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ABSTRACT 
 
 
Acute liver failure (ALF) in children is a rare but potentially fatal condition without treatment. 

Diagnosis can be difficult and remains indeterminate in up to approximately half of cases. The 

study’s aim was to identify undiagnosed, monogenic causes of ALF using targeted next 

generation sequencing (NGS). 

 

A capture library designed to target 64 genes known to cause ALF and / or a liver based 

metabolic disorder was constructed. Sequencing was carried out in 41 children who 

previously suffered from ALF without an identifiable aetiology. 

 

Biallelic variants were identified in 8 patients which may have been the cause of ALF or 

contributed to the clinical phenotype. Variants in NBAS and genes encoding mitochondrial 

proteins were the most common findings. 

 

Biallelic variants in NBAS is a cause of recurrent ALF triggered by fever. The pathobiology has 

been described to be due to disrupted retrograde transport between the Golgi and 

endoplasmic reticulum. However, it has also been suggested that disruption in nonsense 

mediated decay (NMD) may be involved. 

 

Skin fibroblasts from 4 children with biallelic variants in NBAS were used for the functional 

analyses including assessment of cell viability and protein expression. The gene expressions 

of GADD45A and GADD45B, endogenous NMD targets, were measured to assess whether 

NMD was disrupted. 

 

Cell viability was impaired in isolated cell culture conditions when placed under stress by 

glucose deprivation or incubation at 40°C. However, this was not consistent across all culture 

conditions. Western blot demonstrated reduced protein expression in 2 patients with two in-

frame insertions. GADD45A and GADD45B gene expressions were not elevated in patient 

samples compared to controls suggesting that NMD is intact in these patients although 

disruption to a more localised NMD pathway remains a possibility.  



5 
 

 

Next generation sequencing will be essential in improving diagnostic yield in future children 

with ALF. Using NBAS deficiency as an archetypal example of a monogenic cause of ALF insight 

was provided into its pathobiology. Progress is still required for the clinical application of NGS 

in children with ALF and future efforts should focus on overcoming the practical challenges.  
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1 INTRODUCTION 

 
The liver is the largest internal organ and contributes to numerous physiological functions 

including metabolism, detoxification, synthesis and storage. It is anatomically situated in such 

way that nutrient as well as toxin-rich blood is continually received from the gut. It is also 

unique in that it is one of few organs that have the capacity to grow. The principal cell type of 

the liver is the hepatocyte and occupy approximately 80% of the hepatic mass (Michalopoulos, 

2007).  

 
 

1.1 General introduction 
 
 

1.1.1 Hepatocytes: embryogenesis and at steady state  
 

Hepatocytes are derived embryologically from the endoderm. The hepatic endodermal cells, 

or hepatoblasts, are bi-potential with the ability to differentiate into hepatocytes and 

cholangiocytes (Tanimizu and Mitaka, 2014). This differentiation occurs in relation to the 

portal vein: those that are in contact with the portal vein become cholangiocytes whilst those 

that are not, in the parenchyma, gradually differentiate into mature hepatocytes. This process 

of differentiation is mediated by a complex interplay of cytokines, growth factors and 

hormones (Zorn, 2008). The developing liver with differentiated hepatocytes has a dramatic 

capacity to grow as demonstrated in mice where a 500-fold increase in size is observed 

between the embryonic and postnatal liver (Rollins et al., 2010). The final maturation of the 

liver continues postnatally (Zorn, 2008). 

 
In adulthood, the liver must continue to maintain homeostasis as it exposed to the toxins 

from the circulation of the intestines, spleen and pancreas through the portal vein. Any insult 

resulting in loss of cell mass is compensated by the liver’s capacity to regenerate. This is 

mainly carried out by the proliferation of mature adult hepatocytes and the other hepatic cell 

types (Michalopoulos, 2007). However, it has been demonstrated that hepatic stem cells also 

play important roles in the growth, maintenance and repair of normal liver (Iverson et al., 

2011).  
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1.1.2 Liver necrosis in acute liver failure 
 
 
Acute liver failure (ALF) is a clinical syndrome characterised by a sudden and severe hepatic 

injury resulting from a wide range of causes (Bernal et al., 2010). It is primarily a clinical 

description and explored in more detail in section 1.2. At a cellular level, ALF occurs when 

hepatocyte death exceeds the regenerative capacity of the liver (Bantel and Schulze-Osthoff, 

2012). 

 
Histologically, ALF is characterised by marked loss of hepatocytes and proliferation of bile 

ductular structures (ductular reaction) around the portal area (Lefkowitch, 2016). The liver 

may be reduced in weight by one half to two thirds due to massive parenchymal loss 

(Lefkowitch, 2016). A regenerative response may be seen in a matter of days in the form of 

nodules that are visible macro- and microscopically (Figure 1-1). This response is due to 

contributions both from residual hepatocytes as well as liver progenitor cells located in the 

periportal canal of Hering (Weng et al., 2015). In a histopathological study after auxiliary liver 

transplantation (LT), brisk proliferation of residual hepatocytes was the initial regenerative 

mechanism and the contribution from liver progenitor cells were secondary in areas of total 

hepatocyte loss (Quaglia et al., 2008).  
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Figure 1-1 A regenerative response is seen after acute liver failure. 

A, there is no evidence of nodularity in a diffuse pattern of liver injury and parenchymal 
collapse. B, greenish nodules are demonstrated in a regenerating liver (Quaglia et al., 2008). 
 

Cell death in ALF classically occur by either apoptosis (programmed cell death) or necrosis 

(uncontrolled cell death) although there is growing evidence of other modalities such as 

necroptosis, pyroptosis and autophagic cell death (Table 1-1) (Eguchi et al., 2014). Apoptotic 

cell death is a highly organised and genetically controlled process that is initiated by either 

membrane receptors (extrinsic pathway) or intracellular stimuli (intrinsic pathway) (Eguchi et 

al., 2014). Both of these pathways converge to activate proteolytic caspase enzymes (effector 

caspases 3 and 7) which result in apoptosis (Riedl and Shi, 2004). It is an active process that 

requires adenosine triphosphate (ATP). On the other hand, necrosis is a passive process that 

is caspase independent. During necrosis, there is reactive oxygen species build up, 

mitochondrial dysfunction and ATP depletion. This results in oncosis or cellular swelling and 

subsequently, membrane rupture.  
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Mechanism of cell 

death 

Definition 

Apoptosis ATP-dependent, programmed cell death. 

Necrosis Unprogrammed, premature cell death by autolysis due to ATP 

depletion. 

Necroptosis A programmed form of necrosis. 

Pyroptosis An inflammatory, lytic, programmed cell death that occurs most 

frequently upon infection with intracellular pathogens and is 

likely to form part of the antimicrobial response. 

Autophagic cell death Cell death characterised by autophagy - a process that delivers 

cytoplasmic material of endogenous or exogenous origin to the 

lysosome for degradation. 

 
Table 1-1 Mechanisms of hepatocellular death are implicated in ALF. 
Apoptosis and necrosis are the main causes of cell death in ALF although other modalities such as 
necroptosis, pyroptosis and autophagic cell death have been described. 

 

1.1.3 Regenerative capacity of the liver 
 
 
Hepatocytes are one of few differentiated cell types that can replicate deoxyribonucleic acid 

(DNA) and proliferate to regenerate (Iverson et al., 2011). Much work has been carried out 

on liver regeneration given its direct therapeutic relevance when considering procedures such 

as hepatectomies and living-donor LT that rely on the liver’s ability to regenerate to achieve 

recovery. Hepatectomy animal models have formed the basis for elucidating the underlying 

mechanisms. An archetypal example of this is the rodent, two-thirds hepatectomy model 

where the original mass of the liver is recovered in approximately, 10 days following 

hepatectomy (Gilgenkrantz and Collin de l'Hortet, 2018). 

 
Liver regeneration takes place by one of three processes: hyperplasia, an increased rate of 

hepatocyte proliferation; hypertrophy, an increase in cell size; redifferentiation, when liver 

progenitor cells are repopulated and differentiate into hepatocytes. The rodent model has 

demonstrated that the type of regeneration is dependent upon the type of resection: 

hypertrophy is the principal response after one-third partial hepatectomy; hyperplasia after 

two-thirds hepatectomy; redifferentiation takes place when 80 to 90% of the liver is resected 
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(Figure 1-2) (Gilgenkrantz and Collin de l'Hortet, 2018). Therefore, the regenerative response 

is dependent upon the stimulus.  

 
 

 
Figure 1-2 The partial hepatectomy model. 
The regenerative response is dependent upon the volume of liver resected. BEC, biliary epithelial cell; 
LPC, liver progenitor cell; PH, partial hepatectomy. The figure was adapted from (Gilgenkrantz and 
Collin de l'Hortet, 2018). 
 
 

There are multiple intracellular, extracellular and auxiliary pathways that are triggered when 

liver regeneration takes. The key components of these signals are listed below (Figure 1-3). 

 

Intracellular signals 

• The transcription factors signal transducer and activator of transcription 3 (STAT3) 

regulated by interleukin-6 (IL-6) (Taub, 2004) and nuclear factor-κB (NF-κB) regulated 

by tumour necrosis factor (TNF) (Fausto et al., 2006) are the principal intracellular 

signals. The kinases cyclins D1 and D2 regulated by β-catenin are required to signal 

hepatocytes to progress from G1 to S phase (Mullany et al., 2008). 
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Extracellular signals 

• Hepatocyte growth factor (HGF) and its receptor, mesenchymal epithelial transition 

(MET), and epidermal growth factor receptor (EGF) work extracellularly and are 

regarded as complete mitogens. Mitogens can directly induce hepatocyte replication 

by stimulating DNA synthesis and liver enlargement. Without them liver regeneration 

is abolished (Paranjpe et al., 2016).  

 

Complex signalling pathways with intra and extracellular components 

• β-catenin is a multifunctional protein involved in gene transcription and cell-cell 

adhesions. When the Wingless-INT (WNT)/ β-catenin pathway is activated, β-catenin 

translocates to the hepatocyte nucleus and induces proliferative genes such as cyclin 

D1 (Gilgenkrantz and Collin de l'Hortet, 2018). The growth factor receptors EGFR and 

MET are closely linked to this pathway as they phosphorylate β-catenin before it 

enters the nucleus.  

• Hedgehog is a signalling pathway that is activated in embryonic cells for cell 

differentiation that is usually turned off later in life. It has been shown that the 

messengers related to the pathway are increased during liver regeneration (Bhave et 

al., 2013) and liver regeneration is delayed when inhibitors of the pathway are 

administered (Ochoa et al., 2010). The transcription factor GLI1 is the end messenger 

of the Hedgehog pathway. 

• The Hippo pathway and Yes-associated protein (YAP) orchestrate liver homeostasis 

and hepatocytes’ fate (Yimlamai et al., 2014). The Hippo pathway converges on YAP 

which translocate into the nucleus and binds to transcriptional enhancer-associated 

domain (TEAD) factor which, in turn, activates proliferative genes. It has been shown 

that interference with YAP affects cell proliferation as well as organ size (Septer et al., 

2012). The Hippo-YAP pathway closely interacts with the Hedgehog pathway.  

 

Auxiliary signals 

• Auxiliary signals have the effect of delaying but not fully inhibiting hepatocyte 

proliferation when eliminated. TNF, vascular endothelial growth factor (VEGF), 

noradrenaline and bile acids are such examples. 



22 
 

 

 

Figure 1-3 Illustration showing a simplified representation of the key pathways involved in liver 
regeneration.  
Activation of multiple intracellular, extracellular and auxiliary pathway together lead to hepatocyte 
proliferation. 

 

The interactions of these stimuli are complex but orchestrated to some extent in timing. 

Traditionally, liver regeneration has been described as occurring in three phases. The first 

phase is the priming phase and prepares hepatocytes to respond to growth factors. β-catenin 

translocates to the nucleus within 5 minutes on partial hepatectomy in rats (Gilgenkrantz and 

Collin de l'Hortet, 2018). The second phase involves the activation of growth factors including 

HGF and EGF. MET (the HGF receptor) and EGF are activated within 30 minutes (Stolz et al., 

1999) and large amounts of HGF are detectable within an hour of partial hepatectomy 

(Lindroos et al., 1991). The third is the termination phase where inhibitors of liver 

regeneration such as transforming growth factor-β and integrin signalling become activated.  
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1.1.4 Genetic alterations in liver cell death 
 

Liver regeneration following insult is accompanied by a significant change in gene expression 

by hepatocytes. It has been demonstrated that following hepatectomy more than 100 genes 

are upregulated within hours (Taub, 1996, Apte et al., 2009). This is accompanied by five to 

seven consecutive cell doublings resulting in a 30‐ to 100‐ fold increase in the number of 

hepatocyte genomes occurs during hepatocyte proliferation in a growing liver (Rollins et al., 

2010). The immediately upregulated genes include some of the transcription factors 

mentioned above, growth factors and signal transduction regulators. Their transcription 

occurs within minutes of hepatectomy independent of any protein synthesis (Taub, 1996). 

This results in a further cascade of transcription factors at the G1 phase of the hepatocyte cell 

cycle. 

 

The upregulation of these genes lasts up to 14 days when termination of the regenerative 

process takes place so that the liver grows back to its original mass without exceeding it. On 

the other hand, when termination of liver regeneration is experimentally abolished continued 

expression of genes that were upregulated immediately following hepatectomy is seen (Apte 

et al., 2009). This includes a 5-fold higher expression of HGF, an overall increase in cell cycle 

genes such as c-Myc and genes involved in hepatocyte differentiation. 

 

MicroRNAs (miRNAs) are small, non-coding ribonucleic acids (RNA) about 22 nucleotides in 

length which are involved in the post transcriptional regulation of gene expression by 

degrading their target mRNAs and/or inhibiting their translation (Espinoza-Lewis and Wang, 

2012). They are involved in many biological processes including cell proliferation, 

differentiation and apoptosis as well as disease processes, particularly, cancer. Within the 

liver, miR-122 and miR-199 are enriched and serve to regulate liver-specific transcription 

factors hepatocyte nuclear factor (HNF) 1α, HNF3α, and HNF3β) and have been studied as 

potential biomarkers of acute liver injury (Eguchi et al., 2014). In murine models of 

paracetamol toxicity, miR-122 and miR-199 were upregulated in a dose-dependent manner 

and preceded the rise in plasma aminotransferase levels as well as the histopathologic 

changes (Wang et al., 2009). In humans with paracetamol toxicity, miR‐122 correlated with 
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peak alanine aminotransferase (ALT) levels although not with prothrombin time (Starkey 

Lewis et al., 2011).  

 

1.2 Genetics of acute liver failure in children  
 

 
Acute liver failure is a clinical syndrome characterised by a sudden and severe hepatic injury 

resulting from a wide range of causes (Bernal et al., 2010). These patients develop jaundice, 

coagulopathy and hepatic encephalopathy (HE) and in many cases multiorgan failure ensues. 

In adults, the term fulminant hepatic failure as opposed to fulminant hepatitis was first coined 

in 1970. The authors described a potentially reversible condition with an onset of 

encephalopathy within 8 weeks of the appearance of the first symptoms in the absence of 

pre-existing liver disease (Trey and Davidson, 1970). In 1993, the definition was refined to 

subcategorise the syndrome into hyperacute, acute and subacute arms according to the time 

interval between the onset of jaundice to HE (O'Grady et al., 1993). The purpose of this was 

to highlight the important aetiological and prognostic differences that were noted between 

these groups to, ultimately, help make important treatment decisions such as listing a patient 

for LT. 

 

The definition of ALF in children was adapted from these evolving observations in adults. 

However, due to the difficulty in identifying HE in children, the designation adopted in 

paediatrics was that of a rare multisystem disorder in which there is severe impairment of liver 

function, with or without encephalopathy, that occurs in association with hepatocellular 

necrosis in a patient with no recognised underlying chronic liver disease (Bernal et al., 2010, 

Bhaduri and Mieli-Vergani, 1996). 

 

 

1.2.1 Causes of acute liver failure: known and unknown 
 
 
Acute liver failure is a rare condition with an incidence in adults between 1.4 and 6.2 cases 

per year per million in Western countries (Bretherick et al., 2011, Bower et al., 2007, Escorsell 

et al., 2007). The incidence in children is thought to be even less but there is no quoted figure. 
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There is much geographical variation in aetiology such that, in adults, drug induced liver injury 

(DILI) is the most common cause in the West in comparison to infection due to hepatitis A, E 

and B in developing countries (Blackmore and Bernal, 2015). However, the incidence has 

reduced and aetiologies changed over the last three decades accounted for by public health 

policies aimed at reducing viral hepatitis transmission or legislation to discourage the 

purchase of large quantities of paracetamol (Blackmore and Bernal, 2015). However, on the 

other hand, ALF due to an indeterminate aetiology (cause not discernible after extensive 

evaluation) continues to be a sizeable group (Bernal et al., 2015).  

 

The aetiology of ALF in children demonstrates a different picture to that seen in adults. The 

largest study to date has been that carried out by the Pediatric Acute Liver Failure (PALF) 

Study Group - a prospective, international, multi-centre study initiated in 1999. The rate of 

indeterminate cases of ALF was 49% in 2006 and 30% in 2017 whilst paracetamol toxicity and 

metabolic disease were 14% and 10%, respectively (Squires et al., 2006, Alonso et al., 2017). 

The reason for such high rates of indeterminate cases has been attributed to the complex and 

rapidly progressive nature of the disease where investigations were hampered by: the large 

volume of blood required for some tests, a short time interval between presentation and 

outcome such as LT or death, an incomplete differential diagnosis, the lack of consensus on 

an age-appropriate evaluation or clinical improvement mitigating further work up (Narkewicz 

et al., 2009). Standardisation of investigations such as by use of an electronic order set was 

shown to be effective in reducing the rate of indeterminate cases (Narkewicz et al., 2018). 

However, even with such interventions, pitfalls within the laboratory investigations can be 

encountered during acute decompensation of a patient. Biochemical and histological 

investigations may be unfeasible or ineffective due to the numerous confounders produced 

by severe organ injury (Nicastro and D'Antiga, 2018, Odaib et al., 1998). For instance, in the 

evaluation of a patient with a suspected mitochondrial DNA depletion syndrome (MDS), 

respiratory chain enzyme activity in the liver may be secondarily reduced risking a false 

positive diagnosis. 

 
 

1.2.2 Monogenic causes of acute liver failure 
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A large proportion of liver diseases in children, both acute and chronic, are of genetic 

aetiology with Mendelian inheritance. For instance, monogenic diseases affecting the liver 

are thought to contribute to 20% of cases of LT (Nicastro and D'Antiga, 2018); when biliary 

atresia and autoimmune liver disease are excluded most of the remaining serious causes of 

liver disease are monogenic (Nicastro and D'Antiga, 2018). The suspicion of a monogenic 

aetiology is further strengthened the younger the affected individual is or if the individual is 

born to consanguineous parents (Hegarty et al., 2015, Sze et al., 2009). Figure 1-4 summarises 

6 single and multiple centre studies of ALF aetiologies in children. Most monogenic causes of 

ALF are inherited metabolic disorders (IMD) further explained in section 1.2.3. 

