concentrated and therefore likely to have the 

largest natural fluctuation. Reading concentration of a different ceramide or a variety of 

different ceramides may provide more consistent results.  

Once optimisation of the assay has been achieved, investigations into ceramidase activity 

of AdipoR1 with the mutations characterised in chapter 4 would be beneficial to determine 

mutations that affect ceramidase activity and are more likely to cause RP. Whether any of 
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the mutant receptors have a dominant negative effect on ceramidase activity could be 

investigated by dual transfection of wild-type and mutant ADIPOR1. It would also be 

beneficial to investigate the effect of the targeted mutants characterised in chapter 3 on 

ceramidase activity as these should affect zinc coordination and therefore are highly likely 

to inhibit ceramidase activity. Many studies on AdipoR ceramidase activity focussed on 

AdipoR2 so there is less understanding on the role of the AdipoR1 zinc binding residues 

(Vasiliauskaité-Brooks et al., 2017). Demonstration of changed ceramide concentrations 

with a second technique such as an ELISA would be beneficial to ensure that results are 

consistent.  

In summary, a mass spectrometry based ceramide assay was developed but requires 

further optimisation to allow confident interpretation of measurements of changes in 

ceramidase activity of adiponectin receptors. Following optimisation, the effect of 

naturally occurring and targeted mutations in ADIPOR1 on ceramidase activity could be 

quantified. The assay used was not suitable for measurement of S1P. Alternate lipid 

extraction techniques should be employed to increase recovery of ceramide and S1P and 

aid detection. 
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6. Investigations into the effect of AdipoRs on saturated fatty acid 

response 

6.1. Introduction 

Maintenance of membrane fluidity is important to cell physiology. Cells whose membranes 

have become rigid, and experience lipotoxicity, are likely to be lost through apoptosis (Choi 

et al., 2018). Increased apoptosis may lead to organ dysfunction and contributes to many 

different diseases including diabetes, heart disease and RP (Holland and Scherer, 2017; 

Hartong et al., 2006). Fluidity of the lipid bilayer is required for membrane proteins to insert 

into the membrane and for effective transport through the membranes (Pilon, 2016). 

Membrane fluidity has been reported to be important for insulin receptor signalling and 

GLUT4 transport to the plasma membrane implicating it in pathology of diabetes (Pilon, 

2016; Elmendorf, 2004). Increased concentrations of saturated fatty acids, including 

ceramides, cause membrane rigidity while poly-unsaturated fatty acids increase 

membrane fluidity (Pilon, 2016).  

Recently AdipoR1 and AdipoR2 have been linked to increased desaturase enzyme 

expression in response to saturated fatty acids (Ruiz et al., 2019). They do this by acting as 

membrane fluidity sensors, detecting membrane rigidification in response to saturated 

fatty acids inserting into the lipid bilayer. AdipoR1 increases expression of Fatty Acid 

Desaturase-2 (FADS2) and Stearoyl-CoA Desaturase-1 (SCD) which mediate the 

desaturation of bonds within fatty acids before they insert into the membrane (Ruiz et al., 

2019). This effect is summarised in Figure 1.7. Knockout of ADIPOR2 was found to reduce 

expression of SCD, Fatty Acid Desaturase-1 (FADS1) and FADS2 (Ruiz et al., 2019). 

Knockdown of ADIPOR2 is reported to cause a greater reduction in desaturase expression 

than knockdown of ADIPOR1, the largest reduction is seen when both ADIPOR1 and 

ADIPOR2 expression is lost (Ruiz et al., 2019). It has also been reported that mutations in 

the C. elegans homologue of AdipoR2, paqr-2, cause loss of ability to maintain membrane 

fluidity when exposed to saturated fatty acids (Devkota et al., 2017). Little is known about 

the fluidity sensing mechanism or about the signalling that leads to upregulation of 

desaturases. Ceramidase activity also protects membrane fluidity as it breaks down 

ceramides which cause membrane rigidification (Pilon, 2016), although the saturated free 
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fatty acids produced through ceramide breakdown may influence membrane fluidity. It is 

reported that this function occurs independently of adiponectin (Ruiz et al., 2019).  

Increased concentrations of saturated fatty acids induce ER stress through unfolded 

protein response (UPR) which has also been reported to occur when there is a reduction in 

SCD (Devkota et al., 2017; Hou et al., 2014). AdipoRs may decrease ER burden when cells 

are exposed to high concentrations of saturated fatty acids through increased desaturase 

expression and prevent cell death due to ER stress (Ruiz et al., 2019). AdipoRs are also 

reported to increase uptake and retention of DHA allowing protection against oxidative 

stress (Rice et al., 2015). Mutations that cause loss of this function will lead to the retina 

being more prone to oxidative damage.  

High levels of unsaturated fatty acids are found in the retina. The highly unsaturated 

omega-3 fatty acid DHA is concentrated within the eye and central nervous system and is 

required for vision (Rice et al., 2015). This is largely due to DHAs function as a reservoir for 

docosanoids, powerful antioxidants which reduce the severity of oxidative damage and 

inflammation at the retina which is particularly sensitive to reactive oxygen species due to 

light and UV exposure (Rice et al., 2015; Dias et al., 2018). AdipoRs have been linked to 

DHA trafficking and retention (Rice et al., 2015; Bazan, 2018) and low levels of DHA in red 

blood cells have been linked to incidence and increased severity of RP (Hoffman and Birch, 

1995; Hartong et al., 2006). Loss of AdipoRs or mutations that cause reduction in AdipoR 

function are likely to lead to the retina being more prone to oxidative damage due to 

reduction in DHA concentration (Rice et al., 2015; Xu et al., 2016; Zhang et al., 2016). 

Unsaturated fatty acids and AdipoR1 are also found in high concentrations in the brain 

where it is likely that they have functional importance (Sluch et al., 2018; Rapoport et al., 

2001). The desaturase upregulation stimulated by AdipoRs may be important in 

maintaining levels of unsaturated fatty acids (Ruiz et al., 2019). DHA is also an important 

unsaturated fatty acid in the brain where it is neuroprotective (Bazan, 2018). A 

homozygous mutation in ADIPOR1, predicted to complete loss of functional protein, 

caused syndromic RP where the patient had developmental defects related to the brain 

(Xu et al., 2016). Dysfunction of the membrane fluidity sensing function and DHA uptake 

by AdipoR1 could be accountable for this. Knockout of ADIPOR1 has previously been linked 
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with possible neurological problems although a mechanism for this has not been described 

(Bjursell et al., 2007; Xu et al., 2016).  

