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Abstract 

To identify novel genetic causes of growth failure, I developed a unique, targeted whole gene panel 

for rapid and accurate genetic testing of patients with short stature and features of Growth 

Hormone Insensitivity (GHI) or unexplained short stature. This included 64 genes of interest, 

including those in the GH-IGF1 pathway and genes linked to conditions with overlapping features. 

In parallel, I also assessed these patients for copy number variants. Using custom bioinformatic 

pipelines to filter these data sets and a variety of in silico prediction programs, I identified interesting 

novel genetic defects in both known and candidate growth genes. I then performed functional 

analysis of these defects to determine if they affected gene structure/function and could explain 

the patient phenotype.  
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I identified several novel splicing mutations in the Growth Hormone Receptor (GHR) causing a 

spectrum of GHI. These include a novel mutation deep within intron 6 GHR that leads to mis-splicing 

and pseudoexon inclusion. Pseudoexon inclusion leads to frameshift of the GHR and thus causes a 

non-functional Growth Hormone Receptor and severe GHI. I discovered two novel heterozygous 

GHR mutations in patients with milder GHI phenotypes. These mutations both led to mis-splicing of 

exon 9 of the GHR and act in a dominant negative effect on the GHR, reducing the efficacy of 

signalling and explaining their milder phenotypes. I identified a rare novel heterozygous IGF1 variant 

that I hypothesised would impair IGF-1 cleavage causing functional IGF-1 deficiency. Our patient 

cohort was enriched for low frequency CNVs, particularly in patients with subtle features of Silver 

Russell Syndrome. This is the first study to assess CNVs in patients with GHI. From my CNV analysis, 

I identified CHD1L and HMGA2 as key candidate growth genes and functionally assessed several 

patient variants identified within our cohort. 
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Chapter 1. Introduction  

 

 

1.1 The GH-IGF-1 axis 

1.1.1 Overview  

The growth hormone-insulin-like growth factor-1 (GH-IGF-1) axis is essential for normal postnatal 

human growth (Figure 1.1).  

 
Figure 1.1 Overview of the GH-IGF-1 axis in humans 
 

 

GHRH, Growth Hormone Releasing Hormone; GH, Growth Hormone; GHBP, Growth Hormone 
Binding Protein; JAK2, Janus kinase 2; STAT5B, Signal Transducer and Activator of Transcription 5B; 
IGF-1, Insulin-like growth factor 1; IGFBP3, IGF-binding protein 3; ALS, Acid Labile Subunit. GHRH 
released from the hypothalamus stimulates the release of GH from the anterior pituitary gland. GH 
circulates bound to GHBP then binds to the GHR. This binding triggers an intracellular signalling 
cascade which results in the release of IGF-1. IGF-1 circulates bound in a ternary complex with ALS 
and one of the IGFBPs (most commonly IGFBP3). Being bound in this ternary complex increases the 
half-life of IGF-1 and its stability in the circulation. Free (unbound) IGF-1 binds to the IGF1R and 
ultimately results in normal linear growth. Somatostatin has an inhibitory effect on GH release. 
However, this diagram represents a simplified version of the GH-IGF-1 axis and in fact GH and IGF-1 
have multiple actions on human physiology, both direct and indirect. Original figure. 
 
 
Growth hormone (GH) is secreted in a pulsatile fashion from the pituitary somatotroph cells under 

the positive and negative influence of hypothalamic hormones GH-releasing hormone (GHRH) and 
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somatostatin, respectively. The presence of ghrelin stimulates GHRH and thus GH release. 

Adipocytes inhibit GH secretion, both via leptin-mediated somatostatin secretion and by the direct 

effect of free fatty acids (FFAs) on the pituitary somatotrophs. GH acts on numerous cell types, 

tissues and organs, but its main targets for growth are the liver and the epiphyseal plates in the long 

bones and spine (1). Growth Hormone Binding Protein (GHBP) binds around 50% of the circulating 

GH and prolongs the half-life of GH, therefore serving as its buffer; however, its physiological role is 

not completely understood (2). Binding of GH to the Growth Hormone Receptor (GHR) leads to 

activation of a signalling cascade involving Janus kinase 2 (JAK2) and signal transducer and activator 

of transcription 5B (STAT5B). STAT5B translocates to the nucleus and leads to transcription of key 

genes including those encoding insulin-like growth factor 1 (IGF1), IGF-binding proteins (IGFBPs, of 

which IGFBP3 is the most abundant) and acid labile subunit (ALS), which circulate as a ternary 

complex. IGF1 is cleaved from this ternary complex by proteases, enabling it to bind the IGF-1 

receptor and initiate signal cascades that ultimately promote linear growth. Circulating IGF-1 serves 

as a negative feedback for GH secretion from the pituitary gland (1).  

 

1.1.2 Relationship between GH and IGF-1  

The original “Somatomedin hypothesis” formulated in 1972, proposed that growth was due to the 

direct effect of GH on hepatic production of IGF-1 (then known as Somatomedin C), with the 

resulting circulating increase in IGF-1 exerting growth promoting effects on target tissues such as 

the cartilage and bone (3,4). Whilst the liver is the primary producer of IGF-1, it can also be secreted 

by non-hepatic tissues such as chondrocytes and exert autocrine/paracrine growth promoting 

effects (5). Recent genomic and transcriptomic approaches have demonstrated that IGF-1 mRNA is 

expressed in many human tissues (https://www.ncbi.nlm.nih.gov/gene/3479) (6,7). It is also unclear 

whether IGF-1 production is mediated by GH in other tissues, however administration of GH 

injections into hypophysectomised rats resulted in direct GH regulation of IGF-1 in multiple non-

https://www.ncbi.nlm.nih.gov/gene/3479
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hepatic tissues, including the growth plate and adipose tissues (8–13). Murine models suggest 

important roles for both peripheral and hepatic IGF-1. Liver-specific igf1 knockout mice 

demonstrate normal growth, supporting the role of peripheral IGF-1 (14). However, restoration of 

only hepatic Igf1 expression in igf1-/- mice was sufficient to induce normal growth. These studies 

demonstrated that in the absence of tissue IGF-1, elevated serum levels of IGF-1 can support normal 

body size at puberty and beyond, although not normal female reproductive function. This suggests 

that the majority of autocrine/paracrine actions of IGF-1 that determine organ growth and function 

can be compensated by elevated levels of circulating IGF-1 (15).  

 

GH and IGF-1 also appear to have additional independent functional roles. GH has been shown to 

have complex IGF-1-independent anabolic effects. It is recognised that IGF-1 can be regulated 

independent of GH, for example during in utero growth (16). These findings suggest that the growth 

promoting effects of GH and IGF-1 are not as straightforward as the original ‘Somatomedin 

hypothesis’ and our understanding of the complex and diverse roles of GH and IGF-1 is expanding. 

Several revisions to the original hypothesis have been proposed (17,18). However, it remains clear 

that both GH and IGF-1 play crucial roles in normal human linear growth. 

 

1.1.3 The Growth Hormone Receptor (GHR) 

 

 

1.1.3.1  The Growth Hormone Receptor (GHR) gene  

 

The Growth Hormone Receptor (GHR) is encoded by the GHR gene which is located on chromosome 

5 and consists of ten exons, nine of which are protein-coding. Multiple GHR transcripts are 

generated from the GHR gene, with human full-length GHR mRNA widely distributed in human 

tissues. The two main forms are full-length GHR (GHRfl) and the common GHR variant that lacks 
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exon 3 (GHRd3). The GHRd3 isoform is the result of a genomic level deletion that causes an in-frame 

alteration to the extracellular domain resulting in an isoform that may be more sensitive to GH than 

wild-type GHR (19). The coding sequence and translated amino acid sequence for full length GHR 

are shown below in Figure 1.2 and Figure 1.3, respectively. The coding sequence and translated 

amino acid sequence for GHRd3 are shown below in Figure 1.4 and Figure 1.5, respectively. 

 

Figure 1.2 The coding sequence of the full length GHR gene (GHRfl)  

 

This base sequence was generated using GHR sequence available on Ensembl37 Genome Browser 
(http://grch37.ensembl.org/index.html). Each exon of the GHR is indicated by a different colour, as 
explained in the key at the bottom of the image.  
 

Figure 1.3 Translated full length GHR amino acid sequence  

 
 

This sequence was generated using GHR sequence available on Ensembl37 Genome Browser 
(http://grch37.ensembl.org/index.html) and translated into amino acids using Bioedit Sequence 
Alignment Editor (20).  
 
 

http://grch37.ensembl.org/index.html
http://grch37.ensembl.org/index.html
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Figure 1.4 The coding sequence of the GHR variant lacking exon 3 (GHRd3 isoform)

 

This base sequence was generated using GHR sequence available on Ensembl37 Genome Browser 
(http://grch37.ensembl.org/index.html) 
 
 
Figure 1.5 Translated amino acid sequence of the GHRd3 isoform 

 

GHR, Growth Hormone Receptor. Exon 3 consists of 66 bases which translates into 22 amino acids, 
meaning this isoform is 22 amino acids shorter than the full length GHR protein. This sequence was 
generated using GHR sequence available on Ensembl37 Genome Browser 
(http://grch37.ensembl.org/index.html) and translated into amino acids using Bioedit Sequence 
Alignment Editor (20).  
 
 
1.1.3.2 GHR protein structure 

 

The GHR is a homodimeric, cell-surface, transmembrane protein, and is a member of the class I 

cytokine receptor family, which includes more than 30 receptors such as the prolactin receptor 

(PRLR) and the erythropoietin receptor (EPOR) (21). The protein structure of the GHR is shown in 

Figure 1.6. Exons 2 to 10 encode for a prepeptide of 638 amino acid residues. The first 18 amino 

http://grch37.ensembl.org/index.html
http://grch37.ensembl.org/index.html
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acids comprise the signal peptide, which is proteolytically removed upon the insertion of the 

receptor into the plasma membrane. The mature GHR protein, 620 amino acids in length, is 

comprised of three domains: an extracellular domain encoded by exons 2 to 7 (246 amino acids), a 

transmembrane domain encoded by exon 8 (24 amino acids) and the intracellular domain  encoded 

by exons 8, 9 and 10 (350 amino acids) (21). 
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Figure 1.6 Protein structure of the GHR  

 

GHR, Growth Hormone Receptor. Overview of GHR structure showing the key regions and amino 
acid regions (22). The signal peptide (amino acids 1-18) is proteolytically removed upon the insertion 
of the receptor into the plasma membrane so is not included in this visual (21). Amino acids 19-262 
of the GHR make the extracellular domain, 263-288 the transmembrane domain and 289-638 the 
intracellular domain. 
 
 
The GHR has two main recognised functions – the creation of Growth Hormone Binding Protein 

(GHBP) and GH signalling.  
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1.1.3.3  GHBP  

 
Growth Hormone Binding Protein (GHBP) is cleaved from the extracellular domain of the GHR in a 

process known as ‘receptor ecto-domain shedding’ (23). GHBP was first identified in human serum 

in 1986, but regulation of this shedding is not fully understood (24,25). In humans, GHBP can be 

cleaved by the metalloproteinase TNF-converting enzyme (TACE) and circulates in the bloodstream 

(2). Physiological factors including platelet-derived-growth factor and serum also induce GHBP 

shedding (26). The concentration of circulating GHBP is thought to reflect GHR expression status. 

GHBP binds ~50% of the circulating GH and prolongs the half-life of GH, therefore serving as a 

‘buffer’; however, its physiological role is incompletely understood (2). Recently identified dominant 

negative mutations affecting exon 9 of the GHR have been shown to increase GHBP levels and result 

in GH sequestration and a reduction in GHR signalling. Preventing this GHBP sequestration could 

therefore be a novel therapeutic target for this subset of patients (27).       

 

The dimerised GHR has been found to be resistant to proteolysis so GHBP shedding cannot occur 

(28). However, the presence of GH is required for the interaction between the GHR and TACE to 

occur (29). The cleavage of GHBP from the GHR may be a mechanism of downregulating GHR 

function as, without the extracellular domain, the receptor is expected to be non-functional in terms 

of GH signalling. However, it is unknown if this remnant receptor possesses any regulatory function, 

as has been reported for other membrane receptors lacking their extracellular domain (30). 

 
 
1.1.3.4 GH signalling via the GHR  

 
The GHR lacks intrinsic kinase activity and therefore relies on the activation of cytosolic Janus kinase 

2 (JAK2) for intracellular signalling. GH binds to a GHR dimer and causes conformational changes 

that activate JAK2 (Figure 1.7). In the inactive state two JAK2 molecules, each bound to a GHR 
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intracellular domain, interact so that the kinase domain of one JAK2 is inhibited by the pseudokinase 

domain of the other JAK2 molecule. GH binding to the GHR extracellular domain causes the 

transmembrane domains to transition from a parallel interaction to a left-handed crossover 

interaction. This causes a separation of the intracellular domains and the associated JAK2 molecules. 

The movement of the JAK2 molecules dissociates the pseudokinase–kinase trans-interaction and 

results in a kinase–kinase trans-interaction and activation (31,32).  

 

Figure 1.7  Activation of the Growth Hormone Receptor by growth hormone 

  

A) The inactive GHR homodimer. B) The conformational changes that occur upon GH binding (32). 
GH binding to the GHR extracellular domain causes the transmembrane domains to change from a 
parallel interaction to a left-handed crossover interaction. This leads to a separation of the 
intracellular domains and the associated JAK2 molecules. This movement of the JAK2 molecules 
dissociates the pseudokinase–kinase trans-interaction and results in a kinase–kinase trans-
interaction and activation. Once activated, JAK2 phosphorylates tyrosines on the intracellular 
domain of the GHR. This enables STAT5B to become phosphorylated, which can then translocate to 
the nucleus. 
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Once activated, JAK2 phosphorylates tyrosines on the intracellular domain of the GHR. Following 

recruitment to activated receptors, the latent cytosolic STAT5B protein is phosphorylated on a single 

tyrosine at position 699 by kinases, including JAK2, which serves to facilitate subsequent 

homodimerization. Active-STAT5 dimers are then translocated to the nucleus, bind DNA, and act as 

transcription factors driving transcription of genes including IGF-1, ALS and IGFBPs (1,21). This 

pathway is depicted in Figure 1.8. 
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Figure 1.8 The intracellular signalling pathway activated by GH binding to the GHR

  

Binding of GH to the Growth Hormone Receptor (in blue) is shown. Y represents the intracellular 
tyrosines of the Growth Hormone Receptor to which phosphates (P) are attached. GH, Growth 
Hormone; JAK2, Janus kinase 2; STAT5B, Signal Transducer and Activator of Transcription 5B. GH 
binding to the GHR initiates conformational changes to the GHR and activation of JAK2 as described 
in Figure 1.7.  Once activated, JAK2 phosphorylates tyrosines on the intracellular domain of the GHR. 
The latent cytosolic STAT5B protein is phosphorylated on a single tyrosine at position 699 by kinases, 
including JAK2, which serves to facilitate subsequent homodimerization. Active-STAT5 dimers are 
then translocated to the nucleus, bind DNA, and act as transcription factors driving transcription of 
genes including IGF-1, ALS and IGFBPs (1,21). Original figure created using Biorender 
(https://app.biorender.com/). 
 