  



27 
 

 

Figure 1-4 Select 10 single and multiple centre studies of ALF aetiologies in children.  
The proportion of children admitted with indeterminate ALF range from 16 to 49% according to the institution. Mitochondrial disorders account for the most 
common cause of monogenic ALF. 
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1.2.3 Inherited metabolic disorders 
 
 
The classical IMD are a group of conditions in which there is a defect in the enzymatic 

metabolism of carbohydrates, proteins, lipids or in mitochondrial metabolism of energy. It 

has grown from a group of limited, rare disorders with no treatment to a complex set of 

disorders for which there may be specific treatment or its complications mitigated by being 

increasingly picked up on Newborn Screening (Trust, 2019). As a major organ carrying out the 

body’s metabolic function, liver disease is a common and important sequelae of IMD.   

 

More recently, attempts to update the classification of IMD have been made in view of the 

increasing complexity and growing number of IMD that are being picked up by NGS. One 

oversimplified way of classification proposed by Saudubray et al aims to move away from the 

organelle-centric approach that splits arbitrarily metabolic pathways but provide basic and 

practical rules to orientate clinical thinking (Saudubray et al., 2019). Under this simplified 

classification, disorders are classed under 1) accumulation or deficiency of small molecules, 

2) accumulation, deficiency or abnormal trafficking of complex molecules or 3) energy 

metabolism disorders. Another proposal with a wider, international endorsement was 

published in 2021 - the International Classification of Inherited Metabolic Disorders (Ferreira 

et al., 2021). Under this nosology, almost 1500 monogenic diseases are grouped into a 

hierarchical structure to provide a system for understanding and remembering individual 

conditions. Its use can be extended for teaching and clinical decision making in IMD. The 

categories under this classification are as follows, expanded where there are known causes 

of ALF: 

 

1) Disorders of amino acid metabolism 

 

Disorders of protein and amino acid metabolism result in accumulation of toxins that 

frequently lead to organ damage including the liver. Amongst this group, known 

causes of ALF include the urea cycle disorders ornithine transcarbamylase deficiency 

(OTC), rarely, HHH (hyperammonaemia, hyperornithinaemia, homocitrullinuria) 

syndrome (SLC25A15) and argininosuccinate lyase deficiency (ASL). Tyrosinemia type 
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I due to fumarylacetoacetase deficiency (FAH) and defective tyrosine metabolism is 

another relatively common cause of ALF. 

 

2) Disorders of peptide and amine metabolism 

 

3) Disorders of carbohydrate metabolism 

 

Carbohydrates are an important, rapid source of energy. Once broken down from their 

complex form, glucose, galactose and fructose undergo glycolysis to be catabolised to 

pyruvate before entering the mitochondria and Krebs cycle. Disorders of galactose 

and fructose metabolism are known causes of ALF such as galactosemia, hereditary 

fructose intolerance due to galactose-1-phosphate uridylyltransferase (GALT) (Anvret 

et al.) and aldolase B (ALDOB) deficiencies, respectively. Similarly, disorders of 

pentose metabolism (TALDO1) can lead to ALF (Verhoeven et al., 2005, 

Balasubramaniam et al., 2011).  

 

4) Disorders of fatty acid and ketone body metabolism 

 

Mitochondrial β-oxidation of fatty acids is the main source of cellular energy 

generating acetyl-coenzyme A (acyl-coA), NADH+ (nicotinamide adenine dinucleotide) 

and dihydroflavin-adenine dinucleotide (FADH2). The β-oxidation reaction consists of 

four biochemical reactions: oxidation, hydration, second oxidation, and thiolysis 

taking place on the β-carbon of the fatty acyl-coA ester (Adeva-Andany et al., 2019). 

This is in contrast to α-oxidation of branched-chain fatty acids (e.g. phytanic acid) in 

peroxisomes which cannot undergo β-oxidation until removal of the methyl group 

from the β-carbon. In the fed state fatty acid synthesis occurs primarily in the liver 

whilst during fasting fatty acid degradation occurs in the muscle and liver. Disorders 

of fatty acid metabolism can cause liver dysfunction often with neurological and 

muscular systems involvement (Olpin, 2013, Alonso, 2005). This could be suggested 

by lack of ketone production during fasting (non-ketotic hypoglycaemia) in fatty acid 

oxidation or carnitine transporter defects due to the lack of acyl-coA required for 

ketogenesis. In long-chain fatty acid oxidation disorders there is elevation of fatty 
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acids of 14-20 carbons indicated by prominence of C14, C14:1 and hydroxy-C18:1 on 

plasma acylcarnitine profile. Their toxic accumulation leads to neonatal lactic acidosis, 

cardiomyopathy and liver failure (Odaib et al., 1998, Alonso, 2005). 

 

5) Disorders of energy substrate metabolism 

 

Pyruvate is the product of glycolysis and enters the Krebs cycle after being converted 

to acetyl-CoA by pyruvate dehydrogenase (PDH). PDH is a multi-subunit enzyme 

complex and deficiency of any of its components causes a phenotype characterised 

by neurodevelopmental problems often of poor prognosis. The E3 complex known as 

dihydrolipoamide dehydrogenase (DLD), when deficient, causes recurrent ALF both in 

children and adults with or without neurological involvement (Brassier et al., 2013, 

Barak et al., 1998, Aptowitzer et al., 1997).  

 

6) Mitochondrial DNA-related disorders 

 

7) Nuclear-encoded disorders of oxidative phosphorylation 

 
Around 1500 mitochondrial proteins are encoded by mostly nuclear but also 

mitochondrial genes which can give rise to primary mitochondrial diseases (Davison 

and Rahman, 2017) leading to disordered respiratory chain function and ATP synthesis. 

Mutations in nuclear genes encoding assembly factors of the respiratory chain enzyme 

complex subunits are a recognised cause of infantile ALF. BCS1L and SCO1 which 

encode for complex III and IV subunits assembly factors, respectively, are such 

examples (Gil-Borlado et al., 2009, Olahova et al., 2019).  

 

8) Disorders of mitochondrial cofactor biosynthesis 

 

Synthesis of mitochondrial cofactors including coenzyme Q10 (ubiquinone), lipoic acid, 

iron-sulphur clusters and cytochrome c are included under this category. BOLA3 

encodes for a protein involved in the formation of iron-sulfur clusters required 
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Multiple mitochondrial dysfunction syndrome caused by mutations in BOLA3 results 

in multi-organ failure including liver with early death (Akiyama et al., 2021). 

 

9) Disorders of mitochondrial DNA maintenance and replication 

 

Mutations in nuclear genes causing mitochondrial DNA depletion (DGUOK, MPV17, 

SUCLG1, POLG and TWNK) are some of the classic forms of mitochondrial 

hepatopathies and ALF. 

 

10) Disorders of mitochondrial gene expression 

 

Mitochondrial elongation factor G1 is encoded by the nuclear gene GFM1 and its role 

is to translocate ribosome as each new codon is recognised during mitochondrial 

translation. Mitochondrial DNA is depleted and respiratory chain enzyme activity of 

complex I and IV is reduced on biochemical examination of cultured fibroblasts from 

affected patients (Balasubramaniam et al., 2012). Liver disease in GFM1 deficiency is 

rapidly progressive and fatal (Molina-Berenguer et al., 2022). Similarly, mutations in 

TUFM and TSFM which encode for enzymes involved in the  elongation step of 

mitochondrial protein translation cause ALF associated with mitochondrial DNA 

depletion and reduced respiratory chain activity (Vedrenne et al., 2012). 

 

11) Other disorders of mitochondrial function 

 

12) Disorders of metabolite repair/proofreading 

 

13) Miscellaneous disorders of intermediary metabolism 

 

14) Disorders of lipid metabolism 

 
Acute liver failure secondary to fatty acid oxidation disorders is a rare but recognised 

problem (Alonso, 2005). These include disorders of long chain fatty acid which are 
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predominantly oxidised in the mitochondria (HADHA)(Odaib et al., 1998, Baruteau et 

al., 2014). 

 

15) Disorders of lipoprotein metabolism 

 

16) Disorders of nucleobase, nucleotide and nucleic acid metabolism 

 
Mutations in nuclear translation factor genes of the respiratory chain enzyme 

complexes (TRMU) are a known cause of ALF. In most patients, ALF is transient Loss-

of-function TRMU variants were associated with poor survival (Vogel et al., 2022). 

Additionally, there is an emerging group of disorders involving aminoacyl-transfer RNA 

(tRNA) synthetases (ARSs), that lead to childhood liver disease including ALF. The role 

of ARSs is to covalently attach amino acids to their cognate transfer RNA for delivery 

to the ribosome for protein translation. The genetic nomenclature of cytosolic ARSs 

are denoted without a number whilst mitochondrial ARSs (mtARSs) are denoted with 

a number 2 for example, LARS and LARS2, respectively, for leucyl-tRNA synthetase. To 

date, mutations in LARS (Casey et al., 2012, Peroutka et al., 2019) and isoleucyl-tRNA 

(IARS) (Kopajtich et al., 2016) have been described to cause ALF in infants and children 

whilst derangement in liver function tests is commonly reported in the remaining ARS 

disorders. 

 

17) Disorders of tetrapyrrole metabolism 

 

18) Congenital disorders of glycosylation 

 

Congenital disorders of glycosylation (CDG) is a group of heterogeneous disorders 

characterised by abnormal glycosylation of lipids and proteins with over 100 subtypes 

described so far (Marques-da-Silva et al., 2017). The phenotypic spectrum is varied 

making disease classification difficult. Broadly speaking, however, type 1 CDGs are due 

to abnormal glycan assembly at the endoplasmic reticulum (ER); type 2 due to 

abnormal glycan modification at the Golgi. CDG1b results from mannose phosphate 

isomerase deficiency and is the prototype of hepatic CDG with approximately 25 cases 
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described so far with most patients presenting in the first few months of life (Marques-

da-Silva et al., 2017). Liver dysfunction is also encountered in phosphomannomutase 

deficiency (Sparks and Krasnewich, 1993). Liver transplantation have been performed 

for defects in CCDC115, a type 2 CDG, in children with gross hepatosplenomegaly 

resembling a storage disorder (Jansen et al., 2016).  

 

19) Disorders of organelle biogenesis, dynamics and interactions 

 

20) Disorders of complex molecule degradation 

 

21) Disorders of vitamin and cofactor metabolism 

 

22) Disorders of trace elements and metals 

 

23) Neurotransmitter disorders 

 

24) Endocrine metabolic disorders 

 

1.2.4 Activated T-cell hepatitis 
 
The immune system and its aberrant activation are pathobiological drivers of ALF. From a 

clinical perspective, this concept underpins the basis of the treatment strategies aimed at 

inhibiting the inflammatory reaction in the use of corticosteroids or equine anti-thymocyte 

globulin (Karkhanis et al., 2014) including the TReatment for ImmUne Mediated 

PathopHysiology (TRIUMPH) trial 

(https://classic.clinicaltrials.gov/ct2/show/NCT04862221).More recently, a distinct 

phenotype involving hepatic infiltrates of CD8+ T-cells has emerged. In a study examining 

explant liver specimens following ALF, 27 (82%) cases of indeterminate ALF compared to 1 

(7%) in the group with a known diagnosis were found to have immunohistochemical evidence 

of dense cytotoxic T-cell infiltration. (Chapin et al., 2018). In these patients, peripheral blood 

T-cell phenotype also demonstrated a unique pattern of increased percentage of effector 

memory CD8+ CD103+ T-cells (Chapin et al., 2023). A similar immune phenotype has been 
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described in a child with severe, acute hepatitis following severe acute respiratory syndrome 

coronavirus 2 infection alluding to the theory that a dysregulated immune response is the 

common underlying pathobiology (Morita et al., 2022). 

 
 

1.2.5  Other novel causes of ALF 
 
 
 
Neuroblastoma amplified sequence (NBAS) deficiency was first reported to be associated with 

human disease in 2010 following a description of a cohort from the Yakut population isolated 

in the northeastern region of Siberia (Maksimova et al., 2010). Homozygosity mapping 

revealed 33 patients with the substitution c.5741G>A, p.Arg1914His in patients with short 

stature, optic nerve atrophy and Pelger-Huët anomaly characterised by abnormal nuclear 

shape in neutrophil’s granulocytes (SOPH syndrome; MIM 169400). In 2015, NBAS was 

described for the first time in fever-triggered, recurrent, ALF patients using whole genome 

sequencing (Haack et al., 2015). It was highlighted to be a relatively common cause of ALF 

given the frequency of the finding in a small cohort of patients (Staufner et al., 2016). Since 

then, over 110 patients have been described (Staufner et al., 2016, Segarra et al., 2015, Rius 

et al., 2019, Regateiro et al., 2017, Park and Lee, 2017, Ono et al., 2019, Li et al., 2017, Capo-

Chichi et al., 2015, Balasubramanian et al., 2017, Calvo et al., 2017). The disease has become 

known as NBAS deficiency given the reduced level of NBAS protein detected in patients’ 

fibroblasts (Haack et al., 2015). 

 

Other “newer” monogenic causes of ALF include defects in SCYL1. Disruptive SCYL1 mutations 

have been described in patients with early onset recurrent acute liver failure, peripheral 

neuropathy, cerebellar vermis atrophy and ataxia. This “hepatocerebellar neuropathy 

syndrome” has been described in 10 patients (Shohet et al., 2019, Li et al., 2019, Lenz et al., 

2018). 

 

1.3 Neuroblastoma amplified sequence  
 
 

1.3.1 NBAS deficiency and acute liver failure 
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Acute liver failure secondary to NBAS deficiency has been described world-wide in children 

and adults from Europe (Haack et al., 2015), Australasia, (Ono et al., 2019, Rius et al., 2019) 

and North America (Staufner et al., 2020). It is an autosomal recessive disease observeded in 

families of consanguineous (Ricci et al., 2019) as well as non-consanguineous descent. 

Presentation of the disease is typically in the first two years of life with ALF usually in a child 

without any significant, prior, health or developmental problems (Chavany et al., 2020, 

Staufner et al., 2016). However, further history may reveal fetal growth retardation and / or 

short stature (Ricci et al., 2019, Ono et al., 2019, Segarra et al., 2015, Regateiro et al., 2017). 

The trigger of the ALF is often a feverish illness but is not necessarily a prerequisite (Chavany 

et al., 2020, Ono et al., 2019, Haack et al., 2015). Hepatic insult can resolve spontaneously 

although affected individuals can suffer multiple crises (up to 12 has been described) with or 

without going into ALF (Staufner et al., 2016). 

 

The biochemical derangement from ALF in NBAS deficiency is notably hyperacute with rapid, 

significant elevations in aspartate aminotransferase (AST) and ALT - typically, in the tens of 

thousands alluding to the degree of hepatocellular necrosis (Chavany et al., 2020, Calvo et al., 

2017). This is accompanied by a sharp rise in INR ranging between 4 to 20 (Chavany et al., 

2020). Elevations in lactic acid and ammonia are seen at the time of liver crisis as a general 

marker of critical illness but no specific, diagnostic biomarkers are currently available. 

 

Histological understanding of the liver is derived from samples obtained from autopsy, 

explants following LT and elective biopsies between liver crises. Typical features include 

microvesicular steatosis, cytoplasmic vacuolations with minimal, background fibrosis (Li et al., 

2017, Ono et al., 2019, Staufner et al., 2016) or no abnormalities (Segarra et al., 2015). 

Periportal cytokeratin 7 staining can be positive and is indicative of the ductular proliferation 

and metaplasia secondary to extra-acinar cholestasis (Haack et al., 2015). Ultrastructurally, 

dilation of the ER and peripherally orientated Golgi can be observed (Li et al., 2017). The 

mitochondria show a dense matrix and abnormal internal architecture with dilated, elongated 

cristae (Staufner et al., 2016). 
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Treatment for ALF secondary to NBAS deficiency is primarily supportive including glucose 

infusions and anti-pyretic therapy (Haack et al., 2015). The liver crises tend to resolve within 

7-10 days if an affected individual can avoid LT – an accepted treatment for ALF as well as a 

preventative measure for future ALF (Chavany et al., 2020). However, the occurrence of crises 

seems to diminish or stop with age, therefore, the long-term need for LT should be considered 

very carefully (Chavany et al., 2020). Liver transplantation was carried out in 4/45 (11%) 

reported cases and a similar number have died without LT (Chavany et al., 2020).  

 
 
 

1.3.2 NBAS deficiency as a multisystemic phenotype 
 
 
There are two distinct groups of patients with NBAS deficiency: those that exhibit a pure 

hepatic phenotype and those with multisystemic involvement; a small minority exhibit 

features of both. The 3 patients diagnosed in our study had the hepatic phenotype. 

 

SOPH syndrome is the archetypal description of multisystemic NBAS deficiency. These 

patients have short stature, optic nerve atrophy and Pelger-Huët neutrophil anomaly. Their 

skeletal features are most notable with short stature (-2 SD), clino-brachydactyly, osteopenia 

and facial dysmorphism including hypotelorism, thin upper-lip and pointed chin (Chavany et 

al., 2020). Neurologically, optic nerve atrophy is a key feature with visual and colour 

impairment being a relatively stationary symptom (Maksimova et al., 2010). Other features 

include inverted nipples at birth, lipodystrophy, joint laxity, dislocation of the lens, premature 

loss of milk teeth (connective tissue), relatively small foramen magnum, spinal cord 

compression with lower limb weakness (skeletal system), chronic lung disease with oxygen 

dependency and bilevel positive airway pressure (BiPAP) respiratory support, low 

immunoglobulin levels and recurrent bacterial pneumonia (respiratory system) (Staufner et 

al., 2020). 

 
 

1.3.3 Genetics of NBAS deficiency  
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The NBAS gene is located on chromosome 2p and contains 52 exons spanning 15 megabases. 

Systematic analysis of NBAS variants and their associated clinical disease pattern was 

previously carried out in 2019 incorporating 33 publications reporting on 110 patients from 

97 families (Staufner et al., 2020). Since then, two further reports have been published 

including the patients studied in this work making the total number of reported patients to 

be 115 (Chavany et al., 2020, Hegarty et al., 2021). Amongst them, there are a total of 91 

variants including 43 missense variants, 14 frameshift variants, 12 nonsense variants, 5 exon 

deletions, 1 exon duplication, 2 in-frame deletions and 1 intronic variant (0). Seventeen of the 

70 genotypes are homozygous. Apart from the homozygous missense variant c.5741G>A, 

p.Arg1914His reported in the Yakut population, no specific variant combination is present in 

more than two unrelated families which indicates allelic genetic heterogeneity amongst those 

with the ALF phenotype. There are no individuals with biallelic nonsense variants which may 

indicate that a complete absence of protein is incompatible with life. 

 
 

1.3.4 The NBAS protein 
 
 
The NBAS protein is 2,371 amino acids in length with a mass of 268,571 Da (Uniprot ID: 

A2RRP1). It is located in the ER in association with a complex of soluble NSF Attachment 

Protein (SNAP) receptors (SNAREs). The structure of the protein has been previously 

predicted using HHpred which is a web-based server that is able to predict protein structure 

based on homologous proteins (Zimmermann et al., 2018). According to this, NBAS has a 

partly disordered, partly helical N-terminus (residues 1–85), a region consisting of mostly β-

strands in WD40 repeats (residues 86–446) with the remainder of the protein being 

predominantly helical (residues 447–2371) (Staufner et al., 2020). Amino acids 86-446 are 

thought to form a β propeller domain (InterPro ID: IPR011044) and amino acids 722-1369, a 

Sec39 domain (InterPro ID: IPR013244).  