In this chapter, the effect of AdipoR1 and AdipoR2 on cells response to the saturated fatty 

acid, palmitate is investigated. This was carried out using MTT assays and qPCRs measuring 

desaturase and ER stress marker gene expression. MTT assays were used as a rapid 

alternative to the trypan blue used by Ruiz et al. The aim was to identify a simple, rapid 

technique that could be used to determine functional effects of adiponectin receptors and 

how mutations may alter this.  
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6.2. Results  

6.2.1. MTT 

An MTT assay was developed in order to determine effect of mutations on cell response to 

palmitate particularly on cell viability and metabolic health. MTT assays measure reduction 

of MTT to formazan which indicates activity of NAD(P)H oxidoreductase enzymes. Reduced 

activity can be caused by poor metabolic health or reduced cell viability. The aim was also 

to repeat findings that Ruiz et al achieved using trypan blue using a different technique 

(Ruiz et al., 2019). Initially response of cells to treatment with palmitate was investigated 

following transient transfection of ADIPOR1-HA constructs. No significant effects were 

found between the various constructs, nor was any change in MTT value significant when 

compared across individual constructs. When MTT results for all conditions were combined 

dose-dependent effects in response to palmitate were measured.  Palmitate treatment for 

24 hours showed a dose-dependent decrease in MTT values, with 100 μM palmitate 

trending towards a reduction in MTT values (10% decrease; p=0.0676) and 200 μM 

palmitate producing a significant decrease in absorbance compared with 0 μM palmitate 

(25% decrease; p<0.0001; one way ANOVA followed by Dunnett’s multiple comparisons 

test).  There was no significant difference in MTT assay results between cells transfected 

with GFP, WT-R1 or the mutant constructs (Figure 6.1).    

It was reasoned that transfection using lipid-based reagents may compromise our ability 

to detect differences in responses. To circumvent this, we performed preliminary 

experiments in stable cell lines, inducible for WT-ADIPOR1-FLAG or WT-ADIPOR2-FLAG, 

which had been cloned into the pcDNA5/FRT/TO backbone, which is compatible with the 

parental Flp-In™ T-REx™ -293 cell line, and characterised prior to this project (Hayley 

Charlton - PhD thesis). Unpublished observations from Charlton suggest that this produces 

a greater than 90% efficiency so provides more homogenous expression than transient 

transfection. Western blot analysis of cell-lysates from control cells (uninduced) or cells 

treated with tetracycline for 24 hours (induced) confirmed induction of ADIPOR1-Flag and 

ADIPOR2-Flag and absence of expression in uninduced cells (Figure 6.2A.). No significant 

effects were found between expression or lack of expression of the two receptors, nor was 

any change in MTT value significant when compared across the same construct. When MTT 

results for all conditions were combined dose-dependent effects in response to palmitate 
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were measured. There was no significant effect of 100 μM palmitate treatment (p=0.8412) 

but, as in the transient transfected cells, 200 μM palmitate treatment significantly reduced 

MTT values compared with those from control cells (0 μM palmitate) (12% decrease; 

p=0.0007; one way ANOVA followed by Dunnett’s multiple comparisons test). However, 

there were no significant differences in response to palmitate in the uninduced (Un) or 

induced (In) state in either the ADIPOR1 or ADIPOR2 cell lines. (Figure 6.2B.). 

 

 

  

Figure 6.1. MTT assay on cells transfected with GFP, WT-R1, M309R or Y310C. HEK293 cells were 

transiently transfected with ADIPOR1 constructs and 24 hours later cells were treated with 

palmitate for 24 hours in serum containing media and MTT assay was carried out. Results are 

normalised against absorbance at 0 μM palmitate n=2-3, bars show standard deviation. 

Significance analysed by one-way ANOVA. No significant difference in response to palmitate 

treatments was observed across the various constructs. However, combining the results from all 

constructs showed that responses were dose-dependent. Combined, the MTT values from cells 

treated with 100 μM PA showed a non-significant trend (p=0.0676) towards a reduction when 

compared with the untreated cells, whilst cells treated with 200 μM showed a significant reduction 

(p<0.0001) 
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6.2.2. qPCR 

Ruiz et al, 2019 reported that knockdown of ADIPOR1 and ADIPOR2 reduced induction of 

desaturase enzyme gene expression in response to high concentrations of saturated fatty 

acids. This correlated with reduced membrane fluidity measured with FRAP and Laurdan 

dye, and increased lipotoxicity measured with trypan blue (Ruiz et al., 2019). We 

hypothesised that these effects would be reduced in cells expressing mutant R1 constructs. 

We first aimed to confirm the observations made by Ruiz et al and set out to perform 

knockdown of ADIPOR1 and ADIPOR2. Initially, QIAGEN nanojuice was used with combined 

siRNAs (sequences shown in Table 2.5.) and knockdown efficiency after 24 hours was 

Figure 6.2. MTT assay on cells inducible for WT-R1 or WT-R2. A – Western blot following induction 

of ADIPOR1-Flag or ADIPOR2-Flag with antibodies to the Flag tag.  B - Inducible HEK293 cells for 

ADIPOR1 or ADIPOR2 were induced with 10 μM tetracycline (In) or left uninduced (Un) and 24 

hours later cells were treated with palmitate for 24 hours in serum containing media and MTT 

assay was carried out. Results are normalised against absorbance at 0 μM palmitate. n=4-6, bars 

show standard deviation. As in figure 6.1, no significant difference in response to palmitate 

treatments was observed across various constructs. However, combining results showed dose-

dependent responses. Combined, the MTT values from cells treated with 100 μM PA results 

showed a non-significant reduction from untreated (p=0.8412), whilst MTT results following 200 

μM PA treatment showed a significant reduction compared with untreated (p=0.0007) 
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quantified (Figure 6.3.). Knockdown efficiency was highly variable across experiments. On 

average 50% knockdown of ADIPOR1 and around 40% knockdown of ADIPOR2 was 

achieved. The reasons for the low efficiency and high variability are unclear as this kit has 

been used within the lab previously without issue. Knockdown efficiency was compromised 

upon co-treatment with 200 μM palmitate (Figure 6.3.).  

As the knockdown efficiency had not been optimal, and variability was high an alternate 

knockdown kit was tested. Knockdown with Lipofectamine RNAiMAX was attempted (this 

kit was used by Ruiz et al) so there was evidence that it could produce effective ADIPOR1 

or ADIPOR2 knockdown as to produce effects. In this investigation the effect of palmitate 

on knockdown efficiency was also tested, however palmitate was added to wells 12 hours 

after knockdown without changing the media. Palmitate treatment was then incubated 

with the cells for 12 hours before RNA extraction. The knockdown efficiency for ADIPOR1 

and ADIPOR2 when combining siRNAs in a ‘double knockdown’ was also investigated 

(Figure 6.4.). Collectively knockdown efficiency appeared comparable in the 

absence/presence of palmitate with efficiencies ranging from 40-60% for both ADIPOR1 

and ADIPOR2.  