 
 
 

https://app.biorender.com/
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1.1.4 Insulin-like growth factor 1 (IGF-1)  
 
Insulin-like growth factor 1 (IGF-1) is a cellular and secreted growth factor which is essential for 

normal growth, development and maintenance and plays key roles in several biological pathways 

(33–35).   

The IGF1 gene is located on the long arm of chromosome 12 in humans. It is around 80Kb in size and 

is highly conserved in mammals and primates (36). It contains 6 exons but due to several 

transcription initiation sites, alternative splicing and different polyadenylation signals, gives rise to 

multiple IGF1 transcripts with a variety of biological functions (37,38). The composition of these 

multiple transcripts is displayed in Figure 1.9.  

Figure 1.9 IGF1 gene transcripts  

 

Figure showing the exonic make-up of the multiple IGF1 transcripts created by differential splicing. 
Mature IGF1 is encoded by sections B,C, A and D so is the same in all of the transcripts and composed 
of exons 3 and 4. The Signal peptide and E domain have different components in each transcript. 
The 3 class I IGF1 transcripts all contain exon 1, 3 and 4 but differ in their exon 5 and 6 composition. 
They are expressed in all tissues. The class II IGF1 transcript contains exon 2, 3, 4 and 5 and is 
expressed only in the liver and kidney. Modified version of original figure by Dr Vivian Hwa. 
 

There are 2 different classes of IGF1 mRNA variants: class I transcripts have their initiation sites on 

exon 1 (promoter 1), whereas class II transcripts have their initiation sites on exon 2 (promoter 2). 

Differential splicing creates class one (exon 1 and 3) or class 2 (exon 2 and 3) variants. Differential 

splicing also results in variants containing different sections of exon 5 and 6. Class I transcripts are 
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expressed widely in many tissues of the body, whereas class II transcripts are expressed mostly in 

the liver and kidney and are thought to be GH responsive/dependent (39–42).  

The translated IGF-1 protein consists of the signal peptide, the mature IGF-1 sequence and the E 

domain. After it is translated, IGF-1 undergoes several key steps in the generation of mature IGF-1, 

the biologically active form of IGF-1 that circulates in the bloodstream. These key stages are shown 

below in Figure 1.10. After facilitating the passage of the polypeptide to the endoplasmic reticulum 

and the secretory pathway, the signal peptide is thought to be removed leaving the mature IGF-1 

and the E domain, also known as ‘Pro-IGF1’ (36,43). The cleavage of the E domain by endopeptidases 

such as furin has been reported to occur both intra- and extracellularly (44–46). Removal of the E 

domain results in the mature, bioactive IGF-1 (47).  

Figure 1.10 Key steps in IGF-1 processing post-translation 

  
 

The signal peptide of IGF-1 is removed after facilitating the transport of IGF-1 to the endoplasmic 
reticulum and into the secretory pathway. This leaves Pro-IGF-1, which is composed of mature IGF-
1 plus the E domain. The E domain is cleaved by endopeptidases, most commonly furin. The cleavage 
of the E domain creates mature IGF-1, which circulates in the bloodstream and exerts its growth 
promoting effects. Original diagram. 
 

The biological actions of IGF-1 are modulated by the insulin-like growth factor binding proteins 

(IGFBPs). These are a family of six homologous proteins with a high binding affinity for IGF-1 and 

IGF-2 (48). The IGFBPs bind IGF-1 and increase its half-life by protecting it from proteolysis (49). 
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Hence, they regulate the free IGF-1 concentration and local bioavailability, thought to be specific to 

the target tissue (48,50). The proportion of free circulating IGF-1 is very low. The majority of 

circulating IGF-1 forms a ternary complex with IGFBP-3 and the glycoprotein acid-labile subunit 

(ALS). Given its large size, the IGFBP-3 molecule is unable to pass through the capillary membrane 

(49). IGFBP3 acts as an inhibitor of proliferation, evoking a pro-apoptotic effect. A number of 

potential mechanisms have been suggested to explain this, including sequestration of IGF-1 from 

the receptor and binding competition with IGF1R (51). Some of the IGFBPs also display IGF-1 

potentiating effects (52). The interactions between these molecules of the IGF-1 system are complex 

and are incompletely understood (53).   

 

 

1.2 Growth Hormone Insensitivity (GHI) 

 

 

1.2.1 Definition 

Perturbations of the GH-IGF-1 axis can lead to Growth Hormone Insensitivity (GHI) (54). GHI is 

characterised by a triad of short stature (SS), IGF-1 deficiency and normal/high GH levels. The most 

commonly identified genetic cause of GHI are defects in the GHR (55).  

 

1.2.2 Recognised genetic defects in the GHR 

Since 1966, over 90 different naturally-occurring mutations affecting the GHR gene have been 

reported (56). The majority of these mutations affect the extracellular domain of the GHR, resulting 

in abnormal GH binding and hence low or undetectable GHBP levels (55). Missense, nonsense, splice 

mutations and deletions have also been reported. Splice mutations represent approximately 20% 

of GHR defects (54). The majority of mutations causing aberrant GHR mRNA splicing disrupt major 

regulatory elements, such as the canonical donor and acceptor splice sites (57,58). Homozygous and 

compound heterozygous mutations affecting the exonic and intron-exon boundaries of the GHR are 
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recognized to cause classic Growth Hormone Insensitivity (GHI), or Laron Syndrome. However, non-

classical mutations of the GHR have also been identified in recent years, including the GHR 

pseudoexon and heterozygous mutations affecting the intracellular region of the GHR and exerting 

a dominant negative effect on receptor function (59–63).   

 

1.2.2.1     Classic Laron Syndrome 
 

Classical GHI (Online Mendelian Inheritance in Man (OMIM) #262500), also known as ‘Laron 

Syndrome,’ was first described by Laron et al. in 1966 (64). This paper reported three children from 

a consanguineous Jewish family who showed striking postnatal growth failure despite high serum 

GH concentrations. The initial hypothesis for this clinical picture was the presence of an abnormal 

GH molecule, but was subsequently shown to be due to GHR gene defects (65). This syndrome is 

now recognised to be the result of homozygous and compound heterozygous GHR mutations 

(66,67).  

 

Globally, an estimated 350 people are affected by Laron syndrome (68). Given the autosomal 

recessive nature of the condition, it is seen more frequently in populations with a high incidence of 

consanguinity (69). The ‘Israeli cohort’ consists of 69 affected individuals living in Israel (70) and the 

‘Ecuadorian cohort’ is made up of 90 individuals who inhabit the remote villages of the Loja province 

in southern Ecuador (71–73). Most of the affected members of this Ecuadorian community are 

homozygous for the GHR splice site mutation c.594A>G, p.Val181_Met188del which is thought to 

have a common founder effect (74).  

 

Laron syndrome is associated with classic phenotypic features. Growth failure is the most striking 

feature, with untreated females attaining an adult height of 108-136 cm (height SDS -9.0 to -4.3) 
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and males 116-142cm (height SDS -8.8 to -4.9). The body length of newborns ranges between 42-

45 cm and their average birthweight is 2500g (69). Patients have small hands and feet and a relative 

macrocephaly as their head size tends to be relatively normal in striking contrast to their body (75). 

There is midface hypoplasia and underdevelopment of the facial bones, causing the appearance of 

a protruding forehead and saddle nose. Sparse, slowly growing hair and nails and crowded, defective 

teeth are also classic features. Many patients, especially female, have a high-pitched voice due to a 

narrow oropharynx and larynx. Patients may be overweight and their obesity increases progressively 

with age (76). Despite this obesity, patients with Laron syndrome have lower incidence of both 

diabetes and malignancy, which may be attributable to their reduced IGF-1 levels (70–72,77). 

Interestingly both genders attain full sexual development and reproductive potential, despite their 

hypogenitalism, hypogonadism and delayed puberty (delayed by 3-7 years on average) (78).  

 
 
1.2.2.2 GHR 6Ψ pseudoexon 

 

Our centre previously described the first GHR pseudoexon mutation in 2001 in four siblings with 

mild GHI from a highly consanguineous Pakistani family (79). This homozygous variant 

(42700896A>G, c.618+792A>G) alters the intronic sequence from CAGT to CGGT and activates a 

cryptic donor splice site. Due to the presence of a nearby dormant cryptic acceptor site, this region 

is recognised as an exon by the spliceosome and this additional exon is retained during GHR splicing 

(a ‘pseudoexon’). The inclusion of this pseudoexon is predicted to cause in-frame insertion of 36 

amino acid residues between exons 6 and 7 (Figure 1.11).  This insertion in the dimerization domain 

of the GHR results in defective trafficking rather than impaired signalling, causing a partial loss-of-

function. As such, moderate postnatal growth failure is observed (Height SDS -3.3 to -6.0) (80).  
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Figure 1.11 Schematic showing the predicted effect of the GHR 6Ψ pseudoexon inclusion on 

protein and ternary protein structure

 

mRNA, messenger RNA; GHR, Growth Hormone Receptor; BPs, base pairs; TM, transmembrane. The 
c.618+792A>G mutation leads to mis-splicing and the inclusion of a 108-base pair pseudoexon 
inclusion between exons 6 and 7 of the GHR. When translated, this leads to an in-frame insertion of 
36 amino acids to the extracellular domain of the Growth Hormone Receptor. Original figure.  
 

This variant is 792 base pairs (bp) into the intron and was identified using homozygosity mapping of 

several polymorphic markers surrounding the GHR (79).  It would not be detected by whole exome 

sequencing as this technique only covers exons and intron-exon boundaries. Candidate gene 

sequencing also focuses on sequencing exons of the gene of interest and would not identify changes 

deep within non-coding regions.  

 

1.2.2.3 GHR dominant negative variants 
 

Seven GHR ‘dominant negative‘ (DN) variants (OMIM #604271) have been reported to date (59–62). 

The presence of one mutant allele exerts a dominant effect on the function of the GHR, unlike the 

classic GHR homozygous defects. These DN variants affect the transmembrane and/or intracellular 
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domain of the GHR (Table 1.1). Interestingly, the phenotype observed in these patients is not as 

severe as classic GHI. Height SDS ranges from -3.0 to -4.3 and often no dysmorphic features are seen 

(59–62).  This is likely due to the presence of 25% WT-WT GHR homodimers (62).  

 

Table 1.1 Reported GHR dominant negative variants 

 Location 
in GHR 
gene 

Variant Protein 
change 

Effect at protein level Length of GHR 
protein (AA) 

Ref 

1 Intron 8 c.876–1G>C p.I293Kfs*4 Splicing out of exon 9. 
Premature stop 3 

altered amino acids 
into exon 10 

295 (60) 

2 Exon 9 c.899dupC p.V300SFs*7 Premature stop after 6 
altered amino acids 

306 (81) 

3 Exon 9 c.920_921ins14 p.K307Nfs*18 Premature stop after 
17 altered amino acids 

323 (62) 

4 Intron 9 c.945+1G>A p.I293Kfs*4 Splicing out of exon 9. 
Premature stop 3 

altered amino acids 
into exon 10 

295 (61) 

5 Intron 9 c.945+2C>T p.I293Kfs*4 Splicing out of exon 9. 
Premature stop 3 

altered amino acids 
into exon 10 

295 (62) 

6 Exon 10 c.964dupG p.V322Gfs*9 Premature stop after 8 
altered amino acids 

329 (62) 

7 Exon 10 c.1011_1012delCA p.His337Gln*2 Premature stop after 1 
altered amino acid 

337 (59) 

 
GHR, Growth Hormone Receptor; AA, amino acid; Ref, reference. GHR amino acid lengths were 
calculated using sequences from Ensembl37 Genome Browser. 
(http://grch37.ensembl.org/index.html) and translating the modified base sequences to amino 
acids using Bioedit Sequence Alignment Editor (20). 
 
 
The interactions of the resulting truncated GHR transcripts with the full-length ‘normal’ GHR 

transcript have previously been investigated. Immunoprecipitation and Western blotting 

experiments of cells transfected with a mutant GHR 279bp in length with a full-length GHR revealed 

that the mutant and full-length GHR could form heterodimers, and the mutant GHR could only be 

internalised when complexed with full-length GHR (82). This is likely due to the truncated GHR 

http://grch37.ensembl.org/index.html
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proteins lacking the UbE motif at amino acids 340-349, necessary for ubiquitin-dependent 

endocytosis (83). Several of the GHR dominant negative variants have been shown to impair GHR 

signalling i.e. the phosphorylation of STAT5B is reduced when co-transfected with WT GHR, thus 

acting in a dominant negative manner (81,84). As discussed above, phosphorylation of STAT5B is a 

key aspect of GHR downstream signalling and the generation of IGF-1.  

 

1.2.3     Other genetic variants causing GHI 
 
 
Monogenic defects responsible for GHI have been identified in STAT5B (85–87), IGFALS (88), PAPPA2 

(89) and IGF1 (90) genes. Many of these mutations are associated with additional clinical and 

phenotypic features; immunodeficiency (STAT5B) (91,92), reduced bone mineral density (PAPPA2) 

(89) and pubertal delay (STAT5B, IGFALS) (93,94). These additional features facilitate the clinical 

recognition. However, a significant proportion of patients with clear evidence of GHI remain without 

a genetic diagnosis despite extensive investigation.  