 
 

1.3.5 Genotype-phenotype correlation 
 
 
The localisation of the reported, disease variants have provided insight into genotype-

phenotype correlation according to the three domain-related subgroups: β-propeller, Sec39, 
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and C-terminal. Interestingly, variants in the coding region for the Sec39 domain are mainly 

associated with ALF, whilst variants in the coding region for the C-terminus including the 

c.5741G>A, p.Arg1914His variant seen in the Yakut population show a predominant 

multisystemic phenotype (Staufner et al., 2020, Carli et al., 2019). However, patients with 

variants in the region coding for the β-propeller domain present with a combined severe 

phenotype including both ALF and multisystemic features.  

 
 

1.3.6 NBAS biology and pathobiology 
 
 

1.3.7 Golgi-ER retrograde transport 
 
 
The recycling of proteins from the Golgi to ER is carried out by a process known as retrograde 

transportation. In this process, vesicles containing proteins from the Golgi are coated by coat 

protein complex 1 (COP1) and transported along a microtubule to the ER. Here SNAP 

receptors – v-SNAREs for those arising from the vesicles; t-SNAREs for those that are anchored 

to the target-membrane – combine to tether the vesicle to the ER membrane so that the 

proteins can be released. Syntaxins are members of the t-SNARE family of proteins and 

specifically, syntaxin 18 is in the ER. 

 

It has been shown that NBAS is a component of syntaxin 18 and implicated in the Golgi-to-ER 

retrograde transport  (Figure 1-5) (Aoki et al., 2009). Disturbance in protein glycosylation as 

well as redistribution of Golgi recycling proteins were demonstrated when HeLa cells were 

transfected with NBAS siRNA (Aoki et al., 2009). Similarly, in affected patients’ fibroblasts, 

immunofluorescence analyses of cells permeabilised with digitonin showed that Golgi 

recycling proteins were redistributed around the cell in comparison to controls (Staufner et 

al., 2016). These studies suggest that the tethering complex of the vesicles associated with 

Golgi-ER transportation is affected in NBAS deficiency. 
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Figure 1-5 Schematic representation of the syntaxin 18 complex. 
Neuroblastoma amplified gene interacts directly with other SNARES (p31, ZW10 and RINT-1) forming 
a large complex. The figure was adapted from (Aoki et al., 2009).  

 
 

1.3.8 Nonsense mediated decay  
 
 
Nonsense-mediated mRNA decay (NMD) is a highly conserved, post-transcriptional, 

regulatory mechanism of gene expression in eukaryotes. Originally, NMD was identified as an 

RNA surveillance machinery to downregulate prematurely terminated transcripts that are a 

consequence of naturally-occurring variants (Han et al., 2018). Recent progress in 

transcriptome wide high throughput sequencing estimates that NMD targets approximately 

5–30% of physiological transcripts for the purpose of tuning gene expression in response to 

various environmental conditions (Kurosaki et al., 2019). The malfunction of NMD can result 

in serious, often multi-systemic consequences for the development of various organisms 

(Hwang and Maquat, 2011).  

 

The mechanism of NMD is dependent on exon junction complexes (EJCs) that are deposited 

during splicing, approximately, 20-24 nucleotides upstream of exon/exon boundaries. These 

EJCs which importantly contain the key NMD factors are normally removed as the ribosome 

moves along the transcript during translation. Premature termination codons (PTCs) situated 

more than 50-55 nucleotides upstream of the last exon/exon junction leave the final EJC 
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allowing for the mRNA to be targeted for decay by NMD (Gatfield et al., 2003). On the contrary, 

PTCs positioned in the last exon will not be recognised for NMD producing a truncated protein 

which may have profound, deleterious effects (Figure 1-6). 

 

 

 

 

Figure 1-6 Nonsense mediated decay. 
The location of the last EJC determines whether the transcript will be subject to NMD or not. On the 
left, the stop codon is located on the last exon and protein translation takes place as the ribosome 
traverses the mRNA and displaces EJC in its path. On the right, there is a premature stop codon that 
is more than 50-55 nucleotides upstream of the last EJC. As a result, there is an undisplaced EJC leading 
to the degradation of the transcript by NMD. The figure was adapted from (Lewis, 2003). 

 

Evidence for the involvement of NBAS in NMD originates from studies using genetic screening. 

In the nematode, Caenorhabditis elegans, and fruit fly, Drosophila, the smgl-1 (suppressor 

with morphogenetic effects on genitalia) gene was originally characterised as an NMD factor 

using RNA interference screens (Gatfield et al., 2003). These studies employed the use of 

green fluorescent protein probes and northern blot to ascertain relative expression levels of 

NMD targets when cells were transfected with short interfering RNA against NMD factors. 

The human ortholog of this highly conserved gene, smgl-1, is NBAS as identified by BLAST 

searches (Altschul et al., 1997). When C. elegans and zebrafish, Daniorerio were depleted of 
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smgl-1 many genes were shown to be upregulated, informing the landscape of transcripts 

that are targeted directly by NMD (Longman et al., 2013).  

 

Conventional experimental set-ups looking at NMD as referenced above have been based on 

depleting an NMD factor and measuring relative changes in their targets in comparison to an 

untreated cell using northern blot, RT-qPCR and microarray techniques. More recent 

approaches are transcriptome-wide using RNA-Seq which highlights all mRNA that amount to 

a significant fold change (typically, greater than 1.5 or 2.0 times). Others have taken this 

further to calculate mRNA half-lives of NMD substrates, observing reduced decay in hundreds 

of transcripts after siRNA depletion of UPF-1, a key NMD factor (Tani et al., 2012). However, 

these experiments are complicated by issues such as: the fact that stabilised mRNAs may 

encode proteins that are involved in other aspects of RNA metabolism and, as a result, levels 

of mRNAs that are not direct NMD targets may change; the requirement for prolonged 

protein depletion when studying dynamic processes (Lykke-Andersen and Jensen, 2015).   

 

A more practical approach of assessing whether NBAS has a role in NMD in humans will be to 

quantitatively evaluate endogenous NMD targets (personal communication, Maquat, 

Professor of Biochemistry & Biophysics and founding director of the Center for RNA Biology, 

University of Rochester). Growth arrest and DNA damage-inducible 45A and B (GADD45A and 

GADD45B) are two genes that are directly regulated by NMD in both fruit flies and mammals 

(Viegas et al., 2007, Hwang and Maquat, 2011). They have been shown to increase its 

expression upon knockdown of the NMD factor, UPF-1, confirming that it is sensitive to NMD 

(Nelson et al., 2016). 

 
 

1.4 Research aims 
 
 
As alluded to in previous sections, ALF in children is a heterogenous and complex condition in 

which there is a wide range of underlying aetiologies, both genetic and acquired. In recent 

years, “newer” monogenic causes of ALF have been described offering new aetiological 

insights. However, studies using NGS to investigate monogenic causes in a cohort of children 

with ALF are lacking. This is due to a few reasons. Firstly, ALF in children is rare which makes 
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larger meaningful studies difficult to carry out. Secondly, children with ALF are often critically 

ill, therefore, it is challenging to carry out research activities involving procedures that are in 

addition to those that are required for clinical care such as sampling of blood.  

 

1.4.1 Genetics of acute liver failure in children  

 
The Paediatric Liver, GI and Nutrition Centre at King’s College Hospital (KCH), London, is an 

international referral centre for children with liver disease. It is uniquely placed to provide 

clinical care to children with liver disease from a large geographical area. Therefore, a study 

based at KCH has significant clinical relevance and potential to inform future clinical decision 

making.  

 
The objectives were: 
 

• To identify undiagnosed, monogenic diseases in children admitted to KCH who received a 

diagnosis of indeterminate ALF and to describe their characteristics.  

• To provide the research foundation to construct a diagnostic, genetic panel using targeted 

NGS technology for future children with indeterminate ALF. 

 

I hypothesised that in up to 20% of children previously admitted to KCH with indeterminate 

ALF there may be an underlying monogenic disorder given the reduced proportion of these 

cases from 49% (Squires et al., 2006) to 30% (Alonso et al., 2017) comparing the diagnostic 

rates prior to and after the advent of NGS.   

 
 

1.4.2 Functional characterisation of NBAS deficiency 
 
 
Our current understanding of NBAS deficiency is primarily based on clinical descriptions of 

patients with recurrent ALF whose diagnoses have come to light with genetic sequencing. The 

disease has been postulated to be secondary to defects in Golgi-ER retrograde transport and 

/ or NMD. However, evidence is lacking to substantiate latter. A much better understanding 

of the disease mechanism is required to direct treatment in the future.  
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The objectives were: 

 

• To investigate and describe the pathobiology of NBAS deficiency using skin fibroblasts 

obtained from affected patients. 

• To determine if NMD is disrupted in patients with NBAS deficiency. 

 

I hypothesised that the application of stress to skin fibroblasts from patients with NBAS 

deficiency will cause a negative effect on cell viability when compared to controls. 

 
 

2 MATERIAL AND METHODS 

 
 

2.1 Targeted NGS of children with indeterminate ALF 

 

2.1.1 Patient identification 

 
Children under 10 years of age admitted to KCH between 2000 and 2018 with indeterminate 

ALF were identified by carrying out a search of the electronic health records. The following 

search terms were used: acute liver failure, ALF and indeterminate. The clinical records were 

reviewed to ensure that the patients met the study criteria. Children were categorised as ALF 

of indeterminate aetiology when the diagnosis was not established despite thorough, age-

appropriate investigations (APPENDIX A). Patients were selected for the study where valid 

consent and blood samples were available from the KCH Paediatric Liver Tissue Bank 

(research ethics committee reference number, 18/WA/00090). An age limit of 10 years was 

chosen as younger children are more likely to be affected by monogenic forms of ALF 

(Nicastro and D'Antiga, 2018). The year 2000 was the earliest year that a patient could be 

identified where the clinical records and blood samples were of sufficient quality for the study. 

A total of 41 children were selected for sequencing (Figure 2-1).   
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Figure 2-1 Identification of patients for targeted sequencing. 
Samples from 41 children were available for sequencing amongst 148 who were admitted to KCH with 
indeterminate ALF between 2000 and 2018.  

 
 

2.1.2 Next generation sequencing 

 
Next generation sequencing is a form of short read, massively parallel sequencing technology 

that can determine the sequence of nucleic acids quickly and efficiently. Its advent since the 

mid-2000s has brought a revolutionary era in genomics and its utility has expanded 

exponentially. Prior to this, Sanger sequencing was considered the first generation of 

sequencing technology that used the chain termination methodology coupled with capillary 

electrophoresis. This method is slow and labour-intensive such that it took 13 years to 

complete the Human Genome Project at an approximate cost of $2.7 billion. Today NGS 

allows us to complete whole genome sequencing in under $1000 within the space of a few 

days.  

 

Amongst the Illumina (Agilent Technology UK Ltd, Cheshire, UK) sequencing platforms there 

are several benchtop sequencers that can perform sequencing for clinical, diagnostic 

purposes. The choice depends on the purpose of the application. The NextSeq Series can 

produce the largest number of reads and can carry out exome, metagenomic and 

transcriptome sequencing. The middle-range MiSeq Series is more suited for targeted 

sequencing whilst the more affordable iSeq 100 range is ideal for small-scale sequencing of, 

for instance, bacteria and viruses.  

 
 

2.1.2.1 DNA purification and quantification from whole blood 
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For the extraction of genomic DNA there are principally three methods that can be used 

including organic extraction (phenol–chloroform method), nonorganic method (salting out 

and proteinase K treatment) and adsorption method (silica–gel membrane) (Gupta, 2019). 

The QIAamp DNA Blood Mini kit (Qiagen Ltd, Manchester, UK)which uses a solid-phase 

extraction method of silica gel membrane columns was used for this work. Approximately, 

200 μl of ethylenediaminetetraacetic acid (EDTA) buffer-preserved, patient’s blood was used 

to yield 6 μg of DNA (Qiagen, 2018). One μl of purified DNA was subsequently quantified using 

Qubit 2.0 Fluorometer (ThermoFisher, Paisley, UK) to measure intact double stranded DNA 

(dsDNA) before NGS. The Qubit fluorometer uses fluorescent dyes specific to targets of 

interest such as DNA, RNA or protein and the intensity of the fluorescence indicates the 

quantity of DNA (ThermoFisher, 2018). This step was carried out with a staff member from 

the Liver Molecular Genetics laboratory to avoid sample mix-up and cross-contamination. 

 
 

2.1.2.2 Probe design 

 
A gene panel rather than whole exome / genome approach was used for the study using the 

resources available at the time in the Liver Molecular Genetics laboratory at KCH. Sixty-four 

monogenetic disorders that are known to cause metabolic liver disease in children, with or 

without acute liver failure, were selected (APPENDIX B). These genes were selected following 

a literature review of genetic conditions that are known to cause ALF or acute hepatitis and 

the final list decided upon consultation with Prof Richard Thompson, Primary Supervisor and 

Honorary Consultant Paediaric Hepatologist. To target these genes or regions of interest (ROI) 

for sequencing the Agilent SureSelectXT Target Enrichment kit for Illumina technology was 

used (Parshuram et al.). This method utilises biotinylated, single-stranded RNA to act as baits 

to capture the ROI. The probes were designed using Agilent eArray web portal 

(https://earray.chem.agilent.com/earray). Gene information was obtained from Ensembl 

(http://www.ensembl.org/index.html) and University of California Santa Cruz (UCSC; 

https://genome.ucsc.edu) genome browsers based on version GRCh37.p7/hg19 of the 

genome from February 2009. 

 
 

https://earray.chem.agilent.com/earray
https://genome.ucsc.edu/


46 
 

2.1.2.3 Next generation sequencing: Illumina Paired-End Multiplexed Sequencing 

 
Preparing the purified dsDNA for sequencing is known as the library preparation stage and 

requires the following three steps: sample preparation, hybridisation and post-capture 

sample processing. The Agilent SureSelect Target Enrichment System for Illumina Paired-End 

Multiplexed Sequencing was used for this (Agilent, 2017). In multiplex sequencing many 

libraries can be pooled and sequenced simultaneously owing to a unique sequence, or a 

‘barcode’, being attached to each fragment of DNA. This greatly increases the number of 

samples that can be processed in a single NGS run.  

 

 

2.1.2.4 Library preparation 

 
The SureSelect Target Enrichment protocol was used for the library preparation where the 

DNA was enzymatically fragmented, end-repaired, dATP-tailed and ligated with a molecular-

barcoded adaptor. This process was carried out in a single reaction by use of a mutant 

transposase enzyme that can fragment as well as attach synthetic oligonucleotides in an 

efficient manner (Kia et al., 2017). Next, the adaptor-tagged library was purified using 

Agencourt AMPure XP beads (Beckman Coulter, High Wycombe, UK) and PCR-amplified. The 

amplified library was again purified and measured for quantity and quality using 2200 

TapeStation (Agilent, Santa Clara, USA). A peak DNA fragment size between 245bp and 325bp 

is necessary for optimum sequencing results. 

 
 

2.1.2.5 Hybridisation 

 
The sample library was hybridised to the previously designed, capture library targeted to the 

ROI. First, the sample library containing 500 to 850 ng of DNA was diluted to a final volume 

of 12 µl. This was then denatured using a thermal cycler and the capture library reagents were 

prepared in the mean time. Next, the sample and capture libraries were combined and 

hybridised. To pull the sample DNA hybridised to the biotinylated, capture library probes, 

Dynal MyOne Streptavidin T1 provided by Invitrogen (Life Technology) was used. This 

contains streptavidin-coupled magnetic beads that only allows the targeted genomic DNA 
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segments to be pulled down when applied to a magnetic field (Figure 2-2). Finally, the 

captured library was amplified by PCR and purified using Agencourt AMPure XP beads. The 

quality was assessed using Agilent TapeStation and High Sensitivity D1000 Screen Tape 

ensuring that the peak DNA fragment size was between 325 and 425 bp. 

 

 
 

Figure 2-2 The SureSelect Target Enrichment protocol. 
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Biotinylated probes are employed to hybridize to specific regions of interest. This is then pulled down 
by streptavidin coated magnetic beads. The image was adapted from Illumina.   

 
 

2.1.2.6 Cluster generation 

 
The amplified, captured library was subsequently loaded onto an Illumina MiSeq sequencer 

at the Liver Molecular Genetics laboratory, KCH, to undergo sequencing using Illumina 

Sequencing Technology. Custom primers were added to the MiSeq cartridge and flow cell 

cleaned before they were loaded onto the MiSeq. The flow cell is a glass slide with a lane 

anchored with short oligonucleotides that are complementary to the adaptors ligated in the 

sample preparation stage. Sample DNA, once loaded on the flow cell, underwent ‘bridge 

amplification’ where DNA fragments are isothermally amplified using polymerase to form a 

double stranded ‘bridge’. The ‘bridge’ is then denatured forming two complementary strands 

– repeating the process generates up to 1,000 copies of fragments to produce a unique cluster 

(Figure 2-3). 

 

 

Figure 2-3 Bridge amplification. 
During bridge amplification, the capture library bind to complimentary oligos on the surface of the 
flow cell. Once a double strand is formed by polymerase, priming occurs as the strand “bridges” to 
another complementary oligo forming clusters. The image was adapted from Illumina.   
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2.1.2.7 Sequencing by synthesis 

 
Sequencing by synthesis technology uses DNA polymerase to sequentially extend multiple 

strands of DNA using nucleotides with an identifying tag which identifies the base type. 

Sequencing begins at the first sequencing primer and successively extending the DNA 

fragment using fluorescently labelled deoxyribonucleotide triphosphates (dNTPs) that 

compete to bind to the complementary strand. As polymerase extends the strand a light 

source is emitted, captured by a high sensitivity camera, leading to the base call. The 

completion of a DNA fragment, or a cluster of identical fragments, provides a ‘read’. The same 

process is repeated on the opposite end of the DNA fragment creating forward and reverse 

reads (Illumina, 2017). 

 
 

2.1.3 Sequence alignment, variant calling and annotation 

 

Sequences from pooled sample libraries are separated based on the unique indices 

introduced during the sample preparation. For each sample reads with similar stretches of 

base calls are locally clustered. Forward and reverse reads are paired creating contiguous 

sequences. These contiguous sequences are then aligned to the reference genome. 

 

2.1.3.1 Sequencing alignment and variant calling 

 
The binary base call (BCL) file is the raw data files generated by Illumina sequencers. The 

FASTQ is a text file that contains the sequence data which can be incorporated to third-party  

tools for analysis. Demultiplexing and BCL file conversion to FASTQ was performed by 

Consensus Assessment of Sequence and Variation (CASAVA), installed in every Illumina 

machine, in a single step.  

 

2.1.3.2 Variant annotation: CLC bio 

 
The FASTQ files were then imported to CLC Genomics Workbench version 12.0. CLC bio is a 

bioinformatics software that carries out variant alignment and annotation using a workflow 

constructed from a series of connected, data processing tools. Using the map reads to 
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reference tool the read depth and variant probability configurations were applied. The 

minimum read depth was set at 20, removing any variants with reads below this count. The 

minimum variant probability, which represents the probability of a specific variant being 

different to the reference, was set at 80. The coverage threshold of 20 can be compared to 

exome sequencing whereby the American College of Medical Genetics and Genomics (ACMG) 

recommends a minimum threshold of 10X (Sun et al., 2021). It highlights one of the 

advantages of gene-focussed, targeted sequencing which can achieve greater read depth 

increasing sequencing sensitivity and specificity. Information from reference databases such 

as database of single nucleotide polymorphisms (dbSNP) and 1000 Genomes Project were 

added using annotate from known variants tool. Similarly, the amino acid change tool was 

used to add amino acid information from Ensembl. 