CHOP and FADS1 expression were quantified following the knockdown shown in Figure 6.4 

(Figure 6.5.). It was anticipated that knockdown of ADIPOR1 or ADIPOR2 would result in 

increased ER stress (and therefore increased CHOP) and decreased desaturase expression. 

Whilst preliminary, CHOP expression appeared to increase following palmitate treatment 

and following knockdown of ADIPOR1 (limited observations (n=1-2) precluded statistical 

analysis). FADS1 expression did not seem to be affected by palmitate treatment and did 

not appear to decrease with adiponectin receptor knockdown.  
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Figure 6.3. qPCR measuring ADIPOR1 and ADIPOR2 expression following knockdown using 

QIAGEN nanojuice. Knockdown was carried out in HEK293 cells for 24 hours before extraction 

or treatment with 200 μM palmitate for 12 hours in serum containing media. RNA was 

extracted, reverse transcribed to cDNA and gene expression was measured using qPCR A – R1 

expression in cells with and without palmitate treatment relative to SCR. B – R2 expression in 

cells with and without palmitate treatment relative to SCR. n=2-3, bars show standard deviation 

 

Figure 6.4. qPCR measuring ADIPOR1 and ADIPOR2 expression following knockdown with 

Lipofectamine RNAiMAX. Knockdown was carried out in HEK293 cells for 12 hours before 

treatment with 200 μM palmitate for 12 hours into existing serum containing media. RNA was 

extracted, reverse transcribed to cDNA and gene expression was measured using qPCR. A – 

AdipoR1 expression in cells without palmitate treatment relative to SCR. B – AdipoR2 expression 

in cells with palmitate treatment relative to SCR. n=2, bars show standard deviation **p<0.01 
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Figure 6.5. qPCR measuring FADS1 and CHOP expression following knockdown of ADIPOR1 

and ADIPOR2. Knockdown was carried out using Lipofectamine RNAiMAX on HEK293 cells for 

12 hours before treatment with 200 μM palmitate for 12 hours into existing serum containing 

media. RNA was extracted, reverse transcribed to cDNA and gene expression was measured 

using qPCR A – CHOP expression in cells with and without palmitate treatment without 

palmitate treatment relative to SCR. B – FADS1 expression in cells with palmitate treatment 

relative to SCR. n=1-2, bars show standard deviation  
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6.3. Discussion 

AdipoR1 and AdipoR2 are reported to be membrane fluidity sensors and protect against 

membrane rigidification through increasing the expression of desaturase enzymes (Ruiz et 

al., 2019; Devkota et al., 2017). It was anticipated that overexpression of AdipoR1 or 

AdipoR2 would protect against cell death and metabolic stress in cells exposed to saturated 

fatty acids and that knockdown of ADIPOR1 and ADIPOR2 would produce the reverse 

effect. It was predicted that knockdown of ADIPOR1 and ADIPOR2 would produce a 

decrease in desaturase gene expression alongside an increase in ER stress marker gene 

expression. 

For MTT assays, 200 μM palmitate produced a significant response compared with non-

treated (Figure 6.1., Figure 6.2.). This suggests decreased survival of cells and/or decreased 

metabolic health of the cells in response to palmitate. Transient transfection appeared to 

produce a stronger response to palmitate indicating interference from lipid based 

transfection. MTT assays measure reduction of the MTT dye to formazan as a colorimetric 

assay. This reduction is carried out by NAD(P)H-dependant oxidoreductase enzymes so is 

largely dependent on metabolic health of the cell (Liu et al., 1997). Many other factors will 

affect the degree of MTT reduction including confluency of cells, cell death, rate of cell 

proliferation and reducing agents. It is unclear what factor causes the decrease in 

absorbance with increased palmitate concentration. However, in the majority of 

experiments carried out, no differences in absorbance were seen with transfection or 

induction of receptors compared with transfection of GFP or no induction (Figure 6.1., 

Figure 6.2.). This could indicate that expression of AdipoR1 or AdipoR2 is not the limiting 

factor for palmitate sensitivity and that another factor acts between AdipoR sensing of 

membrane rigidity and increased gene expression limits the speed and degree of palmitate 

response. Lack of MTT assay sensitivity or lack of specificity in what the assay measures 

could also be responsible for the lack of discrimination as multiple different factors 

influence the final absorbance. MTT assays were chosen as they had potential to be a rapid 

alternative to the trypan blue previously by Ruiz et al. It was reported that ADIPOR1 and 

ADIPOR2 knockdown correlated with increased cell death in cells treated with palmitate 

measured using trypan blue (Ruiz et al., 2019). This effect was not replicated in this study 

using MTT assays.  
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Ruiz et al reported that AdipoR1 and AdipoR2 increase desaturase gene expression in cells 

that have been exposed to high concentrations of saturated fatty acids (Ruiz et al., 2019). 

It is likely that this would lead to reduced expression of ER stress markers, such as CHOP, 

due to a reduced degree of lipotoxicity (Hou et al., 2014). In order to investigate this, gene 

expression of desaturase enzymes and stress markers was measured in cells following 

knockdown of adiponectin receptors.  

Knockdown of ADIPOR1 and ADIPOR2 was carried out using two different kits, QIAGEN 

nanojuice (Figure 6.3.) and Lipofectamine RNAiMAX (Figure 6.4.). The Lipofectamine 

RNAiMAX, the kit used by Ruiz et al, produced a higher knockdown efficiency so future 

investigations should be carried out using this kit. The effect of palmitate on knockdown 

was also investigated (Figure 6.3., Figure 6.4.). It appeared that palmitate may be reducing 

efficiency of knockdown using the QIAGEN nanojuice kit, however this may be due to the 

increased length of time before qPCR was carried out and possibly subsequent degradation 

of siRNA. It could also be due to the change of media removing any siRNA before it was 

able to enter the cells. Whether knockdown of ADIPOR1 or ADIPOR2 has an effect on 

desaturase gene expression or stress marker gene expression is yet to be determined. 

Preliminary measurements of CHOP and FADS1 gene expression following knockdown of 

ADIPOR1 and ADIPOR2 and treatment with palmitate were carried out (figure 6.5.). CHOP 

expression seemed to increase following palmitate treatment and following knockdown of 

ADIPOR1 suggesting a possible protective function of AdipoR1. FADS1 expression did not 

change following palmitate treatment or knockdown of ADIPOR1 or ADIPOR2.  