 

Pathogenic IGF1 gene mutations causing childhood growth failure are extremely rare. Only 5 

autosomal recessive mutations, 1 IGF1 copy number variant and 2 heterozygous frameshift 

mutations are reported. Homozygous IGF1 mutations cause pre and postnatal growth failure, severe 

learning difficulties, microcephaly and delayed bone age. Heterozygous IGF1 defects lead to 

postnatal growth failure and mild learning difficulties, with or without microcephaly and delayed 

bone age. This observed phenotype is thought to be due to IGF1 haploinsufficiency (90,95–103). 

Heterozygous missense IGF1 mutations have not previously been described. 
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1.3 IGF-1 insensitivity 

 

1.3.1 Definition 
 
IGF-1 insensitivity (OMIM #270450) causes impaired foetal and postnatal growth and is associated 

with high or normal GH and IGF-1 levels (104). 

 

1.3.2 Recognised genetic causes of IGF-1 insensitivity 
 
Mutations in IGF1R were first reported by Abuzzahab et al. following analysis of DNA from children 

with short stature and unexplained intrauterine growth restriction (104). Haploinsufficiency of the 

IGF1 receptor (IGF1R) gene is characterised by IGF-1 insensitivity causing impaired fetal and 

postnatal growth associated with high/normal IGF-1 levels. Additional features include 

microcephaly and developmental delay. A complete absence of IGF1R protein in humans may be 

lethal, such as with a loss-of-function homozygous mutation. This could explain why most identified 

cases have heterozygous mutations, except for two patients with compound heterozygous 

mutations and two with homozygous mutations (104–107). The few patients with biallelic mutations 

appear to retain some degree of IGF1R activity. Functional studies of IGF1R patient mutations 

suggest different mechanisms for the IGF1 resistance and poor growth: receptor haploinsufficiency, 

decreased biosynthesis, reduction of binding affinity, interference of transmembrane signalling and 

disruption of the tyrosine kinase activity have all been proposed (108). The impact of IGF1R 

mutations on intrauterine growth is variable, but often more severe when the mutation is of 

maternal origin. This indicates that maternal IGF-1 resistance during pregnancy is a contributing 

factor to the severity of the growth retardation, possibly by decreasing placental growth (95). 

Patients with IGF1R mutations have shown poor to moderate clinical responses to recombinant 

Growth Hormone treatment (108). 
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1.4 Overlapping short stature syndromes presenting with GH-IGF-1 insensitivity 

 
In recent years, there has been a rapid expansion of the clinical, biochemical, and genetic 

characteristics of GH/IGF-1 insensitivity and other overlapping short stature syndromes. This is likely 

due to a combination of increasing awareness of these disorders and the advances in genetic 

analysis available. Several short stature (SS) syndromes overlap with GHI-IGF-1 axis defects such as 

Noonan syndrome (OMIM #163950; #605275; #609942; #610733; #611553; #613224), 3M 

syndrome (OMIM #273750; #612921; #614205) and Silver-Russell Syndrome (SRS, OMIM #180860) 

(109–111).  

 

Noonan syndrome is an autosomal dominant condition that causes postnatal growth failure and 

distinctive facial features in addition to a number of additional features including congenital heart 

defects, mild-to-moderate learning disability and skeletal abnormalities (112,113). Noonan 

syndrome (NS) is caused by mutations in genes involved in the RAS/MAPK signalling pathway which 

plays key roles in various cellular processes, including proliferation, survival, differentiation, 

metabolism and migration (113,114). Around 50% of genetically confirmed cases of NS are identified 

in Protein tyrosine phosphatase, nonreceptor type 11 (PTPN11), which codes for the cytoplasmic 

tyrosine phosphatase SH2 domain–containing phosphatase 2 (SHP-2) (113,115). SHP-2 binds to and 

dephosphorylates signalling molecules such as STAT5b (116). As discussed previously, STAT5b plays 

important roles in GH signalling and thus gain-of-function mutations of PTPN11 may reduce the 

efficacy of GH signalling and thus cause a degree of GHI. Consistent with this, serum IGF-1 levels 

were decreased in NS carrying PTPN11 mutations (117,118). The mechanism of GHI in NS patients 

without PTPN11 mutations is less well understood. It is hypothesized that abnormal functioning of 

these genes hyperactivate the RAS–MAPK pathway, inhibiting the JAK–STAT pathway and impairing 

the production of IGF-1 (119). Consistent with this, pharmacological inhibition of the RAS–MAPK 
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pathway improves growth in mouse models carrying mutations of RAF1 and SOS1, both recognised 

to cause Noonan syndrome (120,121). 

 

3M syndrome is characterised by pre- and post-natal growth failure, prominent heels, triangular-

shaped face, normal intelligence, and distinct radiological features (slender long bones and tall 

vertebral bodies) (122). There is an interesting phenotypic overlap between 3M syndrome and Laron 

syndrome, with both groups displaying frontal bossing, depressed nasal bridge, bitemporal hair 

thinning, and a high-pitched voice (122). 3 genetic causes of 3M syndrome are recognised - 

mutations in Cullin 7 (CUL7) (70% of genetically diagnosed cases), Obscurin-like 1 (OBSL1) (25%), and 

Coiled coil domain–containing 8 (CCDC8) (5%) (123–129). Many 3M patients show a biochemical 

profile suggestive of GHI. Patients have normal or high peak GH levels and low or normal IGF-1 

levels. The growth response to hGH therapy in these patients is variable but typically poor, also 

suggesting a degree of GHI (122,129). 

 

Silver-Russell Syndrome (SRS) is a clinical diagnosis based on a combination of characteristic features 

including being born small for gestational age (SGA), postnatal growth failure, relative macrocephaly 

at birth/protruding forehead, body asymmetry, feeding difficulty and/or low BMI.  Diagnosis 

requires fulfilment of ≥4/6 Netchine-Harbison Clinical Scoring System (NH-CSS; including both 

prominent forehead and relative macrocephaly, termed ‘Clinical SRS’), or 3/6 NH-CSS in association 

with a genetic defect recognised to cause SRS (130). These criteria are described in Table 1.2.  
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Table 1.2 Netchine-Harbison Clinical Scoring System  

Clinical criteria Definition 

SGA (birth weight and/or 
birth length) 

≤−2 SDS for gestational age 

Postnatal growth failure Height at 24 ± 1 months ≤−2 SDS or height ≤−2 SDS  below mid-
parental target height 

Relative macrocephaly at 
birth 

Head circumference at birth ≥1.5 SDS above birth  
weight and/or length SDS 

Protruding forehead* Forehead projecting beyond the facial plane on a side view as 
a toddler (1–3 years) 

Body asymmetry LLD of ≥0.5 cm or arm asymmetry or LLD <0.5 cm with at least t
wo other asymmetrical body parts (one non-face) 

Feeding difficulties and/or 
low BMI 

BMI ≤−2 SDS at 24 months or current use of a feeding tube or 
cyproheptadine for appetite stimulation 

 
A clinical diagnosis of SRS requires fulfilment of ≥4/6 Netchine-Harbison Clinical Scoring System (NH-
CSS; including both prominent forehead and relative macrocephaly, termed ‘Clinical SRS’), or 3/6 
NH-CSS in association with a genetic defect recognised to cause SRS (130). 
LLD, leg length discrepancy; SDS, Standard Deviation Score;  SGA,  small for  gestational age;  BMI, 
Body Mass Index (130,131). 
 

Hypomethylation of the imprinted H19/IGF2 domain of chromosome 11p15 (11p15LOM) and 

maternal uniparental disomy of chromosome 7 (upd(7)mat) are identified in 50-60% and 10% SRS 

cases, respectively (130). We previously reported 2 patients with growth failure and GHI who were 

subsequently diagnosed with 11p15LOM and upd(7)mat (109,132). The genetic aetiology remains 

unknown in around 40% clinical SRS cases (131). Children with SRS and 11p15LOM have significantly 

higher IGF-1 and IGFBP-3 levels compared with other children born small for gestational age, 

suggesting they may have a degree of IGF-1 resistance (133,134).  

 

 
1.5 Genetic variation affecting gene function 

 

Three nucleotides code for one amino acid as shown in Figure 1.12. The effect of changing a single 

base or inserting or deleting bases on the resulting amino acid and protein structure can vary widely. 

Some of the common types of changes are discussed below.  
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Figure 1.12 Amino acid codons 

Base sequence of amino acid codons. Image obtained from 

https://www.chemguide.co.uk/organicprops/aminoacids/dna4.html  

 

 

1.5.1. Missense variants  

A missense mutation is a point mutation in a single nucleotide that leads to one altered amino acid 

in a protein. It does not affect the rest of the amino acid sequence, so the effect of the missense 

variant is largely dependent on the role of the amino acid that has been changed and whether the 

new amino acid has similar properties to the original. Missense mutations can have dramatic affects 

on protein function. One example of this is the most common cause of Sickle Cell Disease, illustrated 

below in Figure 1.13. A single A→T base change (GAG→GTG) in the Haemoglobin Subunit Beta 

https://www.chemguide.co.uk/organicprops/aminoacids/dna4.html


47 
 

(HBB) gene alters the 6th amino acid from Glutamine to a Valine (Glu6Val) with dramatic effects on 

the protein function (135). 

Figure 1.13 The effect of a missense mutation causing Sickle Cell Disease  

 

This image demonstrates the profound impact the missense Glu6Val mutation has on the formation 
of haemoglobin in affected individuals. Image obtained from 
https://evolution.berkeley.edu/evolibrary/article/mutations_06  

 

 

https://evolution.berkeley.edu/evolibrary/article/mutations_06
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1.5.2 Nonsense variants 
 

A nonsense mutation is caused by a single base change that results in a premature stop codon. For 

example, TGC→TGA which would change a Cysteine to a stop codon. These nonsense mutations 

result in a truncated protein that often lacks the function of the normal, or ‘wild-type,’ protein. 

Around 10% of genetic disease is due to nonsense mutations (136).  

 

1.5.3 Frameshift variants  
 
 
Frameshift variants are caused when any number of nucleotides are inserted or deleted from a 

sequence that are not divisible by 3. Because 3 bases code for one amino acid, this insertion or 

deletion alters the reading frame (the grouping of the codons) and thus results in the translation of 

different amino acids. A frameshift mutation will usually result in the translation of a different length 

amino acid sequence due to the earlier or later appearance of a stop codon in the sequence. Usually 

the resulting protein will be very different to the original and often non-functional. This is more 

likely the earlier in the sequence that the frameshift occurs.  

 
 
1.5.4 Synonymous variants  

 

Several 3-base combinations code for the same amino acid. For this reason, a single nucleotide 

variant can have no effect on the resultant amino acid and thus be described as a ‘synonymous 

variant.’ However, although these variants can be predicted benign due to their lack of effect on 

amino acid translation, they can have significant effects on splicing if they create a donor or acceptor 

splice site. For example, synonymous variants in CYP11A1 have been shown to cause Primary 

Adrenal Insufficiency through missplicing (137).  
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1.5.5 Abnormal splicing of mRNA 
 
 
1.5.5.1 The process of RNA splicing  

RNA splicing is a tightly regulated and highly complex pathway necessary for the removal of non-

coding material from precursor messenger mRNA (pre-mRNA) and formation of mature messenger 

RNA (mRNA). The regions retained in the mature RNA molecule after RNA splicing are termed 

‘exons,’ which refers to these regions in both RNA and DNA sequences. The regions removed in 

splicing are termed ‘introns.’ These terms were introduced by Walter Gilbert in 1978 (138). The 

annotation of exons and introns is transcript specific. A region that is exonic in one transcript may 

in fact be intronic in another transcript, due to the process of alternative splicing (139).  

 

Splicing involves a series of reactions which are catalyzed by the spliceosome, a complex of small 

nuclear ribonucleo proteins (snRNPs). An overview of the process is shown in Figure 1.14. Key 

regions for splicing to occur are the 5’ splice site, also known as the donor splice site, and the 3’ 

splice site, also known as the splice acceptor site. The consensus sequences of these two sites are 

shown in Figure 1.15. Many other components influence splicing and the recognition of the exon-

intron boundary by the splicing machinery. These include Exonic Splicing Silencer sites, Exonic 

Splicing Enhancer sites, Branch points and Polypyrimidine tracts. The Polypyrimidine tract is a region 

rich in pyrimidine nucleotides just prior to the 3’ end of the intron that promotes assembly of the 

spliceosome (140).  

 

 

 
 
 
 
 
 

https://en.wikipedia.org/wiki/Spliceosome
https://en.wikipedia.org/wiki/SnRNP
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Figure 1.14 Splicing of pre-mRNA to form mRNA 

 

Pre-mRNA splicing includes intron exclusion and exon ligation. In most cases, introns start from the 
sequence GU as 5' splice sites (the donor splice site) and end with the sequence AG as 3' splice site 
(the acceptor splice site). A highly conserved nucleotide A at the branch site located 20–50 bases 
upstream of the 3' splice site (141). Image taken from (141).  
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Figure 1.15 Consensus sequences of 5’ and 3’ splice sites 

 
 

Approximately 20,000 5′ and 3′ splice sites from annotated GenBank files were extracted and 
aligned to show the most common bases occurring at the splice sites (142,143). In these pictograms, 
the size of a letter corresponds to the frequency with which that base is present at each position. 
For the 5’ splice-site consensus sequence, the position labelled 1 is the first nucleotide of the intron, 
and the position –1 is the last nucleotide of the upstream exon. For the 3′ splice-site consensus, the 
position labelled –1 is the last nucleotide of the intron, and the position 1 is the first nucleotide of 
the downstream exon (144).  
 
 
1.5.5.2 Naturally occurring alternative splicing  
 

Alternative RNA splicing enables a single gene to code for multiple proteins. In this process, 

particular exons of a gene may be included within or excluded from the final mRNA sequence (145). 