 

After the construction of the workflow, the FASTQ files were imported and the workflow 

applied generating a variant call format (VCF) file for each sample. The VCF file can be viewed, 

for instance, using Microsoft Excel where each row represents a variant with annotations on 

the columns.  

 

2.1.4 Variant filtering and prioritisation 

 
Sequence variants were filtered using Ingenuity Variant Analysis (IVA; Qiagen Bioinformatics) 

incorporating a filter excluding those with a minor allele frequency of >0.01 in the public 

databases as unlikely to be causative. The databases that were used were: Exome Aggregation 

Consortium (ExAC), Human Gene Mutation Database (HGMD), dbSNP, 1000 Genomes, Allele 

Frequency Community, Inova Genomes, Exome Variant Server (EVS) and Database of 

Genomic Variants (DGV). Non-synonymous (missense variants, stop gains or losses, 

frameshifts, small insertions and deletions) and intronic variants within 5 bp of exon-intron 

junctions were included. The prioritised genes with variants after filtering were investigated 

for pathogenicity using IVA whilst considering the effect of the candidate variants on the 

protein as predicted by Grantham score, Combined Annotation Dependent Depletion (CADD) 

score, Polymorphism Phenotyping-2 (PolyPhen-2), sorting intolerant from tolerant (SIFT) and 

MutationTaster:  
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• Grantham score. In this method, a score is provided to predict the distance between 

two amino acids in evolutionary terms (Grantham, 1974). The score ranges from 5 to 

215 and the higher the score, the more distant the two amino acids are and, therefore, 

deleterious.  

• CADD score. In this method, information from multiple, functional annotations are 

condensed to produce a single score (Kircher et al., 2014) (https://cadd-

staging.kircherlab.bihealth.org/). A CADD score of 20 means that a variant is amongst 

the top 1% of deleterious variants in the human genome whilst a score of 30 means 

that the variant is in the top 0.1%.  

• PolyPhen-2. This is a web-based tool that predicts the possible impact of an amino 

acid substitution on the structure and function of a human protein 

http://genetics.bwh.harvard.edu/pph2/). It uses the UniProtKB/Swiss-Prot database 

(https://www.uniprot.org/) to gather sequence, phylogenetic and structural 

information characterising the substitution. It classifies the nonsynonymous SNPs as 

benign, possibly damaging, or probably damaging.  

• SIFT. This is another web-based tool that predicts the possible impact of an amino acid 

substitution on the structure and function of a human protein (https://sift.bii.a-

star.edu.sg/). It uses sequence homology and the physical properties of amino acids 

and categorises the score as tolerant (0.201–1.00) or intolerant (0.051–0.10) and 

borderline (0.101–0.20). 

• MutationTaster. This is another web-based tool that classifies DNA sequence variants 

as disease-causing or polymorphism (http://mutationtaster.org/). Unlike PolyPhen-2 

and SIFT, MutationTaster works on DNA level and allows insertions and deletions. 

 

The relative performance of these computational methods in predicting the functional impact 

of variants can be variable as they all use slightly different methods (Wang et al., 2022). The 

prediction outcomes derived from SIFT is based on evolutionary conservation whilst 

PolyPhen-2 and MutationTaster are based on protein structure as well as evolutionary 

conservation. CADD uses annotations from derived alleles in humans and compares them to 

simulated variants. Therefore, the ACMG guidelines state that a range of methods in 

conjunction should be used when classifying variants (Richards et al., 2015).The variants 

https://cadd-staging.kircherlab.bihealth.org/
https://cadd-staging.kircherlab.bihealth.org/
http://genetics.bwh.harvard.edu/pph2/
https://www.uniprot.org/
https://sift.bii.a-star.edu.sg/
https://sift.bii.a-star.edu.sg/
http://mutationtaster.org/
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remaining after these filtering steps were evaluated by reviewing the latest literaturefor 

genotype  phenotype correlation. For the biallelic variants felt to be contributing to the 

patients’ phenotype the ACMG classification was applied according to the 5-tier classification 

system (Richards et al., 2015). Under this system, there are two sets of criteria including one 

for classification of pathogenic or likely pathogenic variants and another for benign or likely 

benign variants where each pathogenic criterion is weighted as very strong (PVS1), strong 

(PS1–4); moderate (PM1–6), or supporting (PP1–5) and each benign criterion is weighted as 

stand-alone (BA1), strong (BS1–4) or supporting (BP1–6). 

 

2.1.5 Quantitative real-time PCR using Universal ProbeLibrary 

System Technology 

 
Quantitative PCR (q-PCR) is an established method in quantifying nucleic acid sequences. It 

was chosen as the method to confirm the x2 copy number variant (CNV) found in NBAS exon 

17 - 19 in patient #9.  

 

2.1.5.1 Primer design 

 

Universal ProbeLibrary (UPL) System Technology (Roche) was used where available. This 

technology uses hydrolysis probes that are labelled at the 5’ end with fluorescein (FAM) and 

at the 3’ end with a dark quencher dye. These probes, 8-9 nucleotides in length, contain 

locked nucleic acids (LNA) which are nucleotide analogues with a higher binding strength in 

comparison to standard DNA nucleotides. Locked nucleic acids are, therefore, able to 

withstand the required, higher melting temperature. The FAM-labelled probes emit a 

fluorescent signal that corresponds to the doubling of the product. In total, there are 165 

hydrolysis probes which can bind to 7000 human transcripts.  

 

To select the appropriate probes to capture exon 17 and 19 of NBAS gene, the UPL Assay 

Design Center was used (https://www.lifescience.roche.com).  

 

Each primer was screened with Basic Local Alignment Search Primers Tool (BLAST) 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers flanking the exon were then 

https://www.lifescience.roche.com/
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purchased from Sigma Life Science (Mercke). For the control, a gene unrelated to ALF with a 

low germline mutation rate, bile salt export pump (BSEP; ABCB11), was selected. The primers 

and probes that were used in this study is listed in APPENDIX C. 

 

2.1.5.2 qPCR protocol 

 
The volume of reagents required (Table 2-1) was calculated for an 18x reaction mix and 

aliquoted in a 96 well PCR plate in technical duplicates. DNA samples were diluted to a 

concentration of 4 ng/µl and 2 µl of each sample were added to the wells.  

 

 Volume (µl) Concentration 

Forward primer (10 µM) 0.8 0.4 µM 

Reverse primer (10 µM) 0.8 0.4 µM 

UPL probe (10 µM) 0.4 0.2 µM 

ABI Taqman Universal Mastermix 10  

Sterile water  6  

 
Table 2-1 Volume and concentration of reagents used for the UPL assay. 

 
 
The plates were sealed with an adhesive optical film and PCR reaction performed using the 

protocol illustrated below (Table 2-2) using StepOne Real-Time PCR System (Life 

Technologies). The cycling conditions used included an initial step at 50°C for 2 minutes to 

activate the uracil N-glycosylase (UNG) enzyme included in the mastermix to remove uracil, 

normally found in RNA, from DNA that may result from carry-over contamination. This was 

followed by an initial denaturation step of 95°C for 10 minutes followed by 40 cycles of 

denaturation at 95°C for 15 seconds and annealing of primers and extension at 60°C for 1 

minute.  

 

Step Temperature (°C) Time Cycles 

Initial denaturation 95 10 minutes 1 

Denaturation 95 15 seconds 40 
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Annealing and 

extension 

60 60 seconds 

 
Table 2-2 qPCR thermal cycling protocol used in the StepOne version 2.3 system. 

 
 

2.1.5.3 qPCR data analysis  

 
StepOne version 2.3 (Life Technologies) was used for the analysis of qPCR data incorporating 

an automatic function to set baseline and cycle threshold (CT) values. The quantification of 

the target gene against a control gene was then calculated using the absolute quantification 

method. The quantities of DNA were calculated for the target gene (NBAS) and control 

(ABCB11) using their respective standard curves of a 5-fold dilution series. The data were 

exported to Excel 2017 (Microsoft) and the amount of target gene was divided by control to 

determine their ratio. 

 

2.2 Functional characterisation of NBAS deficiency 

 

2.2.1 Cell culture methods 

 
 
The following section describes the material and methods set out to: 

 

• Investigate the cell viability of fibroblasts from patients affected by NBAS deficiency 

when stressed by culturing in low glucose medium or incubating at 40 °C. 

• Carry out NBAS western blot on protein extracts from fibroblasts from patients 

affected by NBAS deficiency. 

• Measure GADD45A and GADD45B expression by RT-qPCR using fibroblasts from 

patients affected by NBAS deficiency. 

 

2.2.1.1 Cell sources 
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The experiments described in this work were performed on dermal fibroblasts obtained from 

patients and human foreskin fibroblast 1 (HFF1; control) cells after confirming that NBAS, 

GADD45A and GADD45B are expressed in skin 

(https://www.proteinatlas.org/ENSG00000151779-NBAS). Human foreskin fibroblasts are 

commercially available cells that are obtained following circumcision that would have been 

discarded otherwise. They are widely used in research and considered a standard model of 

human cells (Hovatta et al., 2003) and have been previously used to study the mechanism of 

NMD (Brown et al., 2011). Fibroblasts from patients NBAS 1 to 4 were obtained using a 5mm 

punch biopsy, minced and placed in culture. The maintenance and storage of cells were 

carried out by Viapath Services at the Biochemical Genetics Laboratory, Guy’s Hospital, 

London, UK. 

 

The patient cells and the variants identified were as follows (Table 2-3). 

 

Patient NBAS variants (NM_015909.4, NP_056993.2) 

NBAS1 c.exons 17-19 dup, p.? / c.exons 17-19 dup, p.? 

NBAS2 c.4731_4733dup, p.Tyr1578dup / c.4731_4733dup, p.Tyr1578dup   

NBAS3 c.1702G>A, p.Val568Ile /c.191G>A, p.Val568Ile 

NBAS4 c.2191A>C, p.Thr731Pro / c.2191A>C, p.Thr731Pro 

 
Table 2-3 Genotypes of patient fibroblasts used.  

Four patients (NBAS1, 2, 3, 4) with a diagnosis of NBAS deficiency selected for the functional 
studies and their respective genotypes.  
 

2.2.1.2 Reagent preparation and storage 

 
Dulbecco’s Modified Eagle Medium (DMEM; ThermoFisher, Paisley, UK) containing 4.5 g/L of 

glucose, 10% foetal bovine serum (FBS; GE Healthcare Bio-Sciences, Pasching, Austria), 1% L-

glutamine and 1% pen-strep were used for routine cell culture. To prepare the culture 

medium, 50 ml of stock FBS was thawed overnight at 4 °C and added to 500 ml of DMEM 

along with 50,000 units of penicillin and 50 mg streptomycin (pen-strep; Sigma-aldrich, 

Suffolk, UK). 

 

https://www.proteinatlas.org/ENSG00000151779-NBAS
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Temperature sensitive solutions were stored at 4 °C when not in use. Working aliquots of 50 

ml were prepared as a precautionary measure to minimise the risk of contamination of the 

stock solutions as much as possible. All media solutions were equilibrated to 37 °C prior to 

use.  

 

2.2.1.3 Maintenance  

 
Cells were grown and maintained in a sterile, humidified incubator at 37 °C with 5% CO2. T75 

or T175 flasks were used to depending on the number of cells being cultured. 

 

2.2.1.4 Passage 

 
Cells were passaged using TrypLE Express Enzyme (ThermoFisher) which is a recombinant 

enzyme used widely to dissociate adherent cells. First, the medium was aspirated and 

discarded. Next, the cell monolayer was rinsed twice with phosphate-buffered saline, pH 7.4 

(PBS; ThermoFisher) followed by 2 min incubation with 2 ml TrypLE at 37 °C. The flasks were 

gently tapped and checked for dissociation of cells under a light microscope and incubated 

for a further 1 min in TrypLE if they were found not to be fully dissociated. Once dissociated, 

the cells were collected in a 50ml Falcon tube using 20 ml of DMEM (4.5 g/L glucose) and 

centrifuged at 1400 revolutions/minute (RPM) for 5 min at 4 °C. The resulting pellet, after 

discarding the supernatant, was flicked gently and resuspended in 10 ml of medium before 

transferring into a T175 flask. A further 10ml of medium was used to rinse the original Falcon 

tube and added to the flask. Cell health was monitored daily and routinely passaged at 1:2 to 

1:3 ratios every 4-5 days when, typically, 80-100% confluence was achieved. 

 

2.2.1.5 Freezing and thawing 

 
For freezing, cryopreservation medium with 50% DMEM, 40% FBS and 10% 

dimethylsulphoxide (DMSO; Sigma-aldrich) was prepared by adding 2 ml of FBS and 0.5 ml of 

DMSO to 2.5 ml of DMEM. Cells were dissociated from the flasks as described above. After 

centrifugation and complete removal of the supernatant, the cell pellet was resuspended in 

cryopreservation medium x 10 the volume of the cell pellet. The final cell suspension was 

transferred to a labelled cryovial, placed in a freezing container, Mr Frosty (ThermoFisher), 
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and frozen at -80 °C for 24 hours for controlled freezing at 1 °C/minute. For long-term storage, 

the cells were kept at -140 °C. 

 

Cells were thawed in a water bath at 37 °C before being resuspended in 2 ml of medium and 

spun at 1400 RPM for 5 min at 4 °C. The supernatant was aspirated and plated in a flask 

corresponding to the number of cells being recovered. 

 
 

2.2.1.6 Cell microscopy, counting and viability 

 
Assessment of cell viability and death was carried out using Trypan Blue Staining Solution 

(Abcam, Cambridge, UK). In this method, dead cells are coloured as the stain penetrates 

through the cell membrane, a process that does not occur in viable cells. For every 25 µl of 

cell suspension solution, 25 µl of Tryphan Blue was added. Cell number was determined by 

manual counting of adherent cells using an Olympus microscope and haemocytometer. 

Images were captured with a 10X objective lens adapted with an Olympus camera. 

 
 

2.2.1.7 Cell viability and effect of heat and glucose deprivation on NBAS deficient cells  

 
Immunofluorescence of fibroblasts were carried out using 96 well glass-bottomed black 

plates. First, the total number of available cells in suspension was estimated by manual 

counting. Cells were then seeded to the wells at 500, 1000 and 2000 cells per well. The final 

volume of medium per well was adjusted to give a total volume of 200 µl. The assays were 

performed the next day, after the cells had sufficient time to adhere, using PrestoBlue Cell 

Viability Reagent (ThermoFisher) and a FLUOstar Omega plate reader (BMG Labtech, 

Aylesbury, UK).  In this method, fluorescence is measured in relative fluorescence units (RFU) 

following the application of a redox-sensitive dye, resazurin. It is based on the principle of the 

reducing environment of viable cells that convert resazurin to a red-fluorescent colour. 

Twenty µl PrestoBlue was added to each well for 60 minutes and absorbance measured at 

560 nm correcting for background. Each experiment was performed three times. 
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The cells were placed under stress by incubating them at 40 °C as well as removing glucose 

from the culture medium and their viability was measured. The results were expressed as 

relative fluorescence units (RFU) which correlates to the cell density within a culture plate 

well. Patient and control fibroblasts were incubated at 37 °C with glucose-containing medium 

for 24 hours and their cell viabilities measured as baseline. Then the incubation temperature 

was increased to 40 °C in half of the cell culture plates and the other half was maintained at 

37 °C. The cell viabilities were remeasured after a further 24 hours (48 hours since plating). 

For the glucose deprivation experiments, the medium was exchanged with one that does not 

contain glucose whilst maintaining the incubation temperature at 37 °C. 

 

2.2.1.8 Statistical analysis 

 
Statistical analysis was performed using GraphPad Prism 8.4.3. P values were considered 

significant when <0.05.  

 

Kruskal-Wallis test was used for the comparison of cell viability of each cell line against the 

others which involved the use of three or more data sets, not normally distributed.  

 

2.2.1.9 Protein isolation from fibroblasts 

 
Cells cultured for the purpose of protein isolation were cultured in 10cm petri dishes. Once 

the cultures were established, the cells were removed non-enzymatically, working quickly on 

ice to minimise the risk of disruption of the target molecule. First, the cells were scraped off 

the petri dishes in the culture medium and transferred to a 50 ml falcon tube followed by a 

wash using 5 ml of ice-cold PBS. The cells were then centrifuged at 1400 RPM for 5 min at 4 °C 

and the supernatant was removed. The resulting pellet was flicked gently and resuspended 

in 500 µl of PBS, twice, and transferred to cryovials. These were spun down at 12,000g for 5 

min at 4 °C and the supernatant was removed. The cell pellets were then diluted with 2 to 3X 

volume of lysis buffer and pipetted vigorously and left for 10 mins. The resultant lysate was 

frozen at -80 °C.  

 

2.2.1.10 Protein quantification 
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Protein concentrations were measured using BCA protein assay (Bio-Rad Laboratories, Hemel 

Hempstead, UK) and bovine serum albumin (BSA) protein standards, serially, diluted in water 

(0.25 mg/ml, 0.5 mg/ ml, 1 mg/ml, 2 mg/ml, 4 mg/ml, 6 mg/ml, 8 mg/ml and 10 mg/ml). In a 

96-well plate, 1 µl of each BSA standard was loaded in duplicates and 1 µl patient sample in 

triplicates. Then 200 µl of alkaline copper regent was added in each well and mixed using a 

microplate shaker before incubating for 30 minutes at 37 °C. The absorbance of the standards 

and samples were measured at 562 nm using a FLUOstar Omega plate reader. The standard 

curve generated from the BSA was used to interpolate sample concentrations whilst 

correcting for the background, lysis buffer readings.  

 

2.2.2 Western blot 

 

2.2.2.1 Sample preparation 

 
The concentrations of the quantified proteins were adjusted to 1 mg/ml. The loading buffer 

was prepared using 0.4 M sodium dodecyl sulphate (SDS), 1 M 

Tris(hydoxymethyl)aminomethane-hydrochloric acid (Tris-HCl), pH 6.8, 25% glycerol, 0.15 M 

bromophenol blue and 20% β-mercaptoethanol, the latter of which was added fresh prior to 

use. Ten to 15 µg of each sample was mixed with 5X loading buffer and boiled at 100 °C for 5 

minutes. The samples, once cooled on ice, were ready for loading on to the electrophoretic 

gel.  

 

2.2.2.2 Electrophoresis 

 

The proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), using Any kD 

Mini-Protean TGX precast 4-12 % gels (Bio-Rad). The gels were fitted onto the inner chamber 

of a running tank (Bio-Rad). The inner and outer chambers were filled with running buffer 

made of 5X 20 % Tris-Glycine. Then the combs were removed and the exposed wells were 

washed with running buffer. Ten µl of Precision Plus Protein Dual Color Standards (Bio-Rad) 

was loaded along with the samples. The samples were electrophoresed at 100 Volts (V) 

usually for 2 hours when the protein markers reached the bottom of the gel.  
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2.2.2.3 Protein transfer 

 
Once the proteins were separated by gel electrophoresis, the gels were removed from the 

inner chamber. The Trans-Blot Turbo Nitrocellulose Transfer Pack and Transfer System (both 

Bio-Rad) were then used for the transfer of proteins. The transfer pack is composed of 

blotting papers, a nitrocellulose membrane and a sponge soaked in a buffer. This system 

supplies an electric current allowing transfer of proteins from negative to positive electrode 

in a matter of minutes.  