It has been reported that heterozygous knockouts of adiponectin receptors have no 

reported phenotype in mice (Sluch et al., 2018; Bjursell et al., 2007). It is not clear what 

quantity of AdipoR1/R2 is required for adequate function but, given the lack of phenotype 

in the heterozygote, it is assumed to be lower than 50%. Therefore, it is likely that 

knockdown efficiency would need to be improved and correlated to changes in protein 

level for any significant changes to be measured and conclusions drawn.  

Studies into ligand dependence for membrane fluidity controlling functions of adiponectin 

receptors are conflicting. Ruiz et al found the effects of AdipoRs on membrane fluidity in 

the absence of serum suggesting that adiponectin was not required for desaturase gene 

activation or membrane fluidity sensing. When cells were treated with recombinant 
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adiponectin they found no change in effect (Ruiz et al., 2019).  It was recently reported that 

AdipoRon reduced the membrane rigidifying effects of cholesterol by increasing 

cholesterol incorporation into lysosomes (Salinas et al., 2019). It was also found that 

AdipoRon protected against lipotoxicity when cells were treated with palmitate (Choi et 

al., 2018). The efficacy of AdipoRon in preventing membrane rigidity and lipotoxicity 

suggests that AdipoR response to saturated fatty acids is at least partially ligand mediated. 

In summary, no significant effects were observed upon manipulation of AdipoR1, or 

AdipoR2, expression on metabolism/cell viability, ER stress marker expression or 

desaturase enzyme gene expression. Given more time, it is possible that repeating 

experiments and further optimisation of knockdown conditions could yield meaningful 

results. 

To supplement the data found in this chapter it would be beneficial to measure the effect 

of adiponectin receptor knockdown with and without transfection with mutant receptor 

constructs on cell viability using MTT assay. qPCRs measuring all of the genes of interest 

following knockdown and palmitate treatment and repeats of preliminary data should be 

completed. In order to determine the length of time that knockdown is efficacious for, a 

time course could be carried out measuring ADIPOR1 and ADIPOR2 expression at specific 

time intervals. Knockdown efficiency should also be confirmed by measuring AdipoR 

protein level following knockdown by western blot. Alternatively, a stable knockout cell 

line or a cell line with inducible suppression of ADIPOR1 or ADIPOR2 could be employed in 

these investigations. This may negate the issues that were experienced with palmitate 

treatment and knockdown or with investigations that require a length of time between 

knockdown and analysis. In order to investigate the effect of naturally occurring mutants 

(generated in chapter 4) on membrane fluidity and desaturase expression, 

knockdown/knockout of the endogenous receptors should be achieved first. Following this, 

investigations could be made on cells with transient transfection of the mutant receptors. 

Additional investigations into membrane fluidity could include fluorescent staining of 

membrane lipids followed by fluorescence recovery after photobleaching (FRAP) as this 

would be a more direct measurement of membrane fluidity (Ruiz et al., 2019). 
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7. Discussion 

Previous structural investigations into AdipoR1 and AdipoR2 have shown that they contain 

seven transmembrane domains and have inverse topology to GPCRs with internal N-

termini and external C-termini (Yamauchi et al., 2003). The transmembrane domains are 

reportedly held together through coordination of a zinc ion, which has also been reported 

to be involved in ceramidase activity and downstream signalling (Holland et al., 2011; 

Vasiliauskaité-Brooks et al., 2017). AdipoRs have been reported to regulate membrane 

fluidity when cells are exposed to saturated fatty acids by upregulating gene expression of 

desaturase enzymes (Ruiz et al., 2019). Mutations in ADIPOR1 have been linked to RP (Xu 

et al., 2016; Zhang et al., 2016) and it was theorised that further naturally occurring 

mutations would cause RP. In order to investigate the effect of zinc coordinating residues 

on protein expression, targeted mutations in ADIPOR1 were produced and characterised. 

Naturally occurring mutations in ADIPOR1 were identified and those that were predicted 

to be deleterious were generated. The effects of these mutations on AdipoR1 expression 

was investigated so that those that were likely to produce a phenotype could be identified. 

A ceramide assay was developed that could be used to investigate ceramidase activity of 

AdipoR1 with each of the mutations. To investigate the effect of AdipoRs on response to 

saturated fatty acids, cell viability and desaturase gene expression were measured.  

Firstly, targeted mutants were designed to investigate select residues involved in AdipoR1 

zinc ion coordination (shown in Figure 3.1.). The chosen residues were S187, D208 and 

H341 and each was substituted for alanine. S187 and D208 were replaced with threonine 

and asparagine to create more conservative mutants that were predicted to have lesser 

effect on structural integrity. Only one of the three coordinating histidine residues, H341, 

was chosen as it was predicted that they would behave similarly. All chosen residues were 

conserved across species and were predicted to be deleterious using bioinformatics 

approaches (Table 3.1, Figure 3.2.). Total protein expression of AdipoR1 with each of the 

mutations was investigated using western blot (Figure 3.4.). S187A, S187T and H341A were 

found to reduce total receptor expression. As mRNA expression can be assumed to be the 

same with each mutation it is likely that difference in expression is due to differences in 

protein stability. Reduction in stability of AdipoR1 with mutations is likely due to impaired 

zinc coordination as the zinc ion is reported to stabilise the receptor (Tanabe et al., 2015). 
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Conversely, both D208 mutants increased total receptor expression. Cell surface 

expression was investigated using immunofluorescent staining in permeabilised and non-

permeabilised cells visualised with confocal microscopy (Figure 3.5., Figure 3.6.). S187A, 

S187T and H341A lost expression on the cell surface but did not appear to reduce 

intracellular expression. Cell surface expression of AdipoRs is thought to be required for 

adiponectin-dependent functions (Keshvari and Whitehead, 2015). AdipoR1 with D208 

mutants had a higher proportion of expression on the cell surface than wild-type. If these 

receptors function as normal, then increased cell surface expression may confer an 

advantage due to increased receptor availability. However, a more likely cause of increased 

cell surface expression is decreased ability for internalisation of receptors (Almabouada et 

al., 2013). Adiponectin signalling requires receptor internalisation to occur so loss of this 

ability may limit function (Almabouada et al., 2013) (discussed in detail in section 1.2.4.). 

Combined, the results from total and cell surface expression studies suggest that S187 and 

H341 mutations are deleterious and that D208 mutants may be advantageous if receptors 

with D208 mutations function properly. If D208 mutants are non-functional they may be 

more detrimental than loss of expression due to dominant negative effects. These findings 

suggest importance of these residues in zinc ion coordination and importance of the zinc 

ion for structural stability as each mutation had effects on expression. In order to attribute 

effects of targeted mutations to loss of zinc coordination, the quantity of zinc within 

receptors needs to be assessed.   