When the different mRNA transcripts are translated, the amino acid sequences result in distinct 

proteins often with diverse biological functions. Whilst the human genome only contains around 

20,000 protein-coding genes, alternative splicing enables far more than 20,000 proteins to be 

created. In humans, around 95% of multi-exonic genes are alternatively spliced (146). There are 

numerous modes of alternative splicing observed. The most common is exon skipping, where a 

https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Proteins
https://en.wikipedia.org/wiki/Exons
https://en.wikipedia.org/wiki/Exon_skipping
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particular exon may be included in mRNAs under some conditions or in particular tissues, and 

omitted from the mRNA in others (145).   

 
1.5.5.3 Abnormal splicing affecting gene function  
 

It has been suggested that one third of all disease-causing mutations are due to abnormal splicing 

(147). Commonly this is due to mutations occurring directly at the ‘canonical’ or classic intron-exon 

boundary splice site resulting in reduced or complete loss of splicing at that site. This can lead to the 

exon being excluded from the mRNA or the spliceosome incorrectly recognising nearby alternative 

dormant splice sites and a mutant form of the exon being included in the mRNA. This causes an 

abnormal length of RNA with a range of possible effects on protein structure, including frameshift 

if the inclusion causes a change to the reading frame. Mutations occurring in the polypyrimidine 

tract have also been recognised to cause disease, including Growth Hormone Insensitivity. A 

homozygous mutation of the polypyrimidine tract just prior to exon 8 of the GHR (c.785-6T>A) led 

to complete skipping of exon 8. This causes frameshift to the GHR, a premature stop codon and 

classic Growth Hormone Insensitivity (148).  

Intronic mutations can also cause abnormal splicing due to the inclusion of ‘pseudoexons’ into the 

mature mRNA, most often due to the creation of a new donor or acceptor splice site within an 

intronic sequence. Intronic sequences that are flanked by non-canonical splice sites and are 

normally not seen in mature mRNA are referred to as ‘pseudo-exons’ or cryptic exons. In comparison 

to genuine exons, pseudo-exons tend to have fewer splicing enhancer and more splicing silencer 

motifs (149–152). The inclusion of these pseudoexons can have significant effects on the resulting 

protein especially if their inclusion leads to a frameshift. Mutations resulting in aberrant 

pseudoexon inclusion have been found to be disease-causing in more than 50 genes (153). Disease-

associated pseudoexons range in size from 30 to 344bp (154). It is likely that pseudoexons are 



53 
 

currently under-recognised as a cause of disease and with the advent of whole genomic sequencing 

our exploration and understanding of non-coding variants is rapidly advancing. 

 
 

1.5.6 Copy number variation (CNV) 
 

Advances in chromosomal microarray technologies have identified chromosomal imbalances across 

the human genome. These imbalances or copy number variations (CNVs), comprise deletions or 

duplications which can affect single or multiple genes or sections of a chromosome. The simplest 

explanation for CNVs exerting an effect on the phenotype of a patient is that they delete or duplicate 

one or more critical gene(s) responsible for a certain trait. CNVs are part of natural genetic variation 

and are often classified as ‘benign.’ However,  the impact of CNVs on complex human traits remains 

understudied. A recent study assessed CNVs in UK Biobank participants, performing GWAS between 

the copy number of CNV-proxy probes and 57 continuous traits. This study found that total CNV 

burden negatively impacted 35 traits, leading to decreased intelligence, increased adiposity and 

liver/kidney damage. 30 traits remained burden associated once correcting for CNV-GWAS signals, 

suggesting a polygenic CNV architecture (155).  Several rare CNVs are recognised to cause complex 

neurological traits such as autism and schizophrenia and also affect the susceptibility to HIV, Crohn’s 

disease and psoriasis (156–163).  

 

The interpretation of potential disease-causing CNVs is challenging as they exhibit variable 

penetrance and/or variable expressivity (i.e. not all patients carrying the same CNV have the 

recognised disease phenotype or disease severity) (164). Nevertheless, identification of CNVs in 

patients is important as it secures a diagnosis and facilitates the identification of key genomic 

regions and/or genes important for normal physiological processes. Whilst CNVs are recognised in 
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many short stature syndromes, they have not previously been investigated in patients with Growth 

Hormone Insensitivity.  

 
1.6 Pathogenicity scores for genetic variants 
 
Several pathogenicity scoring systems exist for assessing genetic variants.  
 
 
Polyphen-2 scores can be generated for non-synonymous Single Nucleotide Polymorphisms (SNPs) 

that alter an amino acid (http://genetics.bwh.harvard.edu/pph2). It is an automatic tool based on 

computer algorithms that predict the impact of an amino acid substitution on the structure and 

function of a human protein. The tool compares the properties of the two different amino acids, 

maps the substitution site to known protein structures, predicts if the structure would be affected 

by the substitution and if a key domain of the protein would be altered. With this information, SNPs 

are predicted to be Probably Damaging (most confident prediction), Possibly Damaging (less 

confident prediction due to higher likelihood of a false positive result based on existing datasets) or 

Benign. A score of between 0.0 and 1.0 is generated for each variant. 0.0 to 0.15 is predicted to be 

Benign, 0.15 to 0.85 Possibly Damaging and 0.85 to 1.0 Probably Damaging. For example, an amino 

acid substitution that had very different properties to the original and occurred in a critical region 

of the protein is likely to be predicted to be Probably Damaging (165).  

 

Sorting Intolerant From Tolerant (SIFT) scores (http://blocks.fhcrc.org/sift/SIFT.html) also use a 

computer algorithm to predict whether an amino acid substitution affects protein function. In 

contrast to Polyphen-2, the SIFT score ranges from 0.0 (deleterious) to 1.0 (tolerated). Variants with 

scores 0.0 to 0.05 are considered deleterious, and the closer to 0.0 the more confidence the variant 

is deleterious. Variants with scores 0.05 to 1.0 are predicted to be tolerated (benign). The closer the 

score is to 1.0 the more confidently the variant is predicted to be tolerated (166). 

 

http://genetics.bwh.harvard.edu/pph2
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Combined Annotation Dependent Depletion (CADD) Score (https://cadd.gs.washington.edu/) is a 

tool for assessing the deleteriousness of single nucleotide variants as well as insertion/deletions 

variants in the human genome. Unlike SIFT and Polyphen-2, it is not limited to missense changes or 

coding regions and can generate scores for intronic variants. The score considers allelic diversity, 

annotations of functionality, pathogenicity, experimentally measured regulatory effects and 

complex trait associations. A scaled-C score is generated for each variant ranking it relative to all 

possible substitutions of the human genome (8.6 x 109). A score of greater than or equal to 10 

indicates the variant is predicted to be amongst the 10% most deleterious changes that can occur 

to the human genome. A score of greater than or equal to 20 indicates the 1% most deleterious 

changes, 30 the 0.1% deleterious and so on (167,168). 

 
For CNVs, a different scoring system is used. CNVs are usually divided into 5 categories based on 

evidence including population, computational, functional and segregation data in line with accepted 

best practice guidelines from the American College of Medical Genetics (ACMG) (169). These 5 

categories are: class 1 (benign), class 2 (likely benign), class 3 (variant of uncertain significance; VUS), 

class 4 (likely pathogenic) and class 5 (pathogenic) (169).  

 
 

 
1.7 Our cohort: investigations to date 
 
 
1.7.1 Cohort 

 
The cohort comprised subjects who were referred to our centre for genetic analysis between 2008 

and 2020. Professor Helen Storr directs an international referral centre for patients with 

undiagnosed severe short stature many with suspected defects in the GH-IGF-1 axis. These patients 

were investigated at their home institutions and no genetic diagnosis had been identified at the 

time of their referral.  

https://cadd.gs.washington.edu/
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Referring physicians completed a proforma detailing the clinical and biochemical data at the time 

of sending DNA samples. The referring clinicians excluded growth hormone deficiency (basal or peak 

GH level of 10 and 7 μg/l, respectively) and causes of secondary GHI/IGF-1 insensitivity (e.g. 

undernutrition). Birth weight, height and BMI were expressed as Standard Deviation Scores (SDS) 

according to appropriate national standards. Biochemical investigations included: basal and/or peak 

GH and basal IGF-1 levels. IGF-1 was expressed as SDS based on the age and sex appropriate range 

provided by the institution. Where serum IGF-1 was undetectable (less than the lower limit of the 

assay), we calculated the lowest possible detectable SDS and assigned this value for the statistical 

analysis. In these patients, the IGF-1 SDS ranged between -2.4 and -3.0 but this is likely to 

underestimate the degree of IGF-1 insensitivity.  

 

1.7.2 Previous genetic investigation in our patient cohort  
 

Our centre is an international referral centre for patients with suspected defects in the GH-IGF-1 

pathway. Prior to my research period, patients had been investigated by two main approaches, 

candidate gene sequencing (CGS) and whole exome sequencing (WES). CGS considers the 

biochemical and phenotypic features of each patient and involves sequencing key genes suspected 

to be responsible. Whole exome sequencing involves sequencing the protein-coding exons of every 

gene, casting a wider net for diagnosis then filtering the genetic defects identified based on 

pathogenicity, mean allele frequency, and so forth. Patients that had not been diagnosed following 

a CGS approach were analysed by WES.  

These approaches identified genetic diagnoses in 38/107 (36%) patients by candidate gene 

sequencing (CGS) and a further 11/107 (10%) by whole exome sequencing (WES).  This cohort of 

107 short patients included 96 with GHI and 11 with IGF-1 insensitivity. Two patients in this cohort 
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had hypomethylation in the H19/IGF2 region or mUPD7 consistent with SRS (total with genetic 

diagnosis 51/107, 48%) (109) (Figure 1.16).  

 
Figure 1.16 Findings of CGS and WES sequencing in the GH/IGF-1 Insensitivity cohort prior to my 

period of research 

  

3M syndrome genes, CUL7, CCDC8 and OBSL1; BW, birth weight. *The candidate genes sequenced 
depended on the clinical and biochemical features. The majority of patients were screened for 
mutations in the Growth Hormone Receptor gene (GHR) +/− IGFALS. Other genes were selected 
depending on the phenotype e.g. STAT5B if there was evidence of immune deficiency/ 
eczema/atopy and IGF1 and 3M genes if birth weight SDS was ≤2.0 SDS. (109). 
 
 
Following candidate gene sequencing +/- whole exome sequencing +/- SRS testing, a diagnosis was 

achieved for 51/107 (48%) of our patients. The remaining 56/107 (52%) of patients had no diagnosis 

(109).  

 
1.8 Thesis rationale  

 
Following CGS and WES, many patients remained without a diagnosis despite having short stature 

and classic features of GH/IGF-1 Insensitivity. This was hypothesised to be due to undiscovered 

growth genes, non-canonical/non-exonic variants or CNVs in recognised growth genes. To try and 

identify the genetic cause of disease in the patients without a genetic diagnosis, I planned to create 
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a custom next-generation targeted short stature gene panel and in parallel assess the undiagnosed 

patients for CNVs by array Comparative Genomic Hybridisation (array CGH).  

 

WES focuses on the protein-coding exons but excludes many exonic regions that don’t form part of 

the final coding sequence, termed untranslated regions or ‘UTRs’. It also excludes many non-coding 

RNAs, which are often subject to splicing but are not translated (170). More than 50,000 loci in the 

human genome transcribe long non-coding RNAs (lncRNAs) (171,172). These are transcripts over 

200 nucleotides in length that have low or no protein-coding potential (173). Although these 

lncRNAs outnumber protein-coding genes in mammalian genomes, they are generally expressed at 

lower levels, more poorly conserved and more cell-type specific (171,174). However, the structural 

motifs of lncRNAs and the evolutionary conservation of lncRNA promoters would indicate that they 

play key roles in biological regulation (175–177). Of the few hundred lncRNAs that have been well 

characterised so far, important regulatory roles in transcription, translation and chromatin state 

have been demonstrated (178–180). 

 

Whilst WES examines the intronic regions just adjacent to the protein-coding exons to identify 

mutations to the canonical splice sites, it doesn’t sequence the vast intronic material that lies 

between these exons. Creating a custom short stature gene panel which examines the entire 

genomic sequences for specific growth genes of interest would enable not only the rapid 

identification of coding variants in recognised genes, it would also allow for detailed exploration of 

non-coding variants.  I hypothesised that by analysing the entire genomic sequence including UTRs, 

non-coding RNAs and all intronic material, I would be able to identify novel genetic causes of growth 

failure in these undiagnosed patients. For example, it would enable me to interrogate intronic 

variants which may exert aberrant effects on splicing, akin to the one previously reported GHR 

pseudoexon. It would also enable exploration of changes in 5’UTR, which may affect ATG start sites 
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of the gene and other non-coding regions with important regulatory roles, many of which may be 

currently unrecognised. With this work I aimed to improve the understanding of non-classic 

mechanisms of genetic disease.  

 

Whilst WES and the custom short stature gene panel would identify single nucleotide 

polymorphisms and small insertions and deletions, they are not able to reliably detect larger 

deletions or duplications of genetic material. ‘Copy number variants’ (CNVs) can range in size and 

contain part of one gene or several hundred genes. Assessing our undiagnosed patients for CNVs 

enabled an unbiased identification of altered regions which may reveal novel candidate genes with 

important roles in growth. CNVs may be identified that have been seen in other patients with similar 

features or recognised deletion/duplication syndromes associated with short stature, in this way 

achieving a diagnosis for patients. If a gene or gene(s) in these regions responsible for growth are 

not established, bioinformatic analysis can help to identify novel potential candidate genes and 

enriched pathways in our patients with CNVs. 

 

Widening the spectrum of recognised genetic defects affecting the normal function of the GH-IGF-

1 axis will improve our understanding of the normal physiology of this complex pathway. Non-classic 

Growth Hormone Insensitivity is an important clinical entity and may have higher prevalence than 

classic GHI. It is likely to be under-recognised currently due to the less severe postnatal growth 

failure and absence of the dysmorphic features classically associated with GHI.  

 

An accurate genetic diagnosis in growth failure is critical for patients, families and clinicians to 

appreciate disease implications and define prognosis. A definitive diagnosis ends uncertainty, 

enables genetic counselling and can secure funding for growth promoting therapies. It also helps 

predict disease progression and informs about co-morbidities that may require additional screening. 
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The aim of this research was to further our understanding of the genetic causes of growth failure 

and increase the understanding of the intricate pathways essential for normal linear growth. 