 

2.2.2.4 Immunoblotting 

 
Blocking of the background proteins to prevent non-specific binding of the antibody was 

carried out by mixing the blotting membrane in a solution containing 3 % fat free milk, in 4% 

tris-buffered saline (TBS) and 0.1% Tween-20 (TBST; Sigma-aldrich) for 30 minutes. For the 

primary immunoblotting 3 anti-NBAS antibodies were used (Table 2-4). The primary anti-

NBAS antibody in 3% milk in TBST was added to a 50 ml falcon tube containing the blotting 

membrane. This was incubated overnight at 4 °C under constant rocking. After 18-24 hours, 

the blotting membrane was equilibrated to room temperature before washing it in TBST three 

times to remove any excess antibodies. The secondary antibody and anti-rabbit IgG 

horseradish peroxidase (HRP) were then added and incubated for 1.5 hours at room 

temperature. The membrane was then washed 3 times for 10 minutes with TBST then 2 times 

with TBS. Visualisation of the membrane was performed using the Clarity Max Western ECL 

Substrate and a ChemiDoc XRS+ System (both Bio-Rad) located in the Institute of Hepatology, 

London. The membrane was incubated with the enhanced chemiluminescence detection 

reagents or 5 minutes before being exposed to X-rays. The exposure time was 10 to 70 

seconds whilst digital images were acquired.    

 

 

Antibody name Product number Epitope Primary 

antibody 

dilution 

Secondary 

antibody 

dilution 
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Anti-NBAS  

Rabbit 

Polyclonal 

HPA036817-100 

UL 

(Atlas 

Antibodies) 

Residue 

961-1047 

 

 

1 : 2,000 1 : 40,000 

Anti-NBAS 

Rabbit 

Polyclonal 

DF9686-BP 

(Affiniti) 

Unspecified 1 : 2,000 1 : 40,000 

Anti-NBAS 

Rabbit 

Polyclonal 

A305-636A-M 

(Bethyl 

Laboratories) 

Residue 

350-400 

1 : 1,000 1 : 40,000 

 

Table 2-4 Antibodies and dilutions used in western blot. 

 

2.2.3 Polymerase chain reaction 

 

Polymerase chain reaction was used to amplify DNA for Sanger sequencing. The volumes and 

concentrations of reagents used are specified below (Table 2-5). 

 
 

 Volume (µl) Concentration 

5X Fast start buffer 2 1 X 

Fast start GC buffer 4 1 X 

Fast start Taq (5 U/µl)  0.25 1.25 U 

Forward and reverse primers (10 µM) 1 1 µM 

Sterile water  9.35  

DNA (50 ng/µl) 2 2.5 ng/µl 

 
Table 2-5 Volume and concentration of reagents used for the PCR reaction.  

 
 
The reagents were mixed and 18 µl aliquoted in in a 96-well PCR plate. Two µl of DNA 

(concentration 50 ng/µl) was added to make a final reaction volume of 20 µl. The thermal 

cycling conditions below were used (Table 2-6). Once finished the PCR plate was stored in the 

fridge.  



62 
 

 

Step Temperature Time 

1 96°C 8 minutes 

2 96°C 1 minutes 

3 50-60°C 20 seconds 

4 72°C 30 seconds 

5 Repeat from Step 2 to Step 

4 for 35 times 

 

6 72°C 7 minutes 

Hold 4°C ∞ 

 
Table 2-6 Thermal cycling conditions for the PCR reaction. 

 
 

2.2.3.1 Agarose gel electrophoresis 

 
Agarose gel electrophoresis was used to check the abundance and specificity of the PCR 

products after amplification. One and a half grams of agarose (Helena Bioscience) was melted 

in 100ml of 1X tris-acetate-EDTA (TAE) buffer and the molten agarose was left to cool. One µl 

of Nancy-520 (Merck) was added to fluorescently stain dsDNA visible under UV light. The gel 

was left to cool in a mould with combs. DNA samples were mixed with 6X loading dye (Life 

technologies) and ran for approximately 20 minutes at 260 V. The agarose gel was then 

imaged with 2UV Benchtop trans illuminator. 

 

2.2.4 Sanger sequencing 

 

Sanger sequencing is a DNA sequencing technology developed in the 1970s by Fred Sanger 

and colleagues and considered the first efficient, genetic sequencing methodology. It relies 

on the selective incorporation of chain-terminating dideoxynucleotides (ddNTPs; ddA, ddC, 

ddG and ddT) producing partially replicated DNA strands. The terminators are now 

fluorescently labelled. The amplicons of different sizes with ddNTPs at the 3’ end is then 

passed through a polyacrylamide gel capillary to separate the DNA strands by electrophoresis. 
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Each ddNTP fluorescent dye is then laser detected using a camera. A chromatograph is 

reconstructed and analysed using a specific software. 

 

Sanger sequencing was employed to sequence GADD45A and GADD45B PCR products before 

qPCR due to previously unsuccessful qPCR attempts and to check the primers were 

sequencing the correct amplicon (APPENDIX C). Successful Sanger sequencing requires the 

removal of excess buffers, nucleotides, salts, primers and enzymes which can interfere with 

the sequencing reaction. This was done using 27µl of AMPure XP beads which was added to 

the plate with the PCR products and pipetted up and down 10 times. The plate was incubated 

for 5 minutes before placing the plate in a DynaMag-96 Side Magnet for 10 minutes until the 

solutions became clear. Whilst keeping the plate in the magnet holder the supernatant from 

each well was discarded and the undisturbed beads washed with 100 µl 70% ethanol to 

remove any impurities. The beads were air dried in the plate for 10 minutes before being 

eluted with 30 µl of High Performance Liquid Chromatography (HPLC) water.  

 

For the sanger sequencing set up, Big Dye Terminator v3.1 (Life Technologies) and Big Dye 

Terminator v3.1 sequencing buffer (Life Technologies) were used  

Table 2-7). Using a 96 well sequencing plate 8 µl of sequencing reaction was mixed with 2 µl 

of PCR product. This was then amplified by PCR (Table 2-8). 

 

 Volume (µl) Final concentration 

BigDye Terminator v3.1 2.5X 1 0.25X 

BigDye Terminator v3.1 sequencing buffer 5X 1.5 1.5X 

Forward or reverse primer (10 µM) 1 1 µM 

Sterile water 4.5  

 
Table 2-7 Volume and concentration of reagents used for Sanger sequencing. 

 
 

Step Temperature Time 

1 96°C  5 minutes 

2 96°C 1 minutes 
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3 54°C 20 seconds 

4 60°C 30 seconds 

5 Repeat from Step 2 to Step 4 for 40 times 

6 60°C 5 minutes 

Hold 4°C ∞ 

 
Table 2-8 Thermal cycling conditions for the PCR reaction. 
 
 
The sequencing products must be purified prior to running on the sequencer. This was carried 

out using the BigDye XTerminator Purification Kit which incorporates XTerminator Solution 

for scavenging unincorporated dye terminators and SAM Solution which stabilises the post-

purification reactions. For each reaction, 11 µl of BigDye XTerminator and 49.5 µl XTerminator 

Solution were used. The plate was then placed on a plate shaker for 30 minutes at a speed of 

1800 rpm and centrifuged at 1000 rpm for 2 minutes.  

 

The plate was loaded on to an ABI Prism 3730xl Genetic Analyzer (Life Technologies) located 

in the Liver Virology Department, KCH. The ABI Prism Sequencing Analyzer software was used 

to analyse the sequences on chromatograms depicted by 4 colour peaks representing each 

base (adenine = green, cytosine = blue, guanine = black, thymine = red). Mutation Surveyor 

(SoftGenetics, Pennsylvania, USA) was used to compare the sample sequence trace to 

reference.  

 
 

2.2.5 RNA isolation from cultured cells  

 
 
The role of NBAS in NMD was evaluated by relative quantification of GADD45A and GADD45B, 

two of several genes that are directly regulated by NMD. Firstly, cells were cultured as 

described in section 2.2.1. Total RNA using TRIzol Reagents (Thermofisher) was isolated from 

cultured fibroblasts from patients NBAS1 and NBAS2 (Table 2-3) and from control fibroblasts. 

First, the cells were removed from the culture plate and spun down to form a pellet as 

described in section 2.2.1.4. One ml of TRIzol was used to lyse and homogenise approximately, 

10,000,000 cells. The sample was incubated for 5 minutes to allow complete dissociation of 



65 
 

the nucleoproteins complex. Then 0.2 mL of chloroform per 1 mL of TRIzol was added and 

thoroughly mixed and incubated for 2-3 minutes. The sample was centrifuged for 15 minutes 

at 12,000g at 4 °C. The mixture separates into a lower red phenol-chloroform, an interphase, 

and a colourless upper aqueous phase. The upper aqueous phase containing the RNA was 

pipetted out. For the precipitation of RNA, for every 1 mL of TRIzol, 0.5 mL of isopropanol was 

added and incubated for 10 minutes at 4 °C. Following centrifugation for 10 minutes at 

12,000g at 4 °C the RNA precipitate forms a white gel-like pellet at the bottom of the tube. 

The RNA pellet was then washed in 1 mL of 75% ethanol per 1 mL of TRIzol and resuspended 

in 20-50 µl of RNase-free water (Thermofisher) before incubating on a heat block set at 55 °C 

for 10 minutes. The RNA solution was temporarily stored on ice for quantity and quality 

controls using the Qubit 2.0 Fluorometer and Agilent 2200 TapeStation system (described 

previously in sections 2.1.2.1 and 2.1.2.4, respectively). The RNA integrity is represented 

below (Figure 2-4).   

 
 

 
 
Figure 2-4 RNA integrity number (RIN) of RNA extracted from HFF1 (A1) and NBAS1 (B1) alongside 
an electronic ladder (EL1).  
The image shows electrophoretic separation of RNA across a gel. The higher and lower bands 
represent the ribosomal subunits 28S and 18S, respectively. The quality of RNA is represented by the 
RIN number on a scale of 1 to 10 where a high RIN indicates highly intact RNA. The RIN number is 
calculated based on the ratio of the 28S and 18S peaks and any presence of degraded material. 
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2.2.5.1 DNase treatment  

 
DNase I is an endonuclease that digests DNA. Treatment with recombinant DNase 

(ThermoFisher) was incorporated to deplete genomic DNA that could later interfere with the 

qPCR step. Five µg of RNA was dissolved in 25 µl of RNase free water and the tube flicked 

gently. Twenty-five µl of 10X reaction buffer and 5 µl of DNase enzyme was added. The final 

volume was made up to 50 µl with nuclease free water (ThermoFisher) and incubated at 37 

°C for 30 minutes at the thermoshaker with flicking of the tubes at 5-minute intervals. After 

incubation, the DNase was inactivated by adding 2.5 of DNase Inactivation Agent and the 

tubes flicked gently. This was incubated at room temperature for 2 minutes. The tubes were 

centrifuged at 10,000g for 1.5 minutes and the supernatant transferred.  

 
 

2.2.6 Reverse transcription 

 
 
The ThermoFisher High-Capacity RNA-to-cDNA Kit was used to synthesise first strand cDNA 

from the RNA isolated from NBAS1, 2 and control cells. Ten µl of the RT Buffer Mix containing 

dNTPs and RT random primers, 1 µl of RT Enzyme Mix containing MultiScribe Reverse 

Transcriptase and up to 9 µl of DNase-treated RNA were added to a PCR plate (ThermoFisher). 

The final reaction volume was made up to 20 µl by adding nuclease free water (Table 2-9). 

The reaction was incubated at 37 °C for 60 minutes and stopped by heating to 95 °C for 5 

minutes using thermal cycler.  

 

Component Volume per reaction 

+RT reaction -RT control 

2X RT buffer 10 µl 10 µl 

20X RT enzyme mix 1 µl - 

RNA sample Up to 9 µl Up to µl 

Nuclease-free water Q.S. to 20 µl Q.S. to 20 µl 

Total per reaction 20 µl 20 µl 

 

Table 2-9 Reverse transcription protocol. 
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2.2.7 Quantitative PCR of GADD45A and GADD45B 

 
 
Primer sequences for the qPCR of GADD45A and GADD45B designed to amplify mRNA and 

pre-mRNA were obtained from a previous publication below (APPENDIX C) (Kurosaki et al., 

2014). BLAST was used to check the primer sequences using the reference sequence 

ENST00000370986.9 for GADD45A and ENST00000215631.9 for GADD45B 

(www.ensembl.org). For the amplification of mRNA, primer sequences were checked to 

ensure they spanned across exon-exon junctions and, therefore, will only amplify mRNA and 

not pre-mRNA. For the amplification of pre-mRNA, the primers were checked to ensure that 

at least one was within an intron. Consideration was also given to the annealing temperature 

(range of 60-65°C), GC content (40-60%) and the formation of self-complementary dimers or 

primer-dimer. The primers were purchased from Sigma-aldrich. To verify that these primers 

amplified cDNA by PCR, the synthesised PCR products were run on a 1.5% agarose gel as 

described previously. 

  

Quantitative PCR on cDNA from NBAS1, 2 and control cells were carried out using Power SYBR 

Green PCR Master Mix (ThermoFisher). The cDNA samples were mixed with primers at a 

concentration of 0.2 M and 2X SYBR Green diluted to a volume of 25 l with RNAse free 

water (Table 2-10). They were then aliquoted to black, 96 well plates (ThermoFisher) in 

technical triplicates. 

 

Component Volume per well 

2X Power SYBR Green PCR Master Mix 12.5 µl 

Nuclease-free water 7.2 µl 

Forward Primer 0.15 µl 

Reverse Primer 0.15 µl 

Sample (cDNA) 5 µl 

Total per reaction 25 µl 

 

http://www.ensembl.org/
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Table 2-10 Two-step quantitative reverse-transcription protocol. 

 

The plate was loaded on to a Step-One Plus Real-Time PCR System (Thermofisher) with the 

run protocol illustrated below (Table 2-11). For every plate run, a negative control was added 

where cDNA was replaced with water. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

expression was also determined for additional information. To check for the specificity of the 

PCR amplicon, a melt curve was produced for every plate run plotting fluorescence against a 

function of temperature. The experiment was performed triplicates and their averages 

calculated.  

 

Step Temperature Time Cycles 

First denaturation 95 °C 10 minutes 1 

Denaturation 

Annealing 

95 °C 

60 °C 

15 seconds 

60 seconds 

40 

Hold 4 °C Until needed 1 

 

Table 2-11 qPCR run module on the Step-One plus.  

 

The expression of GADD45A and GADD45B mRNA relative to pre-mRNA was determined using 

the comparative Cr (∆∆Ct) method as previously described in section 2.1.5. 

 

3 RESULTS 

 

3.1 Targeted NGS of children with indeterminate ALF 

 

A targeted NGS method, as described in section 2.1.2 was used for the detection of causative 

variants. Multiplex sequencing can be performed simultaneously for up to 16 samples per 

lane of flow cell. Therefore, three separate runs were carried out to sequence 41 samples: 16 

in the first run, 15 in the second and 10 in the final. 

 

3.1.1 Quality of NGS 
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The quality of sequencing is determined by accuracy of each step of the sequencing process 

including library preparation, base calling, read alignment, and variant calling. The coverage 

describes the number of reads that align to or “cover” a particular base position. More 

confidence to the base call is given at higher levels of coverage. For the three runs performed 

the fraction of targets with coverage of at least 30 was >99.0%.  

 

3.1.2 Description of the 41 children with ALF 

 
The full cohort for the study consisted of 41 children (23 boys) from 41 families. They were 

primarily of European ancestry: United Kingdom (20 children), Middle East (6 children), Africa 

(5 children), Asian (4 children) and other (6 children). Consanguinity, defined by a relation of 

second cousins or closer, was observed in 4 families but none had a family history of ALF. The 

median age of the children at diagnosis was 2.5 years (minimum, 7 days and maximum, 8.6 

years). 

 

3.1.3 Results of variant prioritisation 

 
Data was annotated using the CLC Genomics Workbench version 12.0. CLC bio as described 

previously in section 2.1.3.2. Subsequently, variants of interest were filtered and prioritised 

according to the strategy described in section 2.1.4. 

 

A total of 17,452 variants were detected in this cohort. After the above filtering strategy was 

applied, a total of 69 prioritised variants (29 children) were identified in 40 genes (Table 3-1) 

(Figure 3-1). 

 

 

Table 3-1 Number of variants filtered after each step of prioritisation process. 

A total of 17,452 variants were identified amongst the 41 study patients. Sixty-one variants 
were identified after filtering using a MAF cut-off of 1 % and removing nonsynonymous 
variants. Amongst these variants 9 were biallelic. 

Filtering rationale Number of variants 

Total unfiltered variants 17,452 

< 1% MAF (or novel) and nonsynonymous 69 

Biallelic 9 



70 
 

 
Amongst these prioritised variants 9 biallelic variants, including a child with a CNV, were 

identified in 8 children: NBAS (3 children); TWNK (1 child); CPT1A (1 child); SUCLG1 and POLG 

(1 child); MPV17 (1 child); DLD (1 child) (Table 3-2). Further details regarding their genetic and 

clinical information are described in section 3.1.4.   

 

In addition, 60 monoallelic variants were identified in 27 children: 48 missense (24 children), 

2 deletion, 1 duplication, 1 nonsense and 8 splice site. In addition, CNVs (all monoallelic) were 

identified in 2 children (Table 3-3). With this information, further interrogation seeking a 

second pathogenic variant was carried out but was unrevealing.
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ID Sex 
Age at 

presentation 
Clinical Gene Genotype Protein MAF CADD / Pathogenicity Classification LT Outcome  

Age at 

last visit 

1 F 1 m x1 ALF DLD 
c.826A>T p.Thr276Ser 5.42E-04 25 Uncertain 

Yes Alive 15 y 
c.911T>C p.Ile304Thr 1.57E-04 26 Uncertain 

3 M 6 m 
Recurrent 

ALF 
NBAS c.4731_4733dup p.Tyr1578dup 

Not 

reported 
Pathogenicity likely 

Likely 

pathogenic 
Yes Lost to follow up 

8 M 2 m x1 ALF TWINK 
c.1471C>G p.Ser491Thr 3.99E-06 24 Uncertain 

Yes Alive; NDD 7 y 
c.1697A>G p.Lys566Arg 4.00E-03 22 Uncertain 

9 M 6 m 
Recurrent 

ALF 
NBAS c.exons 17-19 dup p.? 