Targeted mutations in ADIPOR1 and ADIPOR2 have been created by other groups on 

residues coordinating the zinc ion (Holland et al., 2011; Tanabe et al., 2015). Holland 

created mutations on conserved histidine residues, H141 and H191, in AdipoR1 and the 

equivalent residues in AdipoR2, H152 and H202. All residues were mutated to arginine and 

the effect on ceramidase activity was through incubation of exogenous ceramide with cell 

lysates. All mutations in ADIPOR1 and ADIPOR2 decreased ceramidase activity (Holland et 

al., 2011). All of the mutations chosen were conserved between PAQRs, however H141 

(ADIPOR1) and H152 (ADIPOR2) were not predicted to be zinc coordinating (Tanabe et al., 

2015). These findings support claims that the adiponectin receptors have ceramidase 

activity and that the conserved histidine residues are integral to this. Importantly, and 

consistent with the observations described in this study, the mutants characterised by 
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Holland and colleagues appeared to reduce AdipoR1 protein expression (Holland et al., 

2011).  

Tanabe et al crystallised the receptors and found zinc coordinating residues. They also 

created targeted mutations at these coordinating residues: H191, D208, H337 and H341 in 

AdipoR1 and H202, D219, H348, H352 in AdipoR2. All residues were substituted with 

alanine residues. Functional effects of each mutant was investigated by measuring the 

signalling components, AMPK phosphorylation in AdipoR1 mutations and uncoupling 

protein 2 (UCP2) gene expression (which is downstream of PPARα) in ADIPOR2 mutations. 

No individual mutation in ADIPOR1 caused a change in AMPK phosphorylation but when 

all three histidine residues were substituted with alanine there was reduced 

phosphorylation. Combination of all four ADIPOR1 mutations produced the strongest 

reduction in AMPK phosphorylation. The mutations D219A and H348A in ADIPOR2 reduced 

UCP2 gene expression and this effect was intensified with triple and quadruple mutations 

combining the mutations together (Tanabe et al., 2015). Cells were serum starved prior to 

adiponectin treatment so should have been expressed on surface. These findings 

prompted them to suggest that either no individual residue in AdipoR1 is required for zinc 

ion coordination or that zinc ion is not required for downstream signalling. Mutating all 

residues may have caused destabilisation of the receptors due to loss of the zincs stabilising 

effects. No change in AdipoR1 concentration with any mutations was reported (Tanabe et 

al., 2015).  

Previously reported findings contradict results from the current study, which is the only 

study to perform detailed analysis of protein expression levels. No effect of D208A or 

H341A on AdipoR1 expression was reported (Tanabe et al., 2015) when our findings 

suggest that D208A produced an increase in expression and H341A significantly reduced 

expression. It was however reported that H191R, a mutation in another zinc coordinating 

histidine residue, reduced AdipoR1 expression (Holland et al., 2011). No effect of any 

individual mutation in ADIPOR1 on AMPK phosphorylation was found (Tanabe et al., 2015), 

although mutations that drastically effect protein expression are unlikely to be able to 

mediate typical signalling.  

Two naturally occurring mutations in ADIPOR1 have been reported to be RP causing. One, 

a homozygous frameshift mutation in an early residue, Q11Rfs*24, causes syndromic RP 
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(Xu et al., 2016), whilst another point mutation, Y310C, causes non-syndromic autosomal 

dominant RP (Zhang et al., 2016).  It was therefore hypothesised that other mutations in 

ADIPOR1 will cause RP but are yet to be identified and that these mutations would exist on 

a spectrum of syndromic to non-syndromic. It was also predicted that some mutations 

would cause RP when heterozygous due to dominant effects. The aim was to characterise 

naturally occurring mutations in ADIPOR1 in order to identify those that may be RP causing. 

Further research on these selected mutations can be carried out in vitro and in vivo to 

determine effects and whether they cause RP. Patients who have RP can be screened for 

these mutations and following development of gene therapy, can be treated and 

progression of RP can be halted. As RP leads to total loss of vision, the quality of life 

improvement for these patients would be significant.  

Naturally occurring mutations in ADIPOR1 were identified from the genome aggregation 

database gnomAD (https://gnomad.broadinstitute.org/). This compiles all the SNPs found 

from whole genome and exon sequencing data from a cohort of generally healthy 

individuals. Whilst this is unlikely to contain SNPs that promote severe or early-onset 

effects that result in obvious or overt disease, given the long-term pathology of RP and 

late-onset in many patients we considered this a reasonable approach which has been 

employed by others. All predicted ‘loss of function’ or ‘missense’ mutations identified from 

gnomAD in ADIPOR1 were than analysed using bioinformatics approaches, Snap2 and 

Provean, which predict whether mutation of residues will be deleterious, largely based on 

evolutionary conservation and predicts if substituted residues will be tolerated (Table 4.1). 

These approaches may not be the most accurate as conservation alone does not 

necessarily correlate with functional importance and does not imply degree of effect. All 

but one mutation selected were conserved across species which is likely to be the cause of 

deleterious predictions (figure 4.2.). The allele frequency of the deleterious mutations that 

were chosen was 1:6000 which, when compared with the 1:4000 prevalence of RP 

(Hartong et al., 2006), suggests that only a proportion of the mutations would cause RP 

when heterozygous.  

Naturally occurring mutations that were predicted to be deleterious were generated by 

site directed mutagenesis and characterised. Total protein expression of all the naturally 

occurring ADIPOR mutants was reduced compared with wild-type, when measured by 

https://gnomad.broadinstitute.org/
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western blot (Figure 4.3.). R320stop, which lacks the C-terminal HA tag, was undetectable 

at the protein level even when detecting with suitable antibodies against the N-terminus. 

This is likely due to complete loss of the 7th transmembrane domain, as contained within 

this domain are two of the histidine residues involved in coordinating the zinc ion. Loss of 

ability to coordinate the zinc ion may lead to catastrophic instability of the receptor such 

that it is entirely degraded. Confirmation of this may be achieved through inhibition of 

proteasomal degradation by small molecule inhibitors, which would result in accumulation 

of the unstable protein. Cell surface expression was also measured using the same 

technique previously described (Figure 4.4., Figure 4.5.). Categories of mutations emerged, 

as some produced no significant change in proportion of cell surface expression, whilst 

others eliminated cell surface expression entirely (R40W, L143P, M309R, R324L, H341Y). 

C183S increased cell surface expression, although to a lesser extent than the D208 mutants 

discussed previously. In permeabilised cells expressing ADIPOR1 with naturally occurring 

mutations (R40W, L143P, C183S, M309R, Y310C, R324L, H341Y, A348G, G367R), levels of 

expression did not seem to differ from wild-type. This would suggest that the identified 

natural mutations do not perturb the receptor structure to an extent where it is targeted 

for degradation but may alter its ability to interact with downstream partners and be 

efficiently trafficked to the plasma membrane.  