Chapter 2.  Methods  
 
 

 

 

 
 

 

 

 

2.1 Ethical approval 
 
Informed written consent for genetic research and publication of clinical details was obtained from 

patients and/or their parents.  The study was approved by the Health Research Authority, East of 

England - Cambridge East Research Ethics Committee (REC reference: 17/EE/0178).  

 

2.2 Patient cohort 

Subjects were investigated at their home institutions and referring physicians completed a proforma 

detailing the clinical and biochemical data at the time of sending DNA samples. The referring 

clinicians excluded growth hormone deficiency (basal or peak GH level of 10 and 7μg/l, respectively) 

and causes of secondary GHI/IGF-1 insensitivity (such as poor nutrition or chronic disease). Birth 

weight, height and BMI were expressed as Standard Deviation Scores (SDS) according to appropriate 

national standards. Biochemical investigations included: basal and/or peak GH and basal IGF-1 

levels. IGF-1 was expressed as SDS based on the age and sex appropriate range provided by the 

institution. Where serum IGF-1 was undetectable (less than the lower limit of the assay) we 

calculated the lowest possible, detectable SDS and assigned this value for the statistical analysis. In 

these patients, the IGF-1 SDS ranged between -2.4 and -3.0 but this is likely to underestimate the 

degree of IGF-1 insensitivity. Subjects were referred to our centre for genetic analysis between 2008 

and 2021. 

 

2.2.1 Patients assessed on the short stature gene panel   

I have assessed 92 patients with suspected defects in the GH/IGF-1 axis on the short stature gene 

panel alongside 13 control samples. 37 patients were female and 55 male, with a mean age at 

referral of 8.32 years (range 0.5 to 59 years), mean height SDS -3.67 (range -1.6 to -7.44). 17/92 
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(13%) patients were born small for gestational age (SGA), with mean birth weight (BW) SDS -1.08 

(range 1.64 to -4.66). All patients had height SDS ≤-2 except for one younger sibling of an index case 

who was included as she shared her brother’s clinical phenotype and had IGF-1 deficiency (height 

SDS -1.6). 

 

2.2.2 Patients assessed for copy number variation (CNVs) 

For genetic analysis of copy number variation, patients were divided into Growth Hormone 

Insensitivity and unexplained short stature cohorts.  

 

Growth Hormone Insensitivity (GHI) subjects   

We assessed 54 patients with GHI (36 males, mean age 7.3 years, median 7.0 years, range 0.5-17.0 

years). All had SS (mean height SDS -3.8, median -3.7, range -1.6 to -7.4 SDS) and evidence of GHI 

(normal/high levels of growth hormone and IGF-1 deficiency;  mean IGF-1 SDS -2.5; range -2.0 to -

4.1). Mean birth weight (BW) SDS was -1.1 (median -0.95, range 1.1 to -4.8) and 9/54 (17%) GHI 

subjects were born SGA (BW SDS <-2.0).  All patients had height SDS ≤-2 except for one younger 

sibling of an index case who was included as she shared her brother’s clinical phenotype and had 

IGF-1 deficiency (height SDS -1.6, IGF-1 SDS -2.4). 

 

Unexplained short stature subjects  

We assessed 10 patients with unexplained short stature (6 male; mean age 5.8 years, median 4.25 

years, range 1.1-16.5). All had short stature (mean height SDS -3.4, median -3.5, range -2.0 to -4.5) 

and normal/high GH and IGF-1 levels. Mean BW SDS was -2.0 (median -2.12, range -0.3 to -3.8) and 

6/10 were born SGA (BW SDS <-2.0).  
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2.3 Genetic analysis  

 
2.3.1 DNA extraction from whole blood 
 
Blood was collected in EDTA tubes and Deoxyribonucleic acid (DNA) extraction performed using the 

GE Healthcare Nucleon™ BACC2 Genomic DNA Extraction Kit (catalogue number 10637265, Fisher 

Scientific, UK). Composition of buffers and reagents from this kit can be found in Appendix 1. Using 

an aseptic procedure, four times the volume of Reagent A was added to each blood sample in a 

50ml falcon tube and placed on a rotary mix for 4 minutes at room temperature. The sample was 

then centrifuged at 1300g for 5 minutes. The supernatant was discarded and 2ml Reagent B added 

to the pellet. The pellet was resuspended by Vortex and the suspension transferred to a 15 ml Falcon 

tube. 500µl of sodium perchlorate solution was added to the solution and the tube inverted 7 times. 

2mls of chloroform was then added, inverting the tube 7 times. 300µl of Nucleon resin was added 

to the tube, taking care to avoid remixing the phases. The sample was then centrifuged at 1300g for 

3 minutes. Holding the tube vertically without disturbing the nucleon resin layer, the upper phase 

was transferred into a clean tube (approximately 2.5ml). Twice the volume of cold absolute ethanol 

was added to the solution and mixed by inversion until precipitate became visible. This precipitate 

was hooked using a heat-sealed Pasteur glass pipette and suspended in TE in an Eppendorf tube. 

After rotary mixing the sample at 4°C for a minimum of 2 hours, the DNA sample quality and 

concentration was assessed using a Nanodrop spectrophotometer. 

 

2.3.2 Creation of the custom short stature gene panel 
 

The gene panel was created to enable detailed exploration of key genes of interest in GHI and 

overlapping syndromes. The panel included 60 genes of interest, 3 non protein-coding regions and 

one intergenic region (Figure 2.1). Whole genomic sequences were included for each gene, including 

the intronic regions, 2kb upstream and 500bp downstream of the gene. This enabled detailed 
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exploration and assessment of non-coding regions in known genes (in addition to the coding/exonic 

sequences), which could potentially uncover diagnoses for patients with phenotypes classic for a 

genetic defect but with no exonic pathogenic variants identified. This work would therefore develop 

our understanding of non-coding variants.  

 

Figure 2.1 Genes included in the custom short stature gene panel

  

SRS, Silver Russell Syndrome; SS, short stature. Shown in bold are genes in which mutations have 
been recognised to cause growth failure. Shown in non-bold are genes with important roles in 
growth pathways in which I hypothesised mutations could lead to growth failure.  
 



65 
 

Genes were selected for the panel based on their relevance to GHI phenotypes. Recognised genetic 

causes of overlapping syndromes (SRS, 3M and Noonan) were included, in addition to other short 

stature genes of interest that may present with similar phenotypes. Several novel genes, which were 

good candidates, such as genes with key roles in known growth pathways but with no currently 

recognised human mutations causing growth failure, were also included.  

 

A limited number of genes were included for Silver Russell Syndrome (SRS). As discussed previously, 

SRS is primarily a disorder of methylation and imprinting. Hypomethylation of the imprinted 

H19/IGF2 domain of chromosome 11p15 (11p15LOM) and maternal uniparental disomy of 

chromosome 7 (upd(7)mat) are identified in 50-60% and 10% SRS cases, respectively (130). 

However, defects in single genes have also been identified in single genes causing SRS phenotypes 

and 40% of patients with clinical SRS remain without a genetic diagnosis (131). Since 2015, 5 

mutations have been reported in IGF2 causing growth failure and SRS features (133,181–183). These 

include a family with multiple affected members (paternal transmission) with a heterozygous 

nonsense substitution c.191C→A, a de novo heterozygous indel c.110_117delinsAGGTAA, a de novo 

heterozygous c.101G>A missense mutation, a de novo heterozygous nonsense mutation c.78C>G 

and a de novo heterozygous two-nucleotide duplication c.158_159dup (133,181–183). IGF2 is a 

paternal effect gene and silenced on the maternal allele, and all reported cases were either paternal 

transmission or de novo. Since 2015, 5 mutations of HMGA2 have been reported causing growth 

failure and SRS features (184–187). All of these mutations were heterozygous and caused a 

frameshift change to the protein: c.189delA, a microdeletion including exon 1 and 2, a microdeletion 

of exon 2, c.193C>T and a 7bp deletion just prior to exon 5 (184–187). HMGA2 is not an imprinted 

gene and paternally inherited, maternally inherited and de novo mutations have been reported. 

PLAG1 is a non-imprinted gene thought to be an upstream regulator of HMGA2. Two heterozygous 
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PLAG1 mutations causing frameshift were reported in 2017 in patients with growth failure and SRS 

phenotypes (188).  

 

Once the genetic regions of interest were decided, I generated a list of co-ordinates of the target 

regions to be covered by the panel. Otogenetics (Otogenetics Corporation, 4553 Winters Chapel 

Road, Ste 100 Atlanta, GA CLIA CERTIFIED 11D2066426, GA St Clinical laboratory License 067-071) 

designed probes to cover this region in as much detail as possible, within the limitations of highly 

repetitive regions. The total number of probes was 89527, and the average coverage of the panel 

for the regions of interest was 97.05% (Table 2.1). Probe design, preparation of libraries, capture 

and sequencing was performed by Otogenetics. Sequencing was performed using an Illumina HiSeq 

2500 platform (paired ends 100-125, designated average coverage of 100x). Otogenetics performed 

data mapping, duplicate removing, snv/Indel calling, vcf annotation and generated VCF, BAM and 

Bam.bai files that I used as the input for my bioinformatic analysis.  

 

Table 2.1 Details of genomic regions included in custom short stature gene panel 

Gene Chromosome Start point End point Size of region (BP) Coverage (%) 

NRAS 1 115245091 115260015 14924 99.34 

CHD1L 1 146712292 146767943 55651 99.04 

RIT1 1 155865600 155881695 16095 93.32 

PAPPA-2 1 176430308 176815235 384927 98.36 

OBSL1 2 220413452 220437081 23629 99.78 

SOS1 2 39206538 39351986 145448 98.04 

IGFBP2 2 217495552 217529659 34107 96.25 

IGFBP5 2 217534829 217560748 25919 99.35 

RAF1 3 12623101 12706225 83124 92.72 

RASA2 3 141203890 141334684 130794 98.10 

ADAMTS3 4 73144687 73435016 290329 95.68 

GHR 5 42421880 42722479 300599 94.39 

ANKRA2 5 72846161 72862011 15850 99.02 

SKP1 5 133482634 133513229 30595 96.04 

STC2 5 172739717 172757006 17289 100.00 
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CUL7 6 43003356 43022183 18827 95.59 

CUL9 6 43147914 43192825 44911 97.05 

IGF2R 6 160388132 160535039 146907 98.23 

IGFBP3 7 45925957 45933767 7810 100.00 

BRAF 7 140417128 140625064 207936 95.09 

IGFBP1 7 45925957 45933767 7810 100.00 

IKBKB 8 42126821 42190473 63652 96.31 

PLAG1 8 57,071,464 57124383 52919 97.79 

STC1 8 23697429 23712820 15391 99.73 

PAPPA 9 118914084 119165101 251017 99.46 

JAK2 9 4983034 5128683 145649 93.10 

SEC16A 9 139332550 139372641 40091 97.83 

NPR2 9 35790152 35810229 20077 99.50 

IL11RA 9 34648700 34662389 13689 99.77 

SHOC2 10 112677302 112773925 96623 98.47 

H19 11 2014407 2023200 8793 100.00 

KCNQ1OT1 11 2627559 2721724 94165 93.60 

ICR1 11 2016813 2025240 8427 100.00 

IGF2 11 2148343 2171033 22690 96.06 

CBL 11 119074753 119179359 104606 96.97 

HRAS 11 530243 537787 7544 100.00 

TENM4 11 78361877 79152492 790615 98.27 

NOX4 11 89055525 89323279 267754 95.53 

IGF1 12 102787646 102874923 87277 94.71 

FBXW8 12 117346762 117469453 122691 98.26 

PTPN11 12 112854156 112948217 94061 95.83 

KRAS 12 25355724 25404370 48646 98.21 

A2ML1 12 8973069 9040097 67028 95.09 

IGFBP6 12 53489221 53496629 7408 97.75 

HMGA2 12 66215912 66360575 144663 98.66 

SOCS2 12 93961591 93977763 16172 99.08 

SOS2 14 50581848 50698776 116928 97.31 

MEG3 14 101243748 101327868 84120 98.49 

IGF1R 15 99190201 99508259 318058 99.25 

MAP2K1 
(MEK1) 15 66677156 66785150 107994 94.02 

ACAN 15 89344675 89419085 74410 99.63 

IGFALS 16 1838415 1845472 7057 100.00 

STAT5B 17 40349187 40429225 80038 94.78 

STAT3 17 40463343 40541086 77743 94.39 

NF1 17 29419946 29709634 289688 96.41 

IGFBP4 17 38597703 38614483 16780 96.39 
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CCDC8 19 46911630 46917341 5711 99.39 

RRAS 19 50136550 50143958 7408 98.89 

MAP2K2 
(MEK2) 19 4088320 4124626 36306 99.07 

ROC1 22 41345352 41369813 24461 94.35 

LZTR1 22 21331752 21353827 22075 99.04 

ARAF X 47418517 47431807 13290 99.35 

IL2RG X 70325255 70332458 7203 98.97 

SHOX X 583080 620646 37566 91.74 

Total size of 64 genetic regions (BP) 
 

5921965 
 

Total size gene panel (Mb) 5.92  

Average coverage of target regions   97.05 

 

BP, base pairs; Mb, Megabases. Co-ordinates and coverage of regions included in the GHI custom 

panel including 2000 bases upstream and 500 downstream of genetic regions of interest. H19, 

KCNQ1OT1 and MEG3 are non-coding and ICR1 is an intergenic region. GRCh37 

(http://grch37.ensembl.org/index.html) was used as the reference genome for generating the co-

ordinates of each region. 

 

 

2.3.3 Array Comparative Genomic Hybridisation (aCGH) to identify copy number variants (CNVs) 
 

2.3.3.1 Array details 

DNA samples were analysed by aCGH at an ISO15189 accredited genetics laboratory, using a 60K 

oligonucleotide array (Agilent design 028469 or 085030) as previously described (189). Briefly, 1µg 

DNA was labelled using CGH Labelling Kit for Oligo Arrays (Enzo Life Sciences, USA), labelled DNA 

was purified post-labelling using QIAquick PCR purification Kit (catalogue number 28104, Qiagen, 

Crawley, UK), DNAs were applied to a 60K oligonucleotide array (Agilent, USA) and hybridisation, 

washing and scanning was performed following the manufacturers’ protocols.  