Not 

reported 
Pathogenicity likely 

Likely 

pathogenic 
No Alive 7 y 

12 M 3 y  x1 ALF NBAS 
c.1702G>A p.Val568Ile 0.0012 15 Uncertain 

No Alive 16 y 
c.191G>A p.Arg64His 6.30E-05 19 Uncertain 

17 M 18 m x1 ALF MPV17 c.338C>T p.Pro98Leu 5.31E-05 25 Pathogenic Yes Alive; NDD 20 y 

18 M 17 m x1 ALF 

SUCLG1 
c.601A>G  p.Arg201Gly 1.99E-05 30 

Likely 

pathogenic 

Yes 
Alive; 

cardiomyopathy 
17 y 

c.236G>A p.Gly79Asp 0.0013 27 Uncertain 

POLG 
c.153_158delGCAGCA p.Gln54_Gln55del 0.0036 * Uncertain 

c.803G>C p.Gly268Ala 0.0039 27 Uncertain 

19 M 2 y  x1 ALF CPT1A c.2198A>G p.Asn733Ser 0.0018 16 Uncertain No Alive 10 y 

MAF, minor allele frequency; LT, liver transplantation; NA, not applicable; NDD, neurodevelopmental delay; Pat, patient; * Polyglutamine tract expansion 

Table 3-2 Summary of patients found to have biallelic, rare, non-synonymous variants. 
Nine biallelic variants including a child with a CNV were identified in 8 children in 7 genes.  
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ID Sex 
Age at 

presentation 
Clinical Gene Zygosity Genotype Protein MAF CADD / Pathogenicity LT Outcome  

Age at 

last 

visit 

Pat 1 F 1 m x1 ALF ALG8 Het c.1090C>T p.Arg364* 6.36-E4 Pathogenicity likely Yes Alive 15 y 

 

Pat 2 M 1 y  x1 ALF NPC2 Het c.441+1G>A p.? 0.0038 Pathogenicity likely Yes Alive 16 y  

Pat 4 M 1 y  x1 ALF 
CPT2 

Het 
c.877A>G p.Ser293Gly 1.23E-04 22 

Yes Alive 11 y 

 

ACADM c.362C>T p.Thr125Ile 1.19E-05 30  

Pat 5 M 3 y x1 ALF DBT Het c.1051G>C p.Glu351Gln 7.45E-04 21 Yes Alive 4 y  

Pat 6 M 8 y x1 ALF 

TSFM 

Het 

c.797T>A p.Leu287His 2.36E-04 26 

No Alive 23 y 

 

MPI c.1049C>T p.Thr350Met 0.0018 17  

SCO1 c.167G>A p.Gly56Gln 0.0015 13  

GALE c.140A>C p.Gln47Ala 4.98-E4 28  

ETFB c.278_279insC 
p.Pro94Thrfs*

8 
0.0033 Likely benign  

Pat 7 M 1 y  x1 ALF CPT1A Het c.173G>A p.Ser58Ala 7.98E-06 22 No Alive 14y  

Pat 8 M 2 m x1 ALF 

HADHA 

Het 

c.1072C>A p.Gln358Lys 8.10E-03 19 

Yes Alive 7 y 

 

TALDO1 c.962A>G p.Lys321Arg 0.0067 27  

TSFM c.5C>T p.Ser2Leu 0.0015 26  

ACAD c.*5G>A p.? 0.0077 Likely benign  

Pat 9 M  6 m 
Recurrent 

ALF 
LIPA Het c.539-5C>A p.? 0.0034 Likely benign Yes Alive 7 y  

Pat 10 M  1 y x1 ALF SMPD1 Het c.1460C>T p.Ala487Val 6.44E-04 21 Yes Alive 9 y  

Pat 13 M 6 y x1 ALF 

GALE 

Het 

c.997C>A p.Leu333Ile 1.87E-04 19 

Yes Alive 16 y 

 

TWNK c.737A>G p.Asp246Asn 
Not 

reported 
26  

FAH c.466C>T p.Pro156Ser 3.98E-05 26  
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POLG c.2492A>G p.Tyr831Cys 6.75E-04 23  

Pat 14 F 5 y x1 ALF 
HADHA 

Het 
c.1491G>A p.Met497Ile 1.41E-04 29 

Yes Alive 16 y 

 

LIPA c.539-5C>A p? 3.89E-04 Likely benign  

Pat 15 F 4 y x1 ALF 

ACADVL 

Het 

c.1534C>T p.Arg535Trp 4.79E-04 26 

Yes Alive 15 y 

 

TRMU c.442G>A p.Glu148Lys 9.62-E4 17  

POLG c.1515C>A p.Gly517Val 4.71-E5 14  

FAH c.1180+4A>G p.? 0.0153 Likely benign  

Pat 16 M 2 m x1 ALF 

CPT2 

Het 

c.1598T>A p.Val533Asp 0.0032 16 

Yes Alive 15 y 

 

DBT c.506G>A p.Arg169Gly 0.0012 18  

EIF2AK3 c.1264G>A p.Arg422Ser 3.40E-04 20  

SLC22A5  c.59T>A p.Leu20His 0.0125 24  

ACADVL  c.264C>T p.Pro88Leu 0.0109 16  

Pat 17 M  1 y  x1 ALF 

ACAD9 

Het 

c.1232C>T p.Pro411Leu 3.53E-04 23 

Yes Alive 20 y 

 

NPC2 c.465delT 
p.His156Thrfs

*5 
8.57-E05 Pathogenicity likely  

BCKDHA c.376-4C>T p.? 0.0033 Likely benign  

MPV17 c.293C>T p.Pro98Leu 5.31E-04 26  

Pat 18 M 1 y  x1 ALF 

NBAS 

Het 

c.1093G>C p.Asp365His 0.0078 27 

Yes Alive 17 y 

 

SUCLG1 c.601A>G p.Arg201Gly 1.99E-04 29  

POLG c.803G>C p.Gly268Ala 0.0034 26  

Pat 19 M 2 y x1 ALF SCO1 Het c.16C>G p.Leu6Val 0.0036 16 Yes Alive 10 y  

Pat 20 M 2 y x1 ALF 

EIF2AK3 

Het 

c.1264G>T p.Ala422Ser 3.98E-05 17 

No Dead NA 

 

SLC22A5 c.1645C>T p.Pro549Ser 0.0074 18  

ASL c.34T>C p.Tyr12His 1.20E-04 31  

LIPA  c.1046A>G p.Asp349Gly 0.068 24  

POLG c.128A>G p.Gly43Arg 0.00629 16  
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Pat 21 M 2 y x1 ALF FARS2  Het c.737C>T p.Thr246Met 0.0041 23 Yes Alive 11 y  

Pat 26 M 2 y x1 ALF 
HMGCL  

Het 
c.208G>C p.Val70Leu 7.07E-05 26 

No Alive 12 y 

 

ACADS c.40C>G p.Arg14Gln 1.23E-04 18  

Pat 30 M 2 y x1 ALF HAHDA Het c.1072C>A p.Gln358Lys 0.0078 19 Yes Alive 18 y  

Pat 31 F 1 m x1 ALF ACADS  Het c.509C>T p.Ala170Val 8.00E-05 25 No Alive 15 y  

Pat 35 F 11 m x1 ALF 

GFM1 

Het 

c.1506G>A p.Glu502Lys 4.10E-06 32 

Yes Dead NA 

 

LARS1 c.3077A>G p.Tyr1026Cys 0.0039 30  

POLG c.1550G>T p.Gly517Val 0.0047 14  

Pat 36 M 8 y x1 ALF 
HMGCS2  

Het 
c.907C>T p.Pro303Ser 3.18E-04 25 

Yes Alive 21 y 

 

CPT1A 967+3G>A p.? 0.0031 Likely benign  

Pat 37 F 1 m x1 ALF 
GFM1  

Het 
c.568A>C p.Met190Leu 0.0016 17 

No Alive 5 y 

 

ASS c.766G>A p.Gly256Lys 0.0029 23  

Pat 39 F 3 y x1 ALF SMPD1 Het c.872G>A p.Arg291His 0.0011 25 Yes Alive 8 y  

Pat 40 F 2 y x1 ALF GALT Het c.611G>A p.Arg204Gln 6.36-E4 22 Yes Alive 18 y   

Hom, homozygous; het, heterozygous; LT, liver transplantation; MAF, minor allele frequency; NA, not applicable; NDD, neurodevelopmental delay; Pat, patient; * Polyglutamine tract expansion  

 
Table 3-3 All prioritised, monoallelic missense, nonsense, insertion, deletion and splice site variants identified from the study cohort. 
Patients were considered to be not affected by the conditions related to these genes given a second variant was not identified. 
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Figure 3-1 Bar chart representing all 69 prioritised variants in 29 children in 40 genes. 
Variants in NBAS and nuclear genes encoding mitochondrial proteins were the most common findings. 

 
 

3.1.4 Description of children with biallelic variants after 

prioritisation 

 

3.1.4.1 Children with biallelic variants prioritised in NBAS 

 
Three children were identified with biallelic variants prioritised in NBAS warranting further 

evaluation. 

 

Patient #3 

 

A 6-month-old boy was referred with history of recurrent ALF associated with intercurrent 

infections. He was born to consanguineous parents (1st cousins) of Middle Eastern origin and 

showed signs of motor developmental delay at presentation. He suffered from repeated 

episodes of ALF associated with hyperammonaemia, hypoglycaemia and lactic acidosis. 

Despite extensive investigations looking for metabolic causes a diagnosis was not made. Liver 
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transplantation was offered to avoid further episodes of ALF but the family returned to their 

country of origin when the child was 2 years and 2 months old. 

 

A homozygous duplication was identified in NBAS: c.4731_4733dup, p.Tyr1578dup which 

results in an inframe insertion of a tyrosine (PVS1). The amino acid position is highly 

conserved and a duplication of tyrosine at 1578 has not been observed in population 

databases confirming that it is a rare variant (PM2). The classification of this variant is likely 

pathogenic supports a genetic diagnosis of the child’s phenotype. 

 

Patient #9 

 

A 6-month-old boy, born to non-consanguineous parents from Southeast Asia presented with 

fever associated with adenovirus infection and was found to be in ALF. He was admitted to 

the paediatric intensive care unit for cardiorespiratory support, haemofiltration and was 

urgently listed for LT. He underwent transplantation with alginate microbead-encapsulated 

hepatocytes and delisted for LT 72 hours later. He suffered from recurrent ALF associated 

with intercurrent illnesses at 2 years and 5 months of age (parainfluenza) and 2 years and 7 

months of age (influenza A) before undergoing LT. He does not have any signs of systemic 

disease nor graft dysfunction at the last follow up at 7 years. 

 

A CNV ratio of 2 was identified for exons 17 – 19 in NBAS, which was confirmed by qPCR. 

Quantitative PCR spanning the same region on the healthy parents’ DNA revealed a CNV ratio 

of 1.5 for each parent demonstrating their heterozygous status. Altogether, this provides 

evidence for the likelihood that the child has a duplication of exons 17 – 19 on each 

chromosome. If the duplication is in tandem, this is likely to alter the protein structure and 

function (PVS1), despite the total nucleotide length of exons 17 – 19 is 372 (divisible by 3, 

therefore, does not alter the reading frame). A CNV in NBAS has not been observed in 

population databases (PM2) nor reported previously in affected individuals. The classification 

of this variant is likely pathogenic and supports a genetic diagnosis of the child’s phenotype. 

 

Patient #12 
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A 3-year-old boy presented with vomiting, fever, hypoglycaemia and was found to be in ALF. 

The patient recovered but a diagnosis was not reached despite extensive metabolic work up. 

A liver biopsy was carried out at 12 years and 9 months of age showing diffuse macro- and 

micro-vesicular steatosis with mild lobular inflammation and periportal fibrosis. He does not 

have any signs of systemic disease, liver function tests are mildly elevated and the liver is fatty, 

at the last follow up at 16 years of age. 

 

Compound heterozygous missense variants were identified in NBAS: c.191G>A, p.Arg64His; 

and c.1702G>A, p.Val568Ile. The arginine at position 64 and valine at position 568 are not 

conserved across species. They have been observed in populations databases at a frequency 

of 0.0012 (4 homozygotes; BS1) and 6.30e4 (0 homozygotes; PM2), respectively. In silico 

prediction using CADD were, 15 and 19, and PolyPhen-2, benign (BP4) for both variants. In 

the absence of further evidence, the classification of these variants are uncertain but may be 

part of the explanation of his milder phenotype.   

 
 

3.1.4.2 Five children with biallelic variants after prioritisation in TWNK, CPT1A, SUCLG1, 

POLG, MPV17 and DLD 

 
Patient #8 

 

A 10-week-old boy with a history of neonatal group B streptococcus infection presented with 

bleeding, icterus and hepatosplenomegaly. At presentation, he was coagulopathic but the 

international normalised ratio (INR) improved to 1.6 with treatment for sepsis. However, 

further deterioration lead to LT 6 weeks after initial the presentation and, intraoperatively, 

he underwent muscle and liver biopsies. The muscle respiratory chain enzymology 

demonstrated decreased respiratory chain complex IV activity of 0.006 relative to citrate 

synthase (reference range 0.014 – 0.034). Molecular genetic analysis of muscle and liver also 

showed evidence of DNA depletion: 19% and 33% of mean normal levels, respectively. 

However, subsequent molecular genetic testing for mitochondrial DNA maintenance 

disorders (POLG, DGUOK, MPV17 and TRMU) did not identify any pathogenic variants. The 

child is now 7 years old and attends mainstream school although requires extra speech and 

language support and has been diagnosed with adrenal insufficiency and hyperinsulinism. 
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Compound heterozygous, missense variants were identified in TWNK: c.1471C>G, 

p.Ser491Thr; and c.1697A>G, p.Lys566Arg. These variants have been observed in populations 

databases at a frequency of 3.99e6 (PM2) and 0.004 (BS1), respectively, but have not been 

reported in a homozygous state. In silico prediction using CADD were, 24 and 22, respectively, 

and PolyPhen-2, benign (BP4) for both variants. They have not been previously reported to 

cause disease. In the absence of further evidence, the classification of these variants are 

uncertain but may be clinically significant given the child’s phenotype.   

 

Patient #19  

 

A 2-year-old boy with a past medical history of achalasia was admitted with vomiting and 

fever and was found to be in ALF. Metabolic work up at the time was negative including 

repeated acylcarnitine profiles and respiratory chain enzymology from muscle which was 

within normal range. The patient is now 22 years old after being discharged at 10 years of age 

with no further episodes of ALF.  

 

A homozygous missense variant was identified in CPT1A: c.2198A>G, p.Asn733Ser. This 

variant has been observed in populations databases at a frequency of 0.0018 (3 homozygotes; 

BS1). In silico prediction using CADD was 16, and PolyPhen-2, benign (BP4). They have not 

been previously reported to cause disease. In the absence of further evidence the 

classification of these variants are uncertain and may / may not be clinically significant   

 

Patient #18  

 

A 17-month-old, previously healthy boy presented with jaundice and lethargy. He was found 

to be in ALF and underwent auxiliary LT. His native liver fully recovered and 

immunosuppression was stopped when he was 5 years old. The child is now 17 years old and 

there have been no reported problems other than mild left ventricular hypertrophy. 

 

Compound heterozygous missense variants were identified in two genes, SUCLG1 and POLG. 

The variants in SUCLG1 were c.601A>G, p.Arg201Gly; and c.236G>A, p.Gly79Asp. They have 
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been observed in population databases at a frequency of 1.99e5 (PM2) and 0.0014 (PM2), 

respectively, and neither in homozygous state. In silico prediction using CADD were, 30 and 

27, respectively and PolyPhen-2, probably damaging (PP3), for both variants. The c.601A>G 

variant has been reported in the literature, with a second variant, in an infant diagnosed with 

MDS-9 (Chen et al., 2022) (PS4) and the c.236G>A variant in heterozygous state in a child with 

autism and MDS (Varga et al., 2018) (PM3). The classification of these variants are likely 

pathogenic and uncertain, respectively, providing a likely explanation of the child’s phenotype.   

 

The variants in POLG were c.153_158delGCAGCA, p.Gln54_Gln55del; and c.803G>C, 

p.Gly268Ala. The first variant is a highly polymorphic CAG-repeat encoding a polyglutamine 

tract (poly-Q) in the N-terminus. Most commonly the poly-Q tract comprises 10 repeats (10Q, 

frequency >80%) which has been reported to be associated with Parkinson’s disease when 

<10Q (Anvret et al., 2010). The second variant has been observed in population databases at 

a frequency of 0.0039 (4 homozygotes; BS1). In silico prediction using CADD was 27 and 

PolyPhen-2, deleterious (PP3). It has been previously reported in several individuals with 

clinical suspicion of progressive external ophthalmoplegia (Tang et al., 2011, Di Fonzo et al., 

2003, Del Bo et al., 2003) but also in heterozygous state without a second variant suggesting 

that it may be a modifier. Therefore, the evidence for this variant is conflicting. The 

classification of these are uncertain and do not provide an explanation but may have 

contributed to the child’s phenotype.  

 

Patient #17  

 

An 18-month-old boy, born to consanguineous parents, presented with ALF and underwent 

LT. He has good graft function at 20 years of age but suffers from peripheral neuropathy and 

leads a semi-independent life with mild learning difficulties. 

 

A homozygous missense variant was identified in MPV17: c.3338C>T, p.Pro98Leu. This variant 

has been observed in populations databases at a frequency of 5.31e5 and not in homozygous 

state (PM2). In silico prediction using CADD was 25 and PolyPhen-2, deleterious (PP3). This 

variant has been previously reported to cause disease (Kim et al., 2016) (PM3) and the 
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classification of this variant is pathogenic and supports a genetic diagnosis of MPV17-related 

MDS. The patient is now under the care of the regional mitochondrial disorders service. 

 

Patient #1  

 

A 1-month-old girl of presented with lethargy and vomiting and was found to be in ALF. No 

aetiology was found and she underwent LT at 2 months of age. She has fully recovered and 

at 15 years of age she has good academic performance and attends hospital infrequently. 

 

Compound heterozygous missense variants were identified in DLD c.826A>T, p.Thr276Ser; 

and c.911T>C, p.Ile304Thr. They have been observed in populations databases at a frequency 

of 5.42e4 and 1.57e4 and neither in homozygous state. In silico prediction using CADD was, 25 

and 26, and PolyPhen-2, likely benign (BP4)  for both variants. Furthermore, the variant 

frequency specifically for the African population was 0.0056 (2 homozygotes; BS1) and 0.0016 

(0 homozygotes; BS1), respectively. The classification of these variants are uncertain but may 

have contributed to the child’s phenotype. The DLD gene encodes PDH, a subunit of the alpha-

keto acid dehydrogenase complex. Subsequently, the activity of PDH was measured using the 

child’s cultured skin fibroblasts. The result of 0.76 nmol/mg protein/min (normal range 0.60-

0.90) was against a diagnosis of DLD deficiency. However, this has to be interpreted with 

caution as PDH activity in fibroblasts may not be representative of that in the liver.  

 
 

3.2 Functional characterisation of NBAS deficiency 

 
 

3.2.1 Cell culture studies 

 
 

3.2.1.1 Effect of thermal stress on NBAS deficient cells 

 
At 37 °C for 24 hours, cell viability increased in all cell lines in the 500, 1000 and 2000 cells/well 

experiments, as expected. A photomicrograph of the cells are shown in Figure 3-2. In the 

second 24 hours at 37 °C, cell viability increased in all cell lines except: Control in 500 
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cells/well; Control and NBAS1 in 1000 cells/well (Figure 3-3). Under 40 °C for the second 24 

hours, cell viability did not increase in: Control, NBAS1 and 4 in 500 cells/well; Control and 

NBAS1 in 1000 cells/well; Control and NBAS3 in 2000 cells/well. 