To further investigate both targeted and naturally occurring mutations sub-cellular 

fractionation or flow cytometry could be used to quantitively measure cell surface 

expression in relation to total expression (Keshvari and Whitehead, 2015; Almabouada et 

al., 2013). Sub-cellular fractionation could also be used to determine the location of 

AdipoR1 with naturally occurring mutations that aren’t expressed on the cell surface. To 

investigate the possibility of impaired receptor internalisation, immunofluorescent 

staining could be carried out following serum starvation and adiponectin treatment, which 

has previously been shown to promote AdipoR internalisation (Keshvari and Whitehead, 

2015).  

Following investigations into total expression and cell-surface expression of targeted and 

naturally occurring mutations it was not known how function may be affected. The aim to 

address this was to develop assays that could be used to generate functional read-outs for 

each mutation.  
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The Adiponectin receptors have several functions that may contribute to their protective 

role against RP. One function of adiponectin receptors that may protect against RP is their 

ability to break down inflammatory ceramide into sphingosine and a free fatty acid, 

protecting against the apoptotic effects of ceramides (Holland et al., 2011; Vasiliauskaité-

Brooks et al., 2017). A similar pathology is seen in light induced retinal degeneration (LIRD) 

where ceramides accumulate in response to light and are responsible for loss of 

photoreceptor cells (Chen et al., 2013). Therefore, the loss of AdipoR mediated ceramide 

catabolism and the resultant induction of apoptosis and stress may contribute to 

development of RP (Sluch et al., 2018).  

A mass-spectrometer based ceramide assay was developed in order to quantify differences 

in ceramide levels in cells and estimate ceramidase activity. It was anticipated that 

mutations in ADIPOR1 may reduce ceramidase activity and this may cause RP. A targeted 

approach investigating the effects on C18 ceramide was performed as C18 was reported to 

be a preferred substrate of adiponectin receptors (Vasiliauskaité-Brooks et al., 2017) and 

allowed measurements to be performed in-house, using local expertise and equipment. 

Sphingosine 1-phosphate was also measured as a downstream read-out of ceramidase 

activity. Attempts to measure S1P were relatively unsuccessful due to lack of recovery and 

inadequate limit of detection. Measurement of ceramide in cells transfected with GFP, WT-

R1, M309R or Y310C did not reveal any significant differences in concentration (Figure 

5.4.). To stimulate an increase in concentration of ceramides within the cells, so that 

ceramidase activity could be better distinguished, cells were stressed with palmitate 

(Zabielski et al., 2017). Palmitate significantly increased concentrations of C18 (Figure 5.5.). 

Cells were then transfected with GFP, WT-R1, M309R or Y310C and stressed with palmitate 

prior to ceramide measurement (Figure 5.6.). No differences in C18 concentration with 

different transfected constructs were apparent. It is possible that the lack of any observed 

differences between concentrations of ceramide may reflect limitations of the approaches 

employed, predominantly low recovery from lipid extraction and an inability of the mass 

spectrometer to accurately read at low concentrations. While optimisation was attempted, 

further optimisation of lipid extraction and mass spectrometry analysis may provide 

progress in determination of changes in ceramidase activity of AdipoRs as a result of 

polymorphisms.  
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To further the ceramide assay, a lipidomic approach measuring a range of ceramides 

alongside catabolites could be established (Botta et al., 2019). A more suitable lipid 

extraction technique should also be developed with a separate extraction tailored to the 

polar nature of S1P, similar to the approach described by Merrill et al., 2005. An in vitro 

method supplying ceramide and measuring degradation may be an additional measure of 

ceramidase activity that could compliment in vivo or cellular investigations (Holland et al., 

2011). This could be carried out with fluorescent NBD-ceramide and change in fluorescence 

of could be quantified for a more sensitive assay allowing detection of small changes in 

ceramidase activity. 

Several other groups have been unable to demonstrate ceramidase activity of adiponectin 

receptors (Ruiz et al., 2019; Obata et al., 2018). This is likely to be due to difficulty in assay 

optimisation and specific conditions that must be met for assays to be successful. Obata et 

al was able to detect reduction of ceramides utilising T-cadherin ceramide efflux through 

exosomes (Obata et al., 2018).  

Another retina protecting function of adiponectin receptors is in mediation of membrane 

fluidity (Ruiz et al., 2019; Devkota et al., 2017). AdipoRs detect when a cell has been 

exposed to high amounts of saturated fatty acids due to changes in membrane fluidity. It 

can then upregulate expression of desaturase genes in order to promote desaturation of 

the fatty acids (Ruiz et al., 2019). Without this desaturation, saturated fatty acids insert 

into the membrane and cause membrane rigidification. The mechanism of fluidity sensing 

or desaturase gene upregulation is not known. Maintenance of membrane fluidity protects 

against cell death, reduces stress to the cell and has insulin sensitising effects (Pilon, 2016) 

presenting a possible mechanism for RP due to disrupted AdipoR1.  

Finally, investigations into the effects of overexpression or knockdown of endogenous 

adiponectin receptors on response to the saturated fatty acid palmitate on cell viability 

and metabolism and changes in ER stress (CHOP) and desaturase (FADS1) gene expression 

was investigated using MTT assays and qRT-PCR. The effect of manipulating ADIPOR2 

expression was included as Ruiz and colleagues had shown that AdipoR2 had stronger 

effects on desaturase upregulation (Ruiz et al., 2019). MTT assays showed increasing 

concentration of palmitate resulted in decreased cell metabolism/viability in cells that 

were transiently expressing GFP, WT-R1 or the naturally occurring M309R or Y310C 
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mutants (Figure 6.1.) and in the ADIPOR1 or ADIPOR2 inducible cell lines (Figure 6.2.). 

However, no difference in response to palmitate was observed between cells 

overexpressing the various ADIPOR1 or ADIPOR2 constructs (Figure 6.1., Figure 6.2.). One 

possibility is that further optimisation is required to be able to discriminate different effects 

of the constructs.  

The work describing a role for AdipoR1 and AdipoR2 in regulation of cell viability, 

desaturase gene expression and membrane fluidity had focused entirely on the impact of 

knockdown (Ruiz et al., 2019). Thus, it was thought that altering the method to reflect this 

loss of function approach might yield positive results. Knockdown of ADIPOR1 and 

ADIPOR2 was carried out with and without palmitate, initially using QIAGEN nanojuice and 

then Lipofectamine RNAiMAX (Figure 6.3., Figure 6.4.). Lipofectamine RNAiMAX achieved 

a greater knockdown efficiency but still only achieved around 60% reduction in receptor 

gene expression.  In these, albeit preliminary experiments, CHOP gene expression showed 

trends towards increased expression in response to palmitate treatment and following 

knockdown of ADIPOR1 (Figure 6.5.). Future studies should be carried out following 

optimisation of knockdown. Heterozygous knockdown of ADIPOR1 does not produce a 

retinal phenotype (Sluch et al., 2018) so it may be expected that 40-60% knockdown of 

ADIPOR1 would not result in severe effects.  