 

2.3.3.2 Array CGH data analysis 

Array CGH data analysis was undertaken as previously described (189). Fluorescence signal intensity 

analysis was performed using Feature Extraction software (Agilent, USA). CNV detection was 
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performed using Genomic Workbench software (Agilent, USA) and the ADM-2 algorithm (threshold 

6). Secondary analysis was performed using the ADM-1 algorithm (threshold 6) for detection of low-

level mosaicism (190). Population polymorphisms were filtered out and each CNV was assessed for 

pathogenicity in the context of each subject’s phenotype following the Association for Clinical 

Genetic Science (ACGS) best practice guidelines (191). GRCh37 

(http://grch37.ensembl.org/index.html) was used as the reference genome. Where possible, 

parental samples were obtained and segregation studies were performed to ascertain the parent of 

origin or confirm de novo events. The median resolution of our CGH array was 120kb. Five GHI 

subjects were analysed at a reduced resolution (ranging from 1Mb-10Mb) due to poor DNA quality. 

No significant CNVs were identified in any patients analysed at reduced resolution. 

 

2.3.3.3 CNV classification 

CNVs were classified into 5 categories based on evidence including population, computational, 

functional and segregation data in line with accepted best practice guidelines for SNVs (169). This 

included: class 1 (benign), class 2 (likely benign), class 3 (variant of uncertain significance; VUS), class 

4 (likely pathogenic) and class 5 (pathogenic) (169). Class 1 or 2 CNVs were discarded and only those 

considered pathogenic, likely pathogenic or VUS were investigated further.  

 

2.4 Bioinformatic analysis  
 

2.4.1 Ingenuity Variant Analysis 
 
 
Ingenuity Variant Analysis (IVA) (https://www.qiagenbioinformatics.com/ products/ingenuity-

variant-analysis from QIAGEN, Inc) is a bioinformatics tool for rapidly filtering genetic variants (192). 

To use the IVA programme, I uploaded Variant Call Files (VCFs) which annotate any changes seen in 

the patient and compare it to the reference genome. VCFs can be generated from several next 
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generation sequencing techniques including whole exome sequencing (WES), whole genome 

sequencing and targeted gene panels. VCFs contain thousands of genetic variants per patient, many 

of which are synonymous and IVA allows filtering based on a number of parameters e.g.  type of 

variant or inheritance pattern. For example, it is possible to select parameters to identify rare 

compound heterozygous mutations in a gene when analysing a trio of patient with unrelated 

parents. I used IVA to filter the variants in VCFs generated from the short stature custom gene panel. 

An example of a filtering pipeline is shown in Figure 2.2. 

 

Figure 2.2 Filtering pipeline to identify pathogenic variants from short stature gene panel

 

13 patients were assessed on the short stature gene panel as control samples. 12 of these have 
known defects in genes featured on the panel and 1 was a healthy patient with a normal phenotype. 
1,000 genomes (https://www.internationalgenome.org/); ExAC genome browser 
(http://exac.broadinstitute.org/gene/ENSG00000086200); gnomAD genome aggregation database 
(https://gnomad.broadinstitute.org/) NHLBI ESP exomes (https://evs.gs.washington.edu/EVS/) 
 

This example filtering pipeline enabled the rapid identification of clearly pathogenic exonic 

mutations responsible for a patient’s phenotype. However, searching for novel and non-classic 

variants required some alterations to this pipeline. For example, non-coding variants are often 

predicted benign based on the algorithms in place, so I filtered for very rare, homozygous variants 

https://www.internationalgenome.org/
http://exac.broadinstitute.org/gene/ENSG00000086200
https://gnomad.broadinstitute.org/
https://evs.gs.washington.edu/EVS/
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in patients that remained undiagnosed but removed the criteria for the variant to be predicted 

pathogenic or associated with loss of gene function.  

 

A significant advantage of using tools such as IVA is the speed of filtering and volume of variants 

which can be assessed at one time. This was invaluable when assessing the wealth of data generated 

from increasingly sophisticated genetic analysis, and IVA provided detailed annotation including 

pathogenicity scores from three different sources and links to gene summaries. In cases where the 

mutation has been previously published, it also provides details of the publication. It allows the user 

to tailor each genetic search to the genetic variants in which they are interested. However, it is 

limited in its assessment of non-coding variants.  

 

2.4.2 In silico splicing prediction software  

Whilst IVA is able to identify variants that may alter splicing if they affect the canonical splice sites 

directly, it does not identify variants deep within non-coding regions that may have aberrant effects 

on splicing. For this reason, I used other splicing prediction tools to assess non-coding variants and 

their potential for affecting splicing. Human Splicing Finder (http://umd.be/HSF3/) was a valuable 

tool for splice predictions (193). I identified all intronic homozygous variants with an allele frequency 

of ≤0.05% in the 1,000 genomes, ExAC, gnomAD and NHLBI ESP exomes. I then assessed the list of 

variants generated using Human Splicing Finder (http://umd.be/HSF3/) which calculated the 

consensus values of potential splice sites, splice enhancer and splice silencer sites.  

 

2.4.3 Assessment of genes within the identified CNV regions 

Class 3-5 CNV regions identified were explored using bioinformatic analysis techniques to identify 

key pathways and candidate growth genes (Figure 2.3). A ‘CNV gene list’ was generated. This 

included all the protein coding genes within the class 3-5 CNV regions identified in the subjects. 

http://umd.be/HSF3/
http://umd.be/HSF3/
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These genes were identified using Biomart (http://grch37.ensembl.org/biomart/) (CNV gene list, 

table 4.4). The CNV gene list was evaluated in detail to identify potential candidate growth genes 

and generate the ‘Candidate gene list.’ 

 

Figure 2.3 Flowchart showing the bioinformatic pipeline used to identify key pathways and 

candidate growth genes within the class 3-5 CNV regions identified in the subjects 

 

Given the distinct phenotypes, the CNV regions identified in the GHI and unexplained short stature 
patients were assessed separately. CNV, copy number variant; GHI, Growth Hormone Insensitivity; 
USS, unexplained short stature; Biomart http://grch37.ensembl.org/biomart/; MGI, Mouse Genome 
Informatics http://www.informatics.jax.org/; DECIPHER https://decipher.sanger.ac.uk/; GWAS 
catalogue, Genome Wide Association Studies catalogue https://www.ebi.ac.uk/gwas/; STRING 
database https://string-db.org/. 
 

UCSC genome browser enabled visualisation of DECIPHER data (http://genome.ucsc.edu/) (194). 

DECIPHER genome data tracks aided the identification of overlapping CNVs previously reported in 

growth failure subjects and therefore allowed the identification of key regions within the CNVs 

identified in our subjects (195). Mouse Genome Informatics (MGI) identified genes within the CNV 

gene list associated with pre- or post-natal growth failure phenotypes in mouse models 

http://grch37.ensembl.org/biomart/
http://grch37.ensembl.org/biomart/
http://grch37.ensembl.org/biomart/
http://www.informatics.jax.org/
https://decipher.sanger.ac.uk/
https://www.ebi.ac.uk/gwas/
https://string-db.org/
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(http://www.informatics.jax.org/). Literature searches, Online Mendelian Inheritance in Man 

(OMIM, https://www.omim.org/) and pathway analyses also determined established and putative 

growth genes within the CNV regions. The NHGRI-EBI Catalog of published genome-wide association 

studies (https://www.ebi.ac.uk/gwas/) was queried to identify genes from the CNV gene list with 

loci associated with “height.” GWAS studies aim to elucidate genotype-phenotype correlations by 

assessing differences in the allele frequencies of genetic variants between individuals who share 

similar ancestry but display different phenotypes. Single-nucleotide polymorphisms are most 

commonly studied (196). Statistical analysis identifies genomic loci that are significantly associated 

with the phenotypic variable of interest, in this case  ‘height.’ 

 

2.4.3.1 Pathway enrichment analysis  

Pathway enrichment analysis was performed by Dr Claudia Cabrera using Ingenuity Pathway 

Analysis (IPA) software (Qiagen, inc). IPA identified biological pathways and functions enriched 

within the CNV regions (CNV gene lists) identified in the GHI and unexplained short stature cohorts.   

To further investigate the enriched pathways and their role in growth, we created a ‘Curated growth 

gene list’, 1305 established and candidate growth genes generated from published data and in-

house analysis (109,197–200). Overlaying the curated growth gene list with the pathway results 

allowed detection of pathways harbouring growth-related genes. Pathways with evidence of 

enrichment in more than 3 subjects were further investigated.  

 

2.4.3.2 In silico protein-protein interaction analysis using Candidate gene lists  

The combined bioinformatic analysis described above produced ‘Candidate gene lists’ for the GHI 

and unexplained short stature subjects (n=38 GHI, n=7 unexplained short stature). The STRING 

database (https://string-db.org/) was used to explore protein-protein interactions within the 

candidate genes. Default settings were applied with the exception of interaction sources, where 

http://www.informatics.jax.org/
https://www.omim.org/
https://www.ebi.ac.uk/gwas/
https://string-db.org/
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text mining and neighbourhood were excluded. Direct interactions between two candidate genes 

were explored and also those via intermediate proteins. 

 

2.4.3.3 Statistical analysis of phenotypic predictors in CNV patients   

Phenotypic predictors (height SDS, age, sex, BW SDS or IGF-1 SDS) associated with the identification 

of subjects with and without CNVs in the cohort were compared by Dr Sumana Chatterjee using 2-

tailed t-tests and logistic regression analysis. The frequency of deletions vs duplications and the size 

of the CNVs between the 2 cohorts (GHI and unexplained short stature groups) were analysed by 

Fisher's exact t test and Mann-Whitney u test, respectively.  

 
 

2.5 Verifying identified genetic variants of interest 
 

2.5.1 Primer design 
 

Primers were designed to verify variants of interest identified by the short stature gene panel and 

to assess segregation of the variant. The relevant region was identified using Ensembl 

(http://grch37.ensembl.org/index.html) and primers were designed to the following criteria: 

• To amplify a genomic region 400-600bp in size. 

• Oligonucleotide length between 17 to 27 nucleotides. 

• GC content 40-60%. 

• A maximum length of 4 mononucleotide repeats (e.g. AAAA). 

• Primer pairs to have similar Tm (melting temperature values). This can be estimated by Tm 

= 2°C x (number of A and T residues) + 4°C x (number of G and C residues). 

• Primers that form weak secondary structures only. 

• Primer sequences that preferably end in a GC clamp (last 2 nucleotides in sequence are G or 

C). 

http://grch37.ensembl.org/index.html
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Primers were designed manually and by using ExonPrimer (https://ihg.helmholtz-

muenchen.de/ihg/ExonPrimer.html). They were then entered into the BLAST search tool on 

Ensembl (http://grch37.ensembl.org/Multi/Tools/Blast) to check if the oligonucleotide sequences 

occurred elsewhere in the genome (thus increasing the risk of non-specific PCR products). Primers 

that occurred only once in the genome were preferentially ordered. Primer sequences used for 

genomic DNA amplification are provided in Appendix 2.  

 

GRCh37 (http://grch37.ensembl.org/index.html) was used as the reference genome throughout this 

work. This was chosen by my PhD supervisors as they felt the most comfortable with this build and 

felt it would be most compatible with previously attained WES data mapped to GRCh37 and more 

easily allow combined analysis. However, it should be noted that an updated reference genome 

GRCh38 (https://www.ensembl.org/Homo_sapiens/Info/Index) was released in 2013 and most 

recently patched in 2019. This build uses more extensive alternate contigs to represent common 

complex variation, including HLA loci. It also corrects thousands of small sequencing artefacts 

present in the GRCh37 build that could cause false SNP and indels to be called (201). Furthermore, 

in 2022 the Telomere-to-Telomere (T2T) Consortium published a complete 3.055 billion base pair 

(bp) sequence of a human genome, T2T-CHM13. Made possible by high accuracy long read 

sequencing, this maps complex regions previously unchartered due to technological barriers and 

unlocks endless potential for comprehensive studies of genomic variation across the genome (202).  

 
 
2.5.2 Agarose gel 

1g of Agarose was combined with 100ml 1x Tris Acetate EDTA solution and heated until dissolved. 

Once cooled, 6 microliters of Gel REDTM Nucleic Acid Stain (catalogue number BT41003, Biotium, 

UK) was added, taking care to avoid contact with skin and inhalation. After arranging a gel cassette 

https://ihg.helmholtz-muenchen.de/ihg/ExonPrimer.html
https://ihg.helmholtz-muenchen.de/ihg/ExonPrimer.html
http://grch37.ensembl.org/Multi/Tools/Blast


76 
 

and comb with desired number of wells securely in frame, the solution was added, any bubbles 

dispersed and the mixture left to solidify.  

 
 
 
2.5.3 DNA loading dye  
 
12.5ml distilled water was added to 25mg Orange G. Once dissolved, 12.5ml glycerol was slowly 

added and the solution mixed well. The loading dye was divided into 1ml aliquots and stored in a 

cool dark place until use. For use with agarose gels, 4µl DNA was added to 1µl loading dye to give a 

clear signal.  

 

2.5.4 Polymerase Chain Reaction (PCR) 
 

Ratio of reagents for PCR mix  

Taq polymerase Buffer                                         2.5 µl 

dNTP mix (10mM of each dNTP)                             1 µl 

Forward primer (10mM concentration)                        0.5 µl 

Reverse primer (10mM concentration)                         0.5 µl 

Taq polymerase                                                        0.4 µl 

Genomic DNA                                                        100-200ng  

DEPC treated water, DNA and RNA free                        to make up 25 µl total volume 

 

Total volume for each PCR reaction = 25 µl 

 

A master mix can be made using all reagents except the DNA and primers (unless all reactions use 

the same DNA/primers) which will improve the accuracy by avoiding the use of small volumes. Scale 

up the volumes listed above depending on number of PCR samples. 
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Reagents were thawed on ice prior to use, except for Taq polymerase which was removed from the 

-20°C freezer just before use. A master mix was created by combining all reagents except DNA and 

primers into an Eppendorf tube, adding Taq polymerase last. The mixture was mixed well using the 

vortex. The master mix was pipetted into individual PCR tubes, to which the relevant primers and 

DNA were added. The mixture was mixed by pipetting up and down, ensuring there were no bubbles 

in the samples. The samples were loaded into the G-Storm GS1 thermal cycler in the central slots 

and the appropriate PCR program selected.  