 

The ratio of the cell viabilities at 48 hours to 24 hours within the 37 °C and 40 °C plates were 

then calculated. The results were, in turn, expressed as a ratio of each other (Figure 3-4) 

allowing for the comparison of the cell viabilities of the 37 °C and 40 °C plates whilst correcting 

for any discrepancies that may have occurred within a plate. This showed that the control 

cells demonstrated a higher cell viability at 40 °C in the 500 cells/well experiment but this was 

not observed in the 1000 and 2000 cells/well experiments. Statistical analysis indicated no 

significance difference in cell viability between the control and patient cells. 
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A 

 

 

B 

 

 

Figure 3-2 Photomicrograph of control and patient fibroblasts under normal culture conditions. 

Higher magnification (x 100) images of A, HFF1 cells, passage 8; B, NBAS1 patient cells, 
passage 11. Scale bars = 200 µm 
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A       B 

 

 

C      D

 

 

E      F 

 

Figure 3-3 Cell viabilities of patient and control fibroblasts under thermal stress.  
A, B and C represent cell viability of fibroblasts incubated at 37 °C for 48 hours; 500, 1000 and 2000 
cells/well, respectively. D, E and F represent cell viability of fibroblasts incubated at 37 °C for 24 hours 
followed by 40 °C in the second 24 hours in; 500, 1000 and 2000 cells/well, respectively. Relative 
fluorescence units (RFU) shown as median ± range (n = 3). 
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Figure 3-4 Cell viabilities of patient and control fibroblasts under thermal stress represented as a 
ratio of the second 24 hours to the first.  
The results compare the cell viabilities of the 40 °C to the 37 °C plates after each were internally 
corrected for by obtaining a ratio of the cell viabilities at 48 hours to 24 hours within a plate. A, B, and 
C. = 500, 1000 and 2000 cells/well, respectively. Statistical analysis was carried out using Kruskal-Wallis 
test. 

 
 

3.2.1.2 Effect of glucose deprivation on NBAS deficient cells 

 
Patient and control fibroblasts were incubated for 24 hours in complete medium containing 

4.5 g/L of glucose and their cell viabilities measured as baseline. Then the culture medium in 

the wells were replaced with medium containing 3 different concentrations of glucose: 0 g/L 

(no glucose), 1 g/L (low glucose) and 4.5 g 

 

/L (normal glucose). The cell viabilities were measured after a further 24 and 48 hours of 

incubation (48 and 72 hours since plating, respectively; Figure 3-5). 

 

Under a glucose concentration of 4.5 g/L, cell viability increased in all cell lines at 48 and 72 

hours, as expected. However, cell viability also increased in all cell lines incubated with 1 g/L 

and 0 g/L of glucose. One exception to this was observed in NBAS3 in 0 g/L which did not 

demonstrate growth at 48 and 72 hours. However, statistical analysis indicated no 

significance difference in cell viability between the control and patient cells.  
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A      B 

 

C      D 

 

 

E     F 

 

Figure 3-5 Cell viabilities of patient and control fibroblasts following stress by glucose deprivation.  
Fibroblasts were incubated in complete medium containing 4.5g/dL of glucose. After 24 hours of 
incubation, the culture medium was replaced with medium containing three different glucose 
concentrations and incubated for a further 24 and 48 hours. A and B = 4.5g/dL, C and D = 1g/dL and E 
and F = 0g/dL of glucose. The results are expressed as relative fluorescence units (RFU) shown as 
median ± range (n = 3) and percentage change in cell viability compared to baseline. Statistical analysis 
was carried out using Kruskal-Wallis test. 
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3.2.2 Protein expression analysis of NBAS 

 
The expression of NBAS protein was investigated by western blot for the four patients and 

control cells. Three different antibodies which recognise different epitopes of the protein 

were tested. The first antibody from Atlas Antibodies (Stockholm, Sweden), which had not 

been validated in western blot but its use had been previously reported in the literature, was 

a polyclonal antibody raised in rabbit against amino acid residue 1011 to 1096. The second 

antibody from Affinity Biosciences (Cincinnati, US) was a polyclonal antibody raised in rabbit 

for which the epitope it was raised against was not made available.  

 

These two antibodies were tested first in proteins extracted from NBAS1-4 cells and control 

cells that had not been placed under stress. Using the antibody from Atlas Antibody, two 

bands at approximately, 50 kD and 37 kD, were demonstrated from protein extracts from all 

the cell lines. Multiple bands were demonstrated from protein extracts from all the cell lines 

using the antibody from Affinity Biosciences. Neither antibody demonstrated a clear band at 

the expected molecular weight of 268 kD, therefore, the antibodies were considered not 

suitable for further protein expression analysis. A third antibody from Abcam (Cambridge, UK) 

which had been validated in western blot was then used - a polyclonal antibody raised in 

rabbit against amino acid residue 350 to 400. This showed a band, for the first time, at the 

expected molecular weight although multiple other, stronger bands were also shown at lower 

molecular weights. The antibody was, therefore, considered most appropriate for subsequent 

western blotting. Additionally, to improve the transferring of large molecular proteins such 

as NBAS, the transfer time was increased on the Trans-Blot Turbo System for subsequent 

experiments. β-actin with a molecular weight of approximately 42 kDa was used as the 

internal reference control. 

 

Stripping of the NBAS antibody was carried out to blot a house keeping gene, β-actin, without 

interference from the non-specific bands from NBAS blotting. The BioRad protocol was used 

for this followed by re-blocking of the nitrocellulose membrane with 3% milk and following 

the protocol described previously for β-actin blotting and detection. For subsequent 

experiments, the membrane was cut to allow for differential blotting of NBAS and β-actin. 
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The western blot demonstrated multiple, non-specific bands suggesting interaction of the 

antibody with multiple proteins with similar epitopes (Figure 3-6). This may be due to the 

heterogenous antibody mixture raised typical of polyclonal antibodies which may have been 

avoided if monoclonal antibodies were available. Samples from NBAS1 and NBAS2 did not 

demonstrate bands at the expected molecular weight of 268 kDa whilst those from control, 

NBAS3 and NBAS4 did. 

 

 

 

Figure 3-6 Western blot of NBAS using a polyclonal antibody raised in rabbit.  
A band is not demonstrated at the expected molecular weight of 268kD for NBAS1 and NBAS2 whilst 
a band is demonstrated in all other cell lines (top half). β-actin with a molecular weight of 42kD was 
used as internal control (bottom half). 

 
 

3.2.3 GADD45A and GADD45B expression analysis 

 

The expression of GADD45A and GADD45B was investigated by qPCR for two patients (NBAS1 

and NBAS2) and control cells (HFF1 and HFF2). These two patient samples were selected for 

the experiments because their variants were considered to be most significant (Table 2-3).  

 



88 
 

For GADD45A, satisfactory CT values were obtained using conventional qPCR conditions: an 

annealing temperature of 60 °C and primer concentration of 100 µM for both pre-mRNA and 

mRNA primers. For GADD45B, there was initial difficulty in generating PCR products. Using a 

primer concentration of 100 uM did not produce a CT value both for GADD45A and GADD45B. 

However, PCR products were generated when the primer concentrations were increased to 

10 uM. Furthermore, qPCR using an annealing temperature of 60 °C produced CT values for 

mRNA primers > 35. Increasing the temperature sequentially to 62 °C and 64 °C lowered the 

CT values for mRNA primers but this, in turn, increased the CT values using the pre-mRNA 

primers. Therefore, it was necessary to carry out qPCR for GADD45B pre-mRNA and mRNA in 

separate experiments at 60 °C and 64 °C, respectively. To account for any differences in 

plating the ΔΔCT method was used.  

 

The results for RT-qPCR on GADD45A and GADD45B demonstrated that their expression was 

lower in NBAS1 and NBAS2 in comparison to healthy controls (Figure 3-7). For GADD45A at 

2X dilution this mounted to a 4.6-, 4.5-, 1.7- and 1.7-fold difference between mRNA and pre-

mRNA for Control 1, Control 2, NBAS1 and NBAS2 cell lines, respectively. For GADD45A at 10X 

dilution this mounted to a 2.9-, 3.3-, 1.2- and 1.1-fold difference between mRNA and pre-

mRNA for Control 1, Control 2, NBAS1 and NBAS2 cell lines, respectively. For GADD45B at 2X 

dilution this mounted to a 7.4-, 5.7-, 2.6- and 4.0-fold difference between mRNA and pre-

mRNA for Control 1, Control 2, NBAS1 and NBAS2 cell lines, respectively. For GADD45B at 10X 

dilution this mounted to a 7.3-, 6.1-, 3.4- and 4.9-fold difference between mRNA and pre-

mRNA for Control 1, Control 2, NBAS1 and NBAS2 cell lines, respectively. 

  



89 
 

 

 

 

 

Figure 3-7 RT-qPCR for GADD45A and GADD45B mRNA and pre-mRNA expressed as a ratio. 
Expression of GADD45A and GADD45B when expressed as a ratio of mRNA to pre-mRNA was lower in 
NBAS1 and NBAS2 when compared to healthy controls. GAPDH was used as an internal reference gene.  

  



90 
 

4 DISCUSSION AND FUTURE WORKS  

 

 

4.1 Genetics of acute liver failure in children 

 

The clinical phenotype of ALF is a reflection of the nature and extent of liver damage, its rate 

of evolution and ability of hepatic regeneration (Bernal and McPhail, 2021). In children, ALF 

is defined as a rare multisystem disorder in which there is severe impairment of liver function, 

with or without encephalopathy, that occurs in association with hepatocellular necrosis in a 

patient with no recognised underlying chronic liver disease (Bhaduri and Mieli-Vergani, 1996). 

This in an inclusive description which inevitably covers numerous underlying aetiologies. 

Reaching a diagnosis can be difficult (Narkewicz et al., 2009) and it remains a challenge to 

reduce the rate of indeterminate cases (Alonso et al., 2017). Monogenic disorders causing 

metabolic disease are thought to contribute to 10-28% of these cases (Hegarty et al., 2015, 

Squires et al., 2006) and are thought to be more likely in younger children or infants (Nicastro 

and D'Antiga, 2018).  

 

4.1.1 Improving diagnostic yield in paediatric ALF 

 

Biallelic variants of varying evidence for pathogenicity were identified in 8 / 41 (20%) children 

in whom targeted sequencing was carried out. Their median age at presentation was 2.5 years 

of age. Six children presented with one episode of ALF whilst 2 children suffered from 

recurrent ALF. Liver transplantation was performed in 5 children. All children who were 

followed up are alive. The genes involved were those that maintain mitochondrial DNA 

(TWNK, MPV17, SUCLG1 and POLG), carry out mitochondrial energy production (DLD) and 

intracellular protein transport (NBAS). Most of the variants were missense variants although 

insertions were found in two patients (patients #3 and #9). 

 

After sequencing, the genetic information was compared against the disease phenotype and 

thought to provide the diagnosis with confidence in 5 (patients #3, #8, #9, #17 and #18). 

However, in others the significance of the genetic findings was less clear. In patient #1, PDH 
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enzymology using skin fibroblasts demonstrated normal enzyme activity going against a 

diagnosis of DLD deficiency. Furthermore, in patient #19, repeat profiles of plasma 

acylcarnitines suggested that the carnitine transporter was not impaired. A possible 

interpretation of these results is that susceptibility to ALF was increased genetically but the 

variants were not the cause of a monogenic disease.  

 

In 33 children, biallelic variants were not identified. However, 60 monoallelic variants were 

identified in 27 children. The phenotypes of those children found to have a variant that could 

lead to nonfunctional allele were, subsequently, interrogated further. These variants were 

observed in: patient #2, c.441+1G>A, p.? in NPC2; patient #6, c.278_279insC, p.Pro94Thrfs*8 

in ETFB; patient #17, c.465delT, p.His156Thrfs*5 in NPC2. However, without functional 

studies to look specifically at the impact of these variants, it was not possible to state beyond 

the fact that the variant may have contributed in risk to ALF.  

  

These findings demonstrate that genetic sequencing was successful in identifying causative 

variants in genes known to cause ALF in children from a historical group admitted to KCH. 

Traditionally, as much as half of cases of children with ALF were undiagnosed (Squires et al., 

2006) whilst more recent figures are nearer to 30% (Alonso et al., 2017). However, these 

figures are quoted from clinical experiences based on the era prior to widespread use of NGS 

not accounting for more recently identified aetiologies such as those caused by variants in 

NBAS, LARS and RINT1 (Cousin et al., 2019, Haack et al., 2015, Casey et al., 2012). Therefore, 

in the future diagnostic rates will be expected to improve further. The challenges will be 

around determining the pathogenicity and relevance of the genetic findings with enough 

confidence to influence therapeutic decision making. 

 

 

4.1.2 Mitochondrial DNA depletion syndromes and ALF 

 

Mitochondrial DNA depletion syndromes  are caused by nuclear gene defects affecting genes 

responsible for the maintenance and replication of the mtDNA (Davison and Rahman, 2017). 

Liver transplantation for MDS is controversial because of the possibility of offering an organ 

transplant to a child with a multi-systemic, life-limiting disorder. In this work, 3 children were 
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found to have compound heterozygous or homozygous variants in mtDNA maintenance 

genes all of whom received LT and are alive at follow up. In a series of 29 patients with MPV17-

associated hepatocerebral MDS, LT was performed in about 40% in whom half died 

afterwards (El-Hattab et al., 2010). It has been suggested that the degree of mtDNA depletion 

in the most commonly identified p.Arg50Gln, missense variant may result in a milder severity 

of the disease whilst nonsense, splice site and frameshift variants and deletions lead to death 

in infancy or early childhood (El-Hattab et al., 2010). In POLG-associated MDS, progressive 

neurological deterioration ensues even if they were to survive with LT (Tzoulis et al., 2006, 

Wong et al., 2008, Rahman and Copeland, 2019). There are no published reports of LT in 

TWNK or SUCLG1 deficiency. 

 

The increasing use of NGS will be accompanied by an increase in the number of reported 

variants of potential pathogenicity. Genotyping is far from providing the phenotypic clarity 

that is required for therapeutic decision making in MDS – one of the risks is the possibility of 

over-interpretating genotypic information. This will be particularly relevant to MDS where LT 

may be contraindicated. Therefore, conventional biochemical and enzymatic tests should, for 

the time-being, continue to be carried out in parallel to help complement the genetic findings. 

In the future, it may be possible to consider gene therapy as a treatment option (Rahman and 

Copeland, 2019). 

 

4.1.3 Rapid sequencing for ALF 

 

Targeted, as well as exome sequencing have been successful in identifying molecular 

diagnoses in children with rare diseases (Sawyer et al., 2016, Wright et al., 2015). However, 

genome sequencing using trio testing is being used with superior diagnostic rates and cost-

effectiveness (French et al., 2019, Mestek-Boukhibar et al., 2018). Children with ALF pose 

specific challenges due to the short time frame between presentation to therapeutic decision 

making as they can lose hepatic function within days (Squires et al., 2006, Hegarty et al., 2015). 

Therefore, a short time frame to results is critical to its practical application.  
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Efforts to develop rapid NGS pipelines for neonatal and paediatric intensive care patients has 

shown some early promise. A genome sequencing study carried out in the UK demonstrated 

a mean turnaround time of around 11 days from library preparation to analysis of candidate 

genes using specific, fast data processing software for variant mapping and calling and a tiered 

approach in the analysis of genes (French et al., 2019, Mestek-Boukhibar et al., 2018). It has 

even been possible to arrive at molecular diagnosis in as short as 50 hours. This was achieved 

by: 1) manufacturer reconfiguration of the sequencer; 2) 24-hour availability of laboratory 

staff for sequencing and; 3) use of a specific, clinicopathological correlation tool to narrow 

down the candidate genes (Saunders et al., 2012, van Diemen et al., 2017). This shows 

promise for the application of NGS to reach a diagnosis in paediatric ALF in time to help make 

therapeutic decisions. Future efforts should concentrate around building the appropriate 

technology, infrastructure and resources to reduce the turnaround time even further in order 

maximise its clinical utility.  

 

4.1.4 Limitations  

 

This work has some limitations. Targeted sequencing did not identify a molecular diagnosis in 

80% of the cohort. The reasons for this can be divided into biological factors where the 

patient’s DNA was, in fact, free of disease-causing variants and a molecular diagnosis was not 

to be made or technical factors where a molecular diagnosis was to be made but was 

somehow missed. 

 

Biological factors 

• A significant proportion of those who remained indeterminate after sequencing may 

not have a monogenic aetiology as ALF is a condition with a wide range of underlying 

causes. Currently, there are no reliable, clinical indicators to help identify those who 

may have a monogenic disorder versus those who do not although in the publication 

related to this research, younger age and worse clinical outcome characterised the 

biallelic group (Hegarty et al., 2021). 

• It is also possible that the current, targeted sequencing method was not able to 

capture the causative gene because the disease-causing gene was not included in the 
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design in the first place. As stated in section 1.4.1, the aim of this research was to 

identify known, monogenic causes of ALF in a historical cohort of children in whom 

the diagnosis may have been missed. Given that over 180 novel genes are added to 

the list of disease-causing genes each year (Directors, 2015), it is likely that there are 

still undiscovered, monogenic causes of ALF that are yet to be described.  

 

Technical factors 

• Targeted NGS analyses specific genomic ROI which are isolated by magnetic pulldown 

during the library preparation stage. It has a robust workflow that can reliably 

sequence many genes (50 – 100) with ample read depth to make interpretation and 

generation of a final report manageable within a reasonable timeframe. However, on 

the other hand, coverage outside the coding regions is lacking in targeted NGS. 

Therefore, the main pitfall is the exclusion of introns including promotor and enhancer 

variants escaping interpretation. In this work, it is possible that even amongst the 

genes in which monoallelic variants were detected, a second intronic variant in trans 

may have been present. 

• Although the capture efficiency and depth of coverage was good overall (section 3.1.1), 

varying GC content, small and variable DNA fragment sizes and the presence of 

repetitive sequences can all contribute to inconsistent coverage and variants being 

missed. The effects of this are over- or underrepresentation of certain sequences and 

may require additional sanger sequencing to fill the regions missed. Further biases 

could be introduced due to preferential enrichment of the reference allele which is 

used to design the capture probe (De Cario et al., 2020). Additionally, CNVs and large 

genomic rearrangements may be missed in short-read sequencing. 

• The genetic interpretation carried out in this work assumed an autosomal recessive 

Mendelian inheritance pattern, the usual mode of inheritance of the conditions that 

were tested for. However, alleles for a given trait can be complicated by interactions 

between different genes or inconsistent inheritance patterns. For instance, 

penetrance as defined by the proportion of individuals in a population who carry a 

specific gene and express the related trait of a disease may not be 100%. Furthermore, 

individuals with the same genotype can also show different degrees of the same 

phenotype due to variable expressivity. Therefore, genotype-phenotype associations 
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can be difficult to predict without understanding genetic regulation and its molecular 

mechanisms. 