Generally, adiponectin receptor activity is considered to be adiponectin dependent. 

Functions that require adiponectin include ceramidase activity (Holland et al., 2011) and 

the majority of signalling pathways. However, the membrane fluidity sensing functions of 

AdipoR1 and AdipoR2 were reported to act independently of adiponectin (Ruiz et al., 

2019). It is also reported that, while knockout of ADIPOR1 had a retinal phenotype, 

knockout of adiponectin did not (Rice et al., 2015). These findings suggest that some roles 

of adiponectin receptors are ligand dependent and others are not.  It is worth noting that 

C1q/TNF- related protein family members (CTRPs) other than adiponectin have been 

shown to activate the adiponectin receptors and initiate signalling (Schäffler and Buechler, 

2012).  

Based on the results of chapter 3 and chapter 4 some prediction of overall outcomes of 

mutations can be made. An overview of protein expression effects of the various mutations 

is shown in Table 7.1. Any mutation that causes dramatic reduction of AdipoR1 expression 
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is likely to cause RP if homozygous, as occurs with the early frameshift mutation Q11Rfs*24 

(Xu et al., 2016). Mutations characterised in this study that had less than 50% expression 

relative to wild-type were L143P, M309R, Y310C, R320stop, R324L, H341Y, A348G and 

G367R. The degree of expression required to prevent RP is not precisely known, but could 

be assumed to be lower than 50% as heterozygous knockout in mice does not present with 

a retinal phenotype (Sluch et al., 2018; Bjursell et al., 2007). If AdipoR1 is required to be at 

the cell surface for RP preventing functions, then mutations that cause loss of cell surface 

expression may cause RP, particularly if homozygous. Expression on the cell surface is 

particularly important for functions that are adiponectin-dependant including ceramidase 

activity. Mutations that caused loss of cell surface expression were R40W, L143P, M309R, 

Y310C, R324L and H341Y. It’s also possible that heterozygous mutations that cannot be 

expressed on the surface may dimerise with wild-type AdipoR1 or AdipoR2 and prevent 

cell surface expression of wild-type receptors (Almabouada et al., 2013). This effect would 

be ‘dominant negative’ and would have a stronger phenotype than heterozygous knockout 

due to interference with wild-type. Mutations that give rise to relatively high total 

expression levels in combination with no cell surface expression are likely to do this to an 

extent where a phenotype may be anticipated. Mutants characterised in this study that 

may fulfil this are R40W, L143P, Y310C and H341Y. These mutations have greater than 25% 

expression relative to wild-type and have lost cell surface expression. RP can be the result 

of mutations numerous different genes, all of which are causative. It is not known if 

AdipoRs may function when intracellular. The ER is the predominant location of AdipoR2 

where a possible function could be in maintaining ER membrane fluidity.  
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There are reports that compound mutations cause RP, where two heterozygous mutations 

at different loci become causative for RP, when singly the mutations would have been 

benign, although cases of this are rare (Hartong et al., 2006). It is also possible that 

mutations in AdipoR1 may predispose to RP when combined with mutations in other 

genes. 

A final RP protecting function of the adiponectin receptors is their link to increased uptake 

and retention of docosahexaenoic acid (DHA) within photoreceptors (Rice et al., 2015; 

Bazan, 2018). DHA is a highly unsaturated fat which is enriched in the brain and retina and 

Mutation 
Expression 

relative to wild-
type 

Cell surface 
expression 

relative to wild-
type 

Predicted 
Homozygous 

effect 

Predicted 
Dominant-

negative effect 

S187A 0.61 0.02  ✓ 

S187T 0.61 0.07  ✓ 

D208A 1.20 1.92   

D208N 1.33 1.86   

H341A 0.70 0.03  ✓ 

R40W 0.64 0.01  ✓ 

L143P 0.33 0.03 ✓ ✓ 

C183S 0.62 1.30   

M309R 0.12 0.02 ✓  

Y310C 0.32 0.13 ✓ ✓ 

R320stop 0.00 - ✓  

R324L 0.17 0.04 ✓  

H341Y 0.47 0.01 ✓ ✓ 

A348G 0.33 0.95 ✓  

G367R 0.48 1.00 ✓  

Table 7.1. Summary of the effects of targeted mutations and naturally occurring mutations on 
AdipoR1 expression. The numbers shown are mean expression relative to wild-type and have 
been colour coded to shown direction of effect (red – reduced expression, green – increased 
expression). Predicted homozygous effects are ticked. These are mutations with total 
expressionless than half that of wild-type receptors. Mutations predicted to cause dominant 
negative effects are ticked. These are mutations with greater that 25% total expression relative 
to wild type and loss of cell surface expression   
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protects the retina from oxidative damage and stress-induced apoptosis (Rice et al., 2015; 

Bazan, 2006).  Future investigations should be performed to study the effects of the various 

mutants on DHA uptake. 

Mutations that cause impaired expression, signalling or ceramidase activity are likely to 

have effects throughout the body. These may be paired with RP symptoms, syndromic RP, 

or may occur alone. Ceramides are linked to increased apoptosis in many tissues so 

ceramidase activity of AdipoRs is likely to be linked to function throughout the body. 

Maintenance of membrane fluidity is important in all cell types so loss of AdipoR mediation 

of desaturase expression may have negative impacts throughout the body. Both 

ceramidase activity and membrane fluidity of AdipoRs may protect against a multitude of 

diseases including diabetes and cardiovascular disease (Stratford et al., 2004; Pilon, 2016; 

Holland et al., 2011). Mutations that cause alterations of typical AdipoR signalling (AMPK, 

PPARα etc) are also likely to have systemic affects that could include loss of insulin 

sensitivity, central obesity and inflammation (Yamauchi et al., 2014). The identification of 

RP-causing mutations in the ADIPOR1 gene in man (Xu et al., 2016; Zhang et al., 2016)  and 

the retinal phenotype of the ADIPOR1 knockout mouse (Sluch et al., 2018) highlight the 

key role of AdipoR1 in maintenance of the retina.  Further studies are likely to reveal more 

subtle phenotypes in other tissues and cell types. 