 

Touchdown PCR (in which the initial annealing temperature is higher than the expected primer 

melting temperature (Tm) with gradual decrease in temperature over subsequent cycling) was used 

for standard reactions. This reduces the likelihood of non-specific PCR products forming. The most 

common settings are shown below, but the temperatures used in steps b and c were adjusted 

depending on the Tm of primers used. 

a. Denaturing: 95°C for 5 minutes  

b. Touchdown: 10 x (95°C for 30 seconds, 65°C for 30 seconds (-1°C per cycle), 72°C for 30 

seconds)  

c. Amplification: 25 x (95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds) 

d. Elongation: 72°C for 5 minutes  

e. Storage: store at 10°C until samples retrieved from machine 

The lid was heated to 110°C throughout to reduce the temperature gradient within the PCR 

tubes and minimise evaporation of samples.  

 

During the PCR reaction, an agarose gel was made as per the steps above and placed into the 

Electrophoresis chamber. 1 x Tris Acetate EDTA solution was added to the chamber to the fill line. 
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3µl of 100bp DNA Ladder (catalogue number 15628019, Invitrogen, Paisley, UK) was loaded into the 

chosen well. 4µl of each PCR product was combined with 1µl DNA loading buffer on a clean section 

of parafilm, mixed by pipette and loaded into the wells of the agarose gel. Care was taken to use 

different areas of parafilm for each sample to avoid cross contaminating loaded samples, and to 

clearly document the loading order of the samples.  

 

Electrophoresis ran at 110V for 90 mins. Bubbles were immediately visible within the chamber, 

demonstrating flow of current. After the 90-minute period, the gel was removed from the tank if 

the visible dye had run to within 1cm of the end of agarose gel. If not, additional running time was 

used. Once complete, the gel was visualised at 600nm wavelength using the Odyssey® Fc Imaging 

System by LI-COR Biosciences.  

 

2.5.5 Sanger sequencing analysis 
 

 

2.5.5.1 Sending samples for Sanger sequencing 
 
If gel electrophoresis demonstrated a single, clean band of PCR product, samples were sent for 

Sanger sequencing analysis. Concentration of each PCR product was determined using the 

Nanodrop spectrophotometer. Sample were diluted using RNA and DNA free water to a 

concentration of 10-50ng/µl and 20µl of product sent to Eurofins sequencing service. 

(https://www.eurofinsgenomics.eu/)  

 

2.5.5.2 Interpreting sequencing results 
 
For each specified combination of primer and PCR product, Eurofins generated an ABI file which can 

be visualised using Bioedit Sequence Alignment Editor (20). BioEdit is a free biological sequence 

alignment editor designed to make alignment and manipulation of sequences relatively easy on 

https://www.eurofinsgenomics.eu/
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desktop computers. Example images generated from the programme are shown (Figures 2.4 and 

2.5).  

 

Figure 2.4 Chromatogram of Sanger sequencing generated from ABI file on Bioedit 

 

Sanger sequencing showing a classic four-colour chromatogram. Numbering is relative to the 
nucleotides of the PCR product. 
 
 
Figure 2.5 Alignment of wild-type and mutant sequences on Bioedit identifying a homozygous C 

to T change  

  

MUT, Mutant; WT, wild-type. Using the alignment tool and colour coding the bases of the sequence 
enables easy identification of base mismatches. A homozygous C to T change is indicated by the 
blue arrow.  
 
 
 
2.6 Cell culture  

HEK293T cells  were cultured in Dulbecco’s Modified Eagle Medium High Glucose (Catalogue 

number D6429, Sigma Aldrich, Poole, UK) supplemented with 10% fetal bovine serum (FBS; 

catalogue number 11573397,  Fisher Scientific, UK) and 1% penicillin/streptomycin solution 

(Pen/Strep; catalogue number 15140122, ThermoFisher Scientific, UK). Fibroblast cells were 
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cultured in Dulbecco’s Modified Eagle Medium High Glucose supplemented with 20% fetal bovine 

serum, 1% penicillin/streptomycin solution and 1% Non-essential Amino Acids (NEAA; catalogue 

number 11140050, ThermoFisher Scientific, UK). All cells were incubated in a humidified incubator 

at 37°C and 5% CO2. Cells were assessed for mycoplasma contamination on monthly basis using the 

MycoAlertTM Mycoplasma Detection Kit (catalogue number LT07-318, Lonza Bioscience) and were 

contamination-free. 

Cells were passaged and/or frozen once cultured to 90% confluency in a 75cm2 (T75) flask. They 

were gently washed with 10ml Phosphate Buffered Saline solution (PBS; catalogue number 806552, 

Sigma Aldrich, Poole, UK) prior to incubation at 37°C and 5% CO2 with 3ml 1x 

Trypsin/Ethylenediaminetetraacetic acid solution (Trypsin EDTA;  R001100, ThermoFisher Scientific, 

UK) until detachment of cells from the flask was visible under the microscope. 7ml media was then 

added to inactivate the Trypsin EDTA and this solution was centrifuged at 1200rpm (fibroblasts) or 

1500rpm (HEK293T) for 5 minutes at room temperature to pellet the cells. Following centrifugation, 

the supernatant was discarded.  

 

When splitting the cells, this pellet was then resuspended with the relevant cell media, divided 

between several tissue culture flasks and incubated at 37°C and 5% CO2. When freezing the cells, 

the pellet was resuspended in 4ml 90% FBS/10% Dimethylsulfoxide (DMSO, catalogue number 

C6164, Sigma Aldrich, Poole, UK) solution and frozen in 1ml aliquots in cryovials. These were stored 

at -80°C for short-term storage or placed in liquid nitrogen storage for long-term storage. Frozen 

samples were thawed by placing in the 37°C water bath for 1-2 minutes. 5ml cell media was added 

to each sample and centrifuged at 1000rpm for 5 minutes. The supernatant was discarded and the 

cell pellet resuspended in cell media and placed into tissue culture flasks.  

 

 

https://www.sigmaaldrich.com/GB/en/product/sigma/c6164
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2.6.1 Preparation of Luria-Bertani (LB) broth 
 
10 g LB powder was dissolved in 400mls MilliQ water and sterilised using an autoclave. The broth 

was stored at room temperature with a tight seal when not in use. The LB broth was prepared in 

proximity to a flame to help maintain the sterility of the broth. 

 

2.6.2 Preparation of LB agar plates  

10g LB powder and 7.5g agar were dissolved in 400ml MilliQ water and sterilised using an autoclave. 

The solution was cooled by placing into a 37°C water bath. Ampicillin was added to final 

concentration 100micrograms/ml, and the agar mixture was poured into 10cm sterile dishes in the 

presence of an open flame to reduce the risk of contamination. Once set, the plates were sealed 

using parafilm and stored at 4°C until use. 

 
2.6.3 Transformation of chemically competent bacterial cells 
 
NEB 5-alpha competent E. coli (High Efficiency) (New England Biolabs, Hertfordshire, UK) were 

used for high efficiency transformation. Competent cells were stored at -80°C and thawed on ice for 

10 minutes prior to use. 1µl of the plasmid DNA was added to the tube, which was then incubated 

on ice for 30 minutes. Samples were heat shocked for 30 seconds at 42°C then placed immediately 

back onto ice for 5 minutes. 950µl LB broth was then added to each vial and placed at 37°C in a 

shaking incubator set to 220rpm for 1 hour. Each sample was then centrifuged at 13000g for 1 

minute at room temperate. 500µl of the supernatant was discarded and the remainder used to 

resuspend the pellet by pipetting. In the presence of an open flame to prevent contamination, 100µl 

of this solution was then plated onto a LB agar ampicillin plate and spread with a sterilised glass 

Pasteur pipette. Plates were incubated at 37°C overnight then colonies selected for culture the 

following morning. 
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2.6.4 Glycerol stocks 

Prior to lysing cells in miniprep or midiprep methods to obtain the DNA construct, it is always 

advisable to make glycerol stocks of the living cells. This means the E. coli cells containing the DNA 

construct of interest can be easily amplified without the need for repeat transformation and colony 

selection.  To create the glycerol stock, 200µl glycerol and 800 µl bacterial culture were combined 

in an autoclaved Eppendorf tube and mixed well. The stock was stored at -80°C until required. To 

amplify the bacterial culture from the glycerol stock, 200µl of the defrosted stock was added to 

200ml autoclaved LB broth containing 100micrograms/ml ampicillin and left in a shaking incubator 

at 37°C overnight.  

 
2.6.5 Miniprep  
 
Miniprep of DNA constructs was performed using the QIAprep Spin Miniprep Kit (catalogue number 

27106, Qiagen, Crawley, UK). Composition of buffers and reagents from this kit can be found in 

Appendix 1. Using a sterile tip, a single colony was picked from a freshly streaked (overnight 

incubation) LB agar ampicillin selection plate and used to inoculate a starter culture of 10ml LB broth 

containing 100micrograms/ml ampicillin. This step was performed in the presence of an open flame 

to prevent contamination. This was incubated overnight at 37°C in a shaking incubator set to 

220rpm.  

The following morning, glycerol stocks were created and the bacterial cells harvested by centrifuging 

the culture at 4000g for 10 minutes at room temperature. The supernatant was discarded and the 

pelleted bacterial cells resuspended in 250µl Buffer P1. The sample was placed into an autoclaved 

Eppendorf tube and 250µl Buffer P2 was added and mixed by inversion of the tube 4-6 times until 

the solution turned blue (due to the presence of Lyse Blue). 350µl Buffer N3 was added and mixed 

by inversion 4-6 times. The solution at this point became colourless and was then centrifuged for 

10 minutes at room temperature at 17000g. 800µl of the supernatant was added to a QIAprep 2.0 
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spin column. The sample was centrifuged for 1 minute at 17000g and the flow through discarded. 

The QIA prep 2.0 spin column was washed by adding 0.5ml Buffer PB. The sample was centrifuged 

for 1 minute at 17000g and the flow through discarded. 750 µl Buffer PE was then added to the 

QIAprep 2.0 spin column. The sample was centrifuged for 1 minute at 17000g and the flow through 

discarded. The sample was then centrifuged for an additional 1 minute at 17000g to remove residual 

wash buffer and discard the flow through. The QIA prep 2.0 column was then placed into an 

autoclaved 1.5ml Eppendorf tube. To elute the DNA, 30 µl Elution Buffer EB (10mM TrisCl, pH8.5) 

was added to the centre of the QIAprep 2.0 spin column. After 1 minute incubation at room 

temperature, the sample was then centrifuged at 17000g for 1 minute. The flow through was 

reapplied to the centre of the QIAprep 2.0 spin column and the incubation and centrifugation 

repeated. This step is taken to maximise DNA elution from the column and thus concentration of 

final product. Finally, the quality and concentration of the eluted miniprepped sample was assessed 

using a Nanodrop spectrophotometer. 

 
2.6.6 Midiprep 
 
Midiprep of DNA was performed using the HiSpeed Plasmid Midi Kit (catalogue number 12643, 

Qiagen, Crawley, UK). Composition of buffers and reagents from this kit can be found in Appendix 

1. Using a sterile tip, a single colony was picked from a freshly streaked (overnight incubation) LB 

agar ampicillin selection plate and used to inoculate a starter culture of 10ml LB broth containing 

100micrograms/ml ampicillin. This step was performed in the presence of an open flame to prevent 

contamination. This was incubated for 8 hours at 37°C in a shaking incubator set to 220rpm. 

Following this incubation, 200µl of this bacterial culture was added to 200ml LB broth containing 

100micrograms/ml ampicillin and this was incubated overnight at 37°C in a shaking incubator set to 

220rpm.  
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The following morning, glycerol stocks were created and the bacterial cells harvested by centrifuging 

the culture at 4000g for 15 minutes at room temperature. Supernatant was discarded and the 

bacterial pellet resuspended by adding 6ml of chilled Buffer P1. The sample was vortexed to ensure 

the bacterial pellet is well dissolved. 6ml buffer P2 was added and the solution was mixed by 

inversion 4-6 times, turning blue due to the presence of Lyse Blue. The solution was incubated at 

room temperature for 5 minutes. 6ml chilled Buffer P3 was added and mixed thoroughly by inverting 

4-6 times, at which stage the solution became colourless.  

 

This solution was then poured onto a QIAfilter cartridge and incubated at room temperature for 10 

minutes. During this time, 4ml buffer QBT was added to a Hispeed tip to calibrate the tip. The 

solution was then filtered through the QIAfilter cartridge and onto the HiSpeed tip. Flow through 

from the HiSpeed tip was discarded. 20ml Buffer QC was added to the HiSpeed Tip and flow through 

discarded. The HiSpeed tip was then transferred to a new collection tube. 5mls Buffer QF was added 

to elute the DNA. DNA was precipitated by adding 3.5ml isopropanol directly to the eluted DNA. 

After incubating the sample at room temperature for 5 minutes, the solution entered a 

QIAprecipitator Module. This module was washed with 2ml 70% ethanol and then air was pushed 

into the module to dry the membrane and remove the ethanol. DNA captured within the 

QIAprecipitator Module was then eluted by adding 300µl Buffer TE. The flow through was again 

passed through the QIAprecipitator Module to optimise DNA elution. The quality and concentration 

of eluted sample was then assessed using a Nanodrop spectrophotometer. 

 

2.6.7 Transient transfection with Lipofectamine 2000 

All steps were performed in a tissue culture hood under aseptic conditions. HEK293T cells were 

seeded in a 6-well plate to achieve 70% confluency after 24 hours incubation at 37°C and 5% CO2. 