 

4.2 Functional characterisation of NBAS deficiency 

 

4.2.1 Stress treatment 

 
Acute liver failure secondary to NBAS deficiency can be considered as the archetypal form of 

ALF where there is rapid and significant derangement in AST and ALT, typically, in the tens of 

thousands (Chavany et al., 2020, Calvo et al., 2017). This is accompanied by a sharp rise in INR 

ranging between 4 to 20 (Chavany et al., 2020). Fever is the typical trigger and glucose infusion 

for the patient is advocated as a supportive treatment measure (Chavany et al., 2020, Ono et 

al., 2019, Haack et al., 2015). In this work, attempts to mimic the biology of NBAS deficiency 

were made by placing fibroblasts obtained from affected patients and placing them under 

stress. This included incubating the cells at 40 °C as well as removing glucose from the culture 

medium and measuring their effects on cell viability. Under thermal stress, control cells 

demonstrated a higher cell viability at 40 °C in the 500 cells/well experiment but this did not 

amount to statistical significance and was not observed in the 1000 and 2000 cells/well 

experiments. Under glucose deprivation, cell viability increased in all cell lines except for 

NBAS3.  

 

Western blot was performed on protein extracts from NBAS 1-4. This demonstrated multiple, 

non-specific bands suggesting interaction of the antibody with multiple proteins with similar 

epitopes. Samples from NBAS1 and NBAS2 did not show a band at the expected molecular 

weight of 268 kDa whilst those from HFF1, NBAS1, NBAS3 and NBAS4 did. 

 

These results provided an insight into the pathobiology of NBAS deficiency - that the 

application of stress by heat and deprivation of glucose impaired cell viability in patient cells 

compared to controls although it was not a consistent finding across all experimental 

conditions. Therefore, it was not possible to conclusively demonstrate in vitro replication of 

the liver phenotype of NBAS deficiency. Further studies using alternate methods to assay cell 
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proliferation will be required such as those that measure metabolic activity or ATP assays 

(Espinosa et al., 2021, Adan et al., 2016). Furthermore, it may be possible to ascertain whether 

the trigger of ALF is fever or an infection by carrying out these assays following inoculation of 

the affected cells with a virus at 37 °C. With such insights it may be possible to direct 

treatment in the future for those affected. 

 
 

4.2.2 Nonsense mediated decay 

 
The NBAS gene is the human ortholog of a highly conserved gene smgl-1 identified by BLAST 

searches (Altschul et al., 1997). Published literature on human disease caused by NBAS 

deficiency allude to the possibility of a disruption in NMD leading to disease (Staufner et al., 

2016, Haack et al., 2015). However, evidence is lacking to substantiate this. Furthermore, 

human disease caused by NBAS deficiency is usually seen as a disease that primarily affects 

the liver without neurological involvement. This is contrary to diseases that are caused by 

disrupted NMD which are usually multisystemic and involves the neurological system because 

of the broad way in which NMD controls gene expression (Pawlicka et al., 2020).  

 

GADD45A and GADD45B are genes implicated in stress signalling. They interact with other 

cellular proteins implicated in cell cycle regulation and response to stress resulting in cell cycle 

arrest, DNA repair, cell survival and senescence, or apoptosis (Liebermann and Hoffman, 

2008). More specific and recent data suggest the role of GADD45A in epigenetics by binding 

to R-loops which are DNA-RNA hybrids that can regulate chromatin states (Arab et al., 2019). 

In doing so it mediates DNA demethylation. It has a unique property of being expressed in 

low quantities at steady state regulated by NMD in both fruit flies and mammals (Viegas et 

al., 2007, Hwang and Maquat, 2011). It has been shown to increase its expression upon 

knockdown of the NMD factor, UPF-1, confirming that it is sensitive to NMD (Nelson et al., 

2016). Therefore, it can act as a model to study NMD (Morris et al., 2007, Kurosaki et al., 2014, 

Nelson et al., 2016). 

 

In this work, fibroblasts obtained from the skin from two patients known to be affected by 

NBAS deficiency were used to delineate their involvement in NMD. They were from patients 
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NBAS1 and NBAS2 in whom the homozygous variants c.exons 17-19 dup, p.? and 

c.4731_4733dup, p.Tyr1578dup were detected, respectively (Table 2-3). In both cases, the 

variants are significant: NBAS1 may produce protein but likely to be non-functional (as a 

duplication of 372 nucleotides will not alter the reading frame) and NBAS2 is likely to result 

in no protein formation in the presence of NMD (or disrupted protein in the absence of NMD). 

The RT-qPCR experiments demonstrated that the expression of both GADD45A and GADD45B 

was not elevated in comparison to controls. This goes against the previous suggestions that 

disease causing mutations in NBAS may disrupt NMD (Staufner et al., 2020, Staufner et al., 

2016, Rius et al., 2019, Ono et al., 2019, Li et al., 2017, Haack et al., 2015, Chavany et al., 2020, 

Carli et al., 2019, Capo-Chichi et al., 2015, Calvo et al., 2017). 

 

However, it must be borne in mind that there are limitations in the use of commercially 

obtained human foreskin fibroblasts. The conditions in which these cells were cultured and 

stored as well as their senescence may not be consistent with the patient cells. It is possible 

that such differences had an influence on the results on GADD45A and GADD45B expression 

levels. Another limitation is that foreskin fibroblasts may not be representative of NMD 

activity in the liver. Fibroblasts are commonly used in experiments to study physiological 

conditions at cellular level (Nadalutti and Wilson, 2020). It has been used, for instance, to 

study the expression of NMD factors in cytoplasmic stress granules where mRNA regulation 

occurs under genotoxic stress (Brown et al., 2011). However, it remains a possibility that 

fibroblasts from skin and their response to stress are not fully representative of hepatocytes. 

Variation in NMD efficiency has been demonstrated in murine models where up to a two-fold 

difference in NMD activity occurred depending on the organ evaluated (Zetoune et al., 2008). 

 

Additionally, more recent evidence suggests that there may be an ER-specific NMD pathway 

regulated by NBAS that encode for the secretome or membrane-associated genes that lead 

to neurodegeneration when disrupted (Longman et al., 2020). However, there are a few 

considerations that need to be taken into account before accepting this hypothesis by 

Longman et al in entirety. 

 

1. NBAS deficiency can manifest as a single organ, hepatic disease (0). Human disease 

that affect NMD are usually multisystemic so it seems unlikely that there is a disease 



98 
 

process in NBAS deficiency that fully disrupts NMD. Certainly, a localised ER-specific 

NMD pathway that affects the secretome but not the wider transcriptome is plausible. 

 

2. With relevance to the GADD45A and GADD45B experiments carried out in this work, 

it seems unlikely that GADD45A and GADD45B are part of this ER-specific NMD 

pathway given that its expression is in the nucleus and function related to chromatin 

states and demethylation (https://reactome.org/). Therefore, whilst this work 

suggested that NMD is not disrupted it is still plausible that there is a more localised 

NMD pathway separate to GADD45A and GADD45B expression. 

 

3. Finally, there are limitations to experiments carried out by Longman et al using: 1) 

HeLa cells such as cross-contamination, false cell lines and genetic drift (Masters, 

2002) and 2) C elegans in which NMD is not essential (Longman et al., 2013). An in 

vitro model using induced pluripotent stem cells derived hepatocytes from patients 

may offer the possibility to model the human disease further (Lenz et al., 2019, Ng et 

al., 2018). 

 

The following approaches may be considered in the future to add further evidence to the 

experiments carried out in this work. 

 

1. GADD45A and GADD45B are the most frequently cited endogenous NMD targets 

(Kurosaki et al., 2014, Kurosaki et al., 2019). However, it is possible that GADD45A and 

GADD45B do not use NBAS in their decay pathway. Alternative genes that 

demonstrate similar properties may be used to provide further evidence such as TBL2 

and NAT9 (Viegas et al., 2007). 

 

2. The fibroblasts used in this work were obtained from patients NBAS1 and NBAS2 both 

of whom were considered as having single organ disease. Therefore, it is possible that 

NMD was not disrupted in fibroblasts in these particular patients. Given that NBAS 

deficiency can also manifest as a multisystemic phenotype named SOPH syndrome 

(MIM 614800), repeating the experiments from fibroblasts obtained from patients 

with SOPH syndrome may provide alternative results. 

https://reactome.org/
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3. Alternative approaches of detecting targets of NMD may be used such as   

investigating the transcriptome by RNA sequencing (Nguyen et al., 2012). In another 

approach, decay rates of transcripts or mRNA half-lives were determined by 5'-bromo-

uridine immunoprecipitation chase - deep sequencing analysis (BRIC-seq) (Tani et al., 

2012). 

 
4. Finally, another experimental approach is the use of human induced pluripotent stem 

cell (iPSC) derived hepatocytes as a disease model. This has the advantage of 

overcoming any biological differences in NBAS that may exist between hepatocytes 

and fibroblasts. Furthermore, the iPSC line can be generated from affected patients 

or from CRISPR/Cas9 edited human iPSC by gene knockout or knock-in, gene 

interference or activation (Ran et al., 2013). These cells can exhibit phenotypes close 

to human pathology and represent a disease model this clinically relevant (De Masi et 

al., 2020). 
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5 FINAL CONCLUSION  

 
This work demonstrated the benefits of using NGS in reaching a diagnosis in children with ALF. 

Functional studies employed to elucidate the pathobiology of NBAS deficiency showed that 

NMD was intact, but unfortunately, failed to replicate the effects of stress, in vitro. Despite 

these results, the pursuit to understand the pathobiology of NBAS deficiency should continue: 

not only because of the possibility to provide insights to treatment in NBAS deficiency but to 

understand ALF in a broader sense given the archetypal ALF phenotype that NBAS deficiency 

represents. The knowledge gained in studying NBAS deficiency is likely to be applicable to 

other causes of ALF. 

 

From a diagnostic perspective, the discovery of NBAS deficiency in 2015 paved the way to the 

discovery of several other novel monogenic causes of ALF. This was achieved by use of exome 

sequencing technology and multicentre collaboration studies. Nonetheless, as our 

understanding of variations within the coding DNA improves the rate of gene discovery in rare 

diseases may be reaching a plateau. The focus is now shifting towards the completeness of 

the genetic diagnostic evaluation including variations that occur in non-coding regions and 

the role of gene expression regulators. Whole genome sequencing can close some of this gap 

but in the future, it is likely to be a combination of tests that be required.  

Progress is still required for the clinical application of NGS in children with ALF, a rapidly 

progressive condition with devastating complications. Firstly, the timeframe required to 

reach a molecular diagnosis is still too long to influence clinical decisions regarding redirection 

of care, LT and specialised treatments. Furthermore, the molecular diagnosis must be 

supported with sufficient phenotypic evidence so that clinical decisions can be made with 

confidence. Future efforts should focus on overcoming these challenges by close inter-

disciplinary working between hepatologists and geneticists so that accessibility and 

incorporation of genomic data into clinical care be maximised. Until then conventional 

diagnostic tests should continue be carried out in conjunction with genetic sequencing. This 

work provides a basis towards a future with more informed and individualised therapeutic 

decision making for children affected by ALF where NGS-based, diagnostic evaluation will 

become the standard of care. 
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APPENDIX A Diagnostic work up for children presenting with ALF 
(subject to age of patient and suspected aetiology) 

 
Condition Tests 

Autoimmune hepatitis 

Autoantibody test (anti-nuclear antibody ≥1:40, anti-smooth 
muscle antibody ≥1:20, anti-liver-kidney microsomal antibody 
≥1:20) 
Elevated immunoglobulin levels 

Hepatitis A, B, C and E Serology and / or polymerase chain reaction (PCR) 

Viral infections Positive IgM antibody and / or PCR 

Wilson disease 
Ceruloplasmin 
24-hour urinary copper excretion 

Alpha-1-antitrypsin 
deficiency  

Alpha-1-antitrypsin isoelectrophoresis 

Gestational alloimmune 
liver disease 

Iron studies 
Lip biopsy for iron deposition 

Hemophagocytic 
lymphocytic Histiocytosis 

Perforin 
Soluble CD25 
Bone marrow aspiration 

Galactosemia Galactose-1-phosphate uridylyltransferase enzymology 

Urea cycle defects 
Plasma amino acid 
Urine orotic acid 

Organic acidemias Urine organic acid 

Fatty acid oxidation 
defects 

Acylcarnitine profile 
Fatty acid flux studies using cultured skin fibroblasts 

Mitochondrial enzyme 
defect 

Respiratory chain enzymology from muscle and / or liver biopsy 
 

Tyrosinemia 
Urine organic acids 
Plasma amino acids 

Niemann-Pick C disease 
Chitotriosidase 
Filipin staining on cultured skin fibroblasts 

Congenital disorder of 
glycosylation 

Transferrin isoelectrophoresis 

Peroxisomal disorders Very long chain fatty acids 

Dihydrolipoamide 
dehydrogenase deficiency 

Pyruvate dehydrogenase enzymology using cultured skin 
fibroblasts 

Drugs and toxins Urine toxicology  
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APPENDIX B Paediatric ALF gene panel 
 
 

Gene Description 

ACAD9 Acyl-CoA Dehydrogenase Family Member 9 

ACADM Acyl-CoA Dehydrogenase Medium Chain 

ACADS Acyl-CoA Dehydrogenase Short Chain 

ACADVL Acyl-CoA Dehydrogenase Very Long Chain 

ALDOB Aldolase, Fructose-Bisphosphate B 

ALG6 ALG6 Alpha-1,3-Glucosyltransferase 

ALG8 ALG8 Alpha-1,3-Glucosyltransferase 

ARG1 Arginase 1 

ASL Argininosuccinate Lyase 

ASS1 Argininosuccinate Synthase 1 

BCKDHA Branched Chain Keto Acid Dehydrogenase E1 Subunit Alpha 

BCKDHB Branched Chain Keto Acid Dehydrogenase E1 Subunit Beta 

BCS1L BCS1 Homolog, Ubiquinol-Cytochrome C Reductase Complex Chaperone 

CPS1 Carbamoyl-Phosphate Synthase 1 

CPT1A   Carnitine Palmitoyltransferase 1A 

CPT2 Carnitine Palmitoyltransferase 2 

DBT Dihydrolipoamide Branched Chain Transacylase E2 

DGUOK Deoxyguanosine Kinase 

DLD Dihydrolipoamide Dehydrogenase 

GFM1 G Elongation Factor Mitochondrial 

TUFM Tu Translation Elongation Factor, Mitochondrial 

EIF2AK3 Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3 

ETFA Electron Transfer Flavoprotein Subunit Alpha 

ETFB Electron Transfer Flavoprotein Subunit Beta 

ETFDH Electron Transfer Flavoprotein Dehydrogenase 

FAH Fumarylacetoacetate Hydrolase 

FARS2 Phenylalanyl-TRNA Synthetase 2, Mitochondrial 
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GALE UDP-Galactose-4-Epimerase 

GALT Galactose-1-Phosphate Uridylyltransferase 

GBE1 1,4-Alpha-Glucan Branching Enzyme 1 

GLDH L-galactono-1,4-lactone dehydrogenase, mitochondrial 

GLS Glutaminase 1 

GSK3B Glycogen Synthase Kinase 3 Beta 

HADHA 
Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme Complex 

Subunit Alpha 

HADHB 
Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme Complex 

Subunit Beta 

HMGCL 3-Hydroxy-3-Methylglutaryl-CoA Lyase 

HMGCS2 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2 

LARS Leucyl-TRNA Synthetase 1 

LIPA Lipase A, Lysosomal Acid Type 

MGAT2 Alpha-1,6-Mannosyl-Glycoprotein 2-Beta-N-

Acetylglucosaminyltransferase 

MPI Mannose Phosphate Isomerase 

MPV17 Mitochondrial Inner Membrane Protein MPV17  

MRPS16 Mitochondrial Ribosomal Protein S16 

NBAS Neuroblastoma-amplified sequence 

NPC1 NPC Intracellular Cholesterol Transporter 1 

NPC2 NPC Intracellular Cholesterol Transporter 2 

OTC Ornithine Carbamoyltransferase 

PEX1 Peroxisomal Biogenesis Factor 1 

PMM2 Phosphomannomutase 2 

POLG DNA Polymerase Gamma, Catalytic Subunit 

SCO1 Synthesis Of Cytochrome C Oxidase 1 

SCYL1 SCY1 Like Pseudokinase 1 

SLC22A5 Solute Carrier Family 22 Member 5 – transports carnitine 

SLC25A13 
Solute Carrier Family 25 Member 13 – transports aspartate/glutamate at 

the mitochondrial inner membrane  
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SLC25A15 
Solute Carrier Family 25 Member 15 – transports ornithine across the 

inner mitochondrial membrane 

SLC25A20 
Solute Carrier Family 25 Member 20 – carnitine-acylcarnitine translocase 

that transports long-chain acylcarnitines 

SMPD1 Sphingomyelin Phosphodiesterase 1 

SUCLG1 Succinate-CoA Ligase GDP/ADP-Forming Subunit Alpha 

TALDO1 Transaldolase 1 

TMEM70 Transmembrane Protein 70 

TRMU Ts Translation Elongation Factor, Mitochondrial 

TSFM Ts Translation Elongation Factor, Mitochondrial 

TWNK Twinkle MtDNA Helicase 

TYMP Thymidine Phosphorylase 

 

Appendix B 1. Genes included in the paediatric, ALF, 64-gene panel (designed in 2018). 
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APPENDIX C Primer sequences  
 

 

Appendix C 1. Primer sequences and UPL probes used for Ex17 to Ex19 duplication analysis 

in patient #2. 

 

 

 

Appendix C 2. Primer sequences used for GADD45A and GADD45B mRNA and pre-mRNA 

and GAPDH. 

Gene Forward primer Reverse primer UPL 

probe 

NBAS Ex17 A  tgttgtaagatgtcatggattctg ggatcgcttctttattttactctgc 6 

NBAS Ex17 B  gacctggaggctcttttagca  ttctgtaaccaacctgccatc  68 

NBAS Ex19 A  ggcctaacatagttattcaaaacagg ccgtctacaacggcaaagtt 47 

NBAS Ex19 B  ccaattatgttcatttgatctgtcat cccagaaaaatagttctaaagaccaag 46 

BSEP Ex15 A gaaagggtggatgctctcag agccctaactggaaagctcat 16 

BSEP Ex15 B gagggaaaacccaatgtcaa tcctgcacagagaagcactg 83 

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) Temp. 

GADD45A mRNA ggaggaattctcggctggag cgttatcggggtcgacgtt 60 

GADD45A pre-mRNA ttgcagggaacccaactacc tccttccattgagatgaatgtgg 60 

GADD45B mRNA ttgtctcctggtcacgaacc tgtggcagcaactcaacaga 60 

GADD45B pre-mRNA gatgaatgtgtgagtcagacc gcagacgatacatcaggatac 64 

GAPDH gtcgccagccgagccacatc ccaggcgcccaatacgacca 60 
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APPENDIX D Publications related to this work  
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Oral presentations 

 

Hegarty R, Sambrotta M, Gibson P, Strautnieks S, Foskett P, Grammatikopoulos T, Thompson 

RJ. Study of acute liver failure in children using next generation sequencing technology. 

BSPGHAN Annual Meeting, January 2020, Brighton, UK. Alex Mowat prize.  

 

Hegarty R, Iansante V, Huang Z, Si T, Grammatikopoulos T, Thompson R. Acute liver failure in 

NBAS deficiency: characterisation of pathobiology using fibroblasts from affected patients. 

BSPGHAN Annual Meeting, April 2022, Birmingham, UK.  

 
Poster presentations 
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AASLD Annual Meeting, November 2019, Boston, USA. Poster of distinction.  
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