Gene therapies allowing introduction of functional ADIPOR1 or ADIPOR2 are suitable to 

counteract homozygous recessive mutations causing RP where there is a lack of functional 

protein (Dias et al., 2018). This type of therapy has already been successful in dogs with X-

linked RP caused by mutations in the retinitis pigmentosa GTPase regulator gene, RPGR, 

where sub-retinal injections of viral-vectors delivering human RPGR rescued vision (Beltran 

et al., 2012). To treat RP caused by dominant mutations in ADIPOR1 or ADIPOR2 alternate 

methods that remove or replace the dysfunctional gene is required (Yanik et al., 2017). 

Ribozymes or RNAi based therapies can be employed to silence the dysfunctional copy for 

ADIPOR1, or ADIPOR2, leaving a single functional copy that can provide functional 

receptors (Farrar et al., 2002; Cashman et al., 2005). Genome editing techniques such as 

CRISPR/Cas9, ZFN or TALEN could be used to target specific mutations, remove them, and 

replace them with the correct residues (Dias et al., 2018; Yanik et al., 2017). This can either 

be carried out in the eye using viral vector systems or on induced pluripotent stem cells 
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which can be differentiated into photoreceptors and implanted into the retina (Yanik et al., 

2017). To improve vision once deterioration has been halted cell transplantation of retinal 

photoreceptor precursors or stem cells to replace lost photoreceptors may be possible 

(Dias et al., 2018). 

To extend this project further research could be made into SNPs that are from a database 

of people with disease including SNPs found in both ADIPOR1 and ADIPOR2 (the University 

has recently been approved to access the 100,000 genome database which should facilitate 

these investigations). While no ADIPOR2 mutations have been reported to cause RP we 

consider this possible, based on conservation of structure and function. Indeed, reports 

suggest that AdipoR2 may be more potent than AdipoR1 regards ceramidase activity and 

regulation of membrane fluidity (Ruiz et al., 2019; Holland et al., 2011). However, the 

likelihood of this causing RP may be lower as its expression at the retina and on the cell 

surface is reduced (Keshvari and Whitehead, 2015; Sluch et al., 2018). Beginning the search 

using a database of SNPs from people with disease should increase the likelihood of 

identifying detrimental mutations and also afford access to information on patient 

phenotypes. It may also be possible to perform targeted sequencing of ADIPOR1 and 

ADIPOR2 looking for mutations in patients that have RP without mutations in other known 

causal genes. These mutations could then be generated and characterised in vitro.  

Investigations carried out in this project were in the presence of serum and therefore the 

presence of adiponectin (Keshvari and Whitehead, 2015). Investigations into ligand 

dependence could be carried out through serum starvation and treatment with 

recombinant or globular adiponectin or with AdipoRon. To demonstrate effects of 

adiponectin without serum starvation control cells could be grown using serum from 

adiponectin knockout mice (Keshvari and Whitehead, 2015; Obata et al., 2018). 

Interactions between adiponectin and the various AdipoR1 mutants could be a good 

indicator of function.  

The severity of the Y310C phenotype despite the heterozygosity of the mutation is due to 

dominant negative effects which have not been characterised (Zhang et al., 2016). In order 

to investigate dominant negativity of naturally occurring SNPs, both wild-type ADIPOR1 

and ADIPOR1 with mutations should be overexpressed together. Expression and function 

of the wild-type receptor could then be investigated to see if the mutant receptor has a 
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negative effect on wild-type function. It may also be interesting to see whether mutations 

affect the ability of AdipoR1 to form homo and heterodimers as this could influence 

adiponectin sensitivity and could also be the cause of dominant negative effect. Although 

AdipoR2 expression in the retina is lower than AdipoR1 expression (Lin et al., 2013) it may 

be able to compensate for reduced AdipoR1 expression or activity. Co-expression of both 

ADIPOR1 with mutations and wild-type ADIPOR2 along with functional assays, such as 

those carried out in this study, could determine if AdipoR2 can compensate for non-

functional AdipoR1.  

Investigations into effects of mutations on downstream signalling, such as AMPK 

phosphorylation or PPARα signalling, could be useful in predicting syndromic effects. 

Mutations that impair signalling are likely to have metabolic repercussions such as reduced 

insulin sensitivity or reduced glucose uptake or fatty acid oxidation (Yamauchi et al., 2014). 

This signalling is dependent on adiponectin so reduced adiponectin binding or receptor 

localisation is likely to affect signalling (Yamauchi et al., 2014).  

Phenotypic observations for each of the mutations could be made using in vivo models 

such as mice, zebrafish or drosophila (Sluch et al., 2018; Zhang et al., 2016; Acharya et al., 

2003). This could better determine if mutations cause RP and if there are any 

accompanying syndromic effects. C. elegans is commonly used to investigate AdipoR1 

however they are not an appropriate model for RP due to their lack of eyes (Ward et al., 

2008).   
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8. Conclusions 

Mutations targeted to residues involved in zinc ion coordination produced a range of 

effects on receptor expression. S187A/T and H341A decreased total expression and cell 

surface expression was negligible. Surprisingly D208A/N produced increased total 

expression and increased expression at the cell surface compared with wild-type. Further 

characterisation of these mutations may provide insights into internalisation and 

trafficking which could predict functional effects. All naturally occurring mutations had 

reduced total expression and categories emerged for cell surface expression where some 

lacked cell surface expression and others showed cell surface expression comparable to 

wild-type. Mutations with the greatest effect on cell surface expression despite high total 

expression (R40W, L143P, Y310C and H341Y) were theorised in this study to be most likely 

to cause RP. As Y310C has previously been described to cause RP, this seems plausible and 

supports the possibility that the other mutants showing a similar phenotype would be RP-

causing. Further characterisation should help to refine prediction of mutants likely to cause 

RP via dominant negative effects. Investigations of putative downstream effects, linked 

with maintenance of retinal integrity, proved challenging.  Whilst this at least partly reflects 

difficulties replicating observations across the field further optimisation of methods is 

required before robust conclusions can be made. 

Future work should focus on completing optimisation of the ceramide assay so that 

changes in ceramidase activity can be detected. This could be through improvement of 

extraction techniques, aiding greater ceramide recovery, or could be through altered 

detection techniques, such as detection of changes in fluorescence using NBD-ceramide. 

Further work should also include measuring effects of naturally occurring and targeted 

mutations using functional assays such as those described. Once naturally occurring 

mutations in ADIPOR1 that cause RP have been identified, gene therapies can be developed 

to halt progression of RP in individuals possessing these mutations. 
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Appendix 

 

 

 

 

Supplementary figure 1. Representative targeted mutant western showing extra bands.  A 

representative Western blot showing expression of AdipoR1 with targeted mutations. HEK293 

cells were transfected with AdipoR1-HA constructs containing targeted mutations. Western blot 

was carried out with antibodies against the HA tag.  

 