Opti-MEM (Catalogue number 31985062, Gibco, UK) and HEK293T cell culture media (DMEM with 
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10% Fetal Bovine Serum and 1% Pen/Strep solution) were warmed to 37°C using a water bath. 1µg 

of plasmid DNA was added to 150 µl Opti-MEM in an autoclaved Eppendorf tube. In a separate tube, 

6µl Lipofectamine 2000 reagent (Catalogue number 11668027, Invitrogen, Paisley, UK) was added 

to 150µl Opti-MEM. The tubes were incubated for 5 minutes at room temperature. The 

lipofectamine containing solution was then added to the DNA solution and mixed by flicking the 

tube. The tubes were left at room temperature for 20 minutes under the hood. After 20 minutes, 

the 6-well plate of HEK293T cells was removed from the incubator and the media gently aspirated. 

The DNA/lipofectamine was gently added in a dropwise manner to the appropriately labelled well. 

After incubating for 2 minutes at room temperature, 2ml HEK293T cell culture media was gently 

added to each well and the cells returned to the incubator at 37°C and 5% CO2. After 18 hours the 

cells were lysed.  

 

2.6.8 Obtaining whole cell lysate 
 

RIPA lysis buffer system (Santa Cruz Biotechnology; RIPA buffer with added protease inhibitor 

cocktail, sodium orthovanadate and phenylmethanesulfonyl fluoride) was used for whole cell lysis. 

Cells were removed from the incubator and placed on ice. Media was removed and 1ml cold PBS 

applied to each well, taking care not to detach the cells. After 2-3 minutes, this PBS was removed 

and the PBS wash repeated. All PBS was then removed from the wells. 100μl RIPA buffer was applied 

per well and left at room temperature for 2-3 minutes. A cell scraper was used to detach the cells 

and they were aspirated into autoclaved Eppendorf tubes. The tubes were placed on a rotary mixer 

at 4°C for 30 minutes. They were then sonicated for 5 seconds at 20KHz to break up cell membranes 

and fragment the DNA. Following sonication, the samples were placed immediately on ice for 5 

minutes then the process was repeated once more. They were then placed into a pre-chilled 4°C 

centrifuge for 15 minutes at 15,000g. Supernatant was aspirated and placed in new Eppendorf tubes 

https://www.thermofisher.com/order/catalog/product/11668027
https://www.scbt.com/p/ripa-lysis-buffer-system
https://en.wiktionary.org/wiki/%CE%BCl
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and the pellet discarded. Protein concentration of whole cell lysates was then assessed using BCA 

assay. 

 

2.6.9 BCA (Bicinchoninic acid) Protein assay 

BCA assay was performed using the Pierce™ BCA Protein Assay Kit (catalogue number 23225, 

ThermoFisher Scientific, UK). Diluted Albumin (BSA) Protein standards A-I were made as per kit 

instructions (ranging in concentration from 0µg/mL to 2000µg/mL). Whole cell lysate samples were 

diluted 1:10 by adding 2µl lysate to 18µl RIPA lysis buffer system. 10µL of BCA protein standards A-

I and 10µL of the diluted 1:10 whole cell lysate samples were loaded in duplicate to the 96 well 

plate. 10mls Reagent A and 200µl Reagent B were combined (1:50 dilution) and 200µl of this 

solution was added to each well. The plate was gently mixed using an Ika-Vibrax-VXR vibrating plate, 

then covered in foil and placed into an incubator at 37°C for 30 mins. After this time, the plate was 

removed from the incubator and assessed on a plate reader at 570 nm wavelength. The values for 

the whole cell lysate samples were interpreted in the context of the values of the protein standards 

using a protein assay standard curve.  

 

2.7 Western blotting  
 

2.7.1 Western blot reagents  
 
 
20x MOPS Running Buffer 
 
I dissolved 104.6g MOPS, 60.6g Trisbase, 10g SDS and 3g EDTA in 300mls MilliQ distilled water, then 

added MilliQ water to make up 500mls total volume. I made sure to cover the glass beaker in foil as 

the solution is photosensitive. When I required 1xMOPS buffer, I added 50ml of this solution to 

950ml to MilliQ water and mixed well.  
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Transfer Buffer 

I dissolved 9g glycine and 2.4g Tris Base in 800ml MilliQ distilled water. I then added 200ml methanol 

and mixed well. 

 

Phosphate buffered saline (PBS) 

I dissolved 10 PBS tablets in 1000ml MilliQ water.  

 

PBS Tween 0.1% 

I added 1ml Tween 20 to 999ml PBS and mixed well.  

 

Blocking buffer (5% milk/PBS Tween 0.1%) 

I added 2.5g milk powder to 50ml PBS tween 0.1% and mixed by inversion.  

 

2.7.2 Western blot procedure  

Desired volumes of 4x Laemmli sample buffer, RIPA buffer and whole cell lysate were combined 

according to BCA concentrations and desired protein loading per lane. Samples were heated to 95°C 

for 5 minutes on a heat block to denature the proteins and then placed immediately onto ice. 

Samples were then centrifuged for 30 seconds at 10,000rpm and pipetted to ensure well mixed. 

Two 10 well NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.5 mm thickness, were secured in the 

electrophoresis chamber and MOPS running buffer poured between the gels. After ensuring no 

leakage of buffer, MOPS was then poured into the main chamber and samples loaded onto the gel. 

6μl Novex® Sharp Pre-stained Protein Standard ladder was loaded into the first well and the loading 

order of the samples was well documented. The electrophoresis was run at 110V for 30 minutes 

until visible dye had formed a flat straight line. The voltage was then increased to 130V and run until 

the visible dye had reached the bottom of the gel. Once electrophoresis is complete, the gels were 

https://en.wiktionary.org/wiki/%CE%BCl
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carefully removed from their plastic casing and any sections of the gel no longer required were 

removed. The proteins on the gel were then transferred onto a nitrocellulose membrane using a 

transfer machine set at 15v for 45 minutes (for 2 gels).  

 

The membrane was soaked in transfer buffer for 5 minutes prior to transfer. Quality of protein 

transfer was assessed using Ponceau red stain, which was subsequently removed with PBS washing. 

Membranes were then blocked for one hour at room temperature in 10ml blocking buffer. After 

this, the membranes were incubated at 4°C for 2 days with primary antibody 1 in 1000 dilution in 

5ml 5% milk/PBS Tween 0.1% and 1 in 100 sodium azide as a bacteriostatic preservative. A 

comprehensive list of antibodies used and their applications is listed in Appendix 3. The membranes 

were then washed three times with 10 ml PBS Tween 0.1% for 5 minutes each. Secondary antibodies 

were added to the membrane at 1 in 10,000 dilution in 5ml blocking buffer and incubated at room 

temperature for 1 hour protected from light. The membranes were then washed with PBS-Tween 

0.1% for 5 minutes and PBS for 2 washes of 5 minutes each at room temperature. Plain PBS was 

used for these final washes as Tween can interfere with the image generated on the LiCor machine. 

The membrane was then imaged on Odyssey® Fc Imaging System by LI-COR Biosciences using 

700nm and/or 800nm waveforms (depending on the antibodies used). 

 

2.7.3 Modifications to western blot procedure to aid detection of small proteins (<30KDa) 
 

Modifications were made to the above protocol to improve separation and detection of small 

proteins. The samples were combined with 4 x non-reducing, fluorescent compatible sample buffer 

(catalogue number LC2570, ThermoFisher Scientific, UK) with added beta mercaptoethanol. Once 

boiled, the samples were loaded onto 16% Tricine gels (catalogue number 12040116 (10 well) and 

12050116 (12 well), ThermoFisher Scientific, UK) with 6µl of Spectra™ Multicolor Low Range Protein 
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Ladder (catalogue number 26628, ThermoFisher Scientific, UK). The electrophoresis was run at 80V 

for 3-4 hours total in 1 x Tricine SDS running buffer (catalogue number 12020146 ThermoFisher 

Scientific, UK). 0.2μm nitrocellulose membranes (catalogue number  LC2000, Invitrogen, Paisley, 

UK) were used for protein transfer on the Trans-Blot Turbo system (Bio-Rad, UK) for 30 minutes at 

15V.  

 
 
2.8 In vitro splicing assay 

 

MoBiTec-Exontrap Cloning Vector pET01 (Catalogue reference PET01, MoBiTec, Germany) shown in 

Figure 2.6 was utilised for cloning of a DNA fragment of interest into its multiple cloning site using 

the restriction enzyme XbaI. 
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Figure 2.6 Vector map for MoBiTec-Exontrap Cloning Vector pET01 (MoBiTec GmbH, Germany)

  

The vector contains an intronic sequence interrupted by a multiple cloning site. The DNA fragment 
of interest was cloned into this polylinker. If the DNA was incorporated in the correct orientation, 
the vector was then transfected into HEK293 cells. RNA was generated from these cells and reverse 
transcription of mRNA was then achieved with subsequent DNA amplification.  
 

 

The DNA fragment of interest was amplified using standard touchdown PCR protocol and specifically 

designed primers containing the restriction enzyme sequence for XbaI (AGCTATATCTAGA) at the 

start of both the forward and reverse primer. Primer sequences used for the in vitro splicing assays 

are provided in Appendix 4. 5 PCR samples were run for both the patient and a control (25 µl volume 

per sample). Samples were assessed by electrophoresis to check the PCR had amplified products of 

the intended length.  
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The amplified product was column purified using the QIAquick® Gel Extraction Kit (catalogue 

number 28704, Qiagen, Crawley, UK). Composition of reagents from this kit can be found in 

Appendix 1. 100µl of product for either patient or control PCR reactions was combined with 500µl 

Buffer QG, placed into a column and centrifuged at 17000g for 1 minute at room temperature. The 

flow through was discarded. 750µl Buffer PE was added and the sample was centrifuged at 17000g 

for 1 minute at room temperature. The flow through was discarded and the sample centrifuged 

again at the same settings. The column was then transferred to an autoclaved Eppendorf tube and 

30µl elution buffer added. The sample was incubated at room temperature for 2 minutes, then 

centrifuged at 17000g for 1 minute. Quality and concentration of the purified samples was assessed 

using a NanoDrop spectrophotometer. 

 

The products and the vector were then digested with XBal for 4 hours at 37°C in the ratios shown 

below: 

 

For the insert: 

Insert (PCR product)                                           30µl 

Bovine Serum Albumin (BSA)                            0.5µl  

Xbal                                                                        2.0µl 

XBal buffer                                                            4.0µl 

DEPC treated water, DNA and RNA free         3.5µl 

Total volume                                                        40µl 
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For the vector: 

Insert (PCR product)                                            500ng 

Bovine Serum Albumin (BSA)                             0.3µl  

Xbal                                                                         1.0µl 

Xbal buffer                                                             3.0µl 

DEPC treated water, DNA and RNA free          To make up to 30µl total volume 

 

During the last 30 minutes of this 4-hour incubation at 37°C, alkaline phosphatase (ALP) treatment 

was applied to the vector sample only. This enzyme catalyses dephosphorylation, which prevents 

re-ligation of linearized plasmid DNA. This was added in the following ratios: 

 

Vector digestion volume                                      30µl 

ALP                                                                            3µl 

ALP buffer                                                                4µl 

DEPC treated water, DNA and RNA free            3µl 

Total volume                                                           40µl 

        

Samples then underwent repeat purification as described above. As samples were 40µl volume, 

200µl Buffer QG was added (5x volume). The same volumes were used for Buffer PE and elution 

buffer. Following repeat purification, the insert and vector were incubated together with T4 DNA 

ligase at 16°C for 1 hour to anneal the constructs together.  
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Amount insert required =          50 nanogram of vector    x     size of insert (bp)     x     2 
                                                               Size of vector  
 
 
Vector                                                                 50 nanograms 

Insert                                                                   as calculated above 

T4 DNA ligase                                                     same volume as insert + vector  

DEPC treated water, DNA and RNA free       to make up to 15µl total volume 

 

Transformation using NEB 5-alpha competent E. coli (High Efficiency) (New England Biolabs, 

Hertfordshire, UK) was performed as described previously. All of the 15µl reaction mixture was 

added to one E. coli vial rather than the 1µl described in the methods previously.  

The following day, colonies were selected from each plate. Part of each colony was added to a PCR 

mixture to determine if ligation had been successful and if the colony contained the vector plus 

insert. The remainder of the colony was placed into 10ml of LB broth with 100micrograms/ml 

ampicillin and placed at 37°C in a shaking incubator at 220rpm overnight.   

 

Specific primers for the pET01 vector were used:   

ET Primer 6 (Forward): GCGAAGTGGAGGATCCACAAG  

ET Primer 7 (Reverse): ACCCGGATCCAGTTGTGCCA  

 

The following PCR programme was used: 

a. Touchdown: 30 x (95°C for 20 seconds, 75°C for 20 seconds (-0.7°C per cycle), 72°C for 30 

seconds) 

b. Amplification: 10 x (95°C for 20 seconds, 60°C for 20 seconds, 72°C for 30 seconds) 

c. Storage: store at 10°C until samples retrieved from machine 



94 
 

The lid was heated to 110°C throughout to reduce the temperature gradient within the PCR 

tubes and minimise evaporation of samples.  

 

Assessment of the size of PCR product on gel electrophoresis enabled selection of colonies that 

appeared the correct size for the expected vector plus insert sequence. PCR products with the 

correct size were then sent for Sanger sequencing to verify the sequence and orientation of the 

insert.  

 

For colonies that were confirmed to contain the insert and vector in correct orientation, the 

corresponding bacterial culture was miniprepped and the constructs transfected into HEK293T cells 

using Lipofectamine 2000 as described previously. 18 hours post transfection, cells were lysed and 

RNA extraction and cDNA synthesis performed.  

 

RNA extraction was performed using the RNeasy Plus Mini kit (catalogue number 74134, Qiagen, 

Crawley, UK). Composition of buffers and reagents from this kit can be found in Appendix 1. Cell 

media was removed and 1 ml cold PBS was applied to each well. This was removed and 350µl RLT 

buffer was added to the cells, and cell scrapers were used to detach cells from the wells. The 

contents of the wells were transferred into RNAse free Eppendorf tubes. 350 µl of 70% ethanol was 

added to each sample. The samples were then transferred into RNeasy spin columns and 

centrifuged at 17000g for 1 minute. Flow through was discarded. 350 µl of Buffer RW1 was added 

to the columns. The tubes were again centrifuged at 17000g for 1 minute and flow through 

discarded. 10 µl DNase1 and 70 µl Buffer RDD was added to each sample and the samples incubated 

at room temperature for 15 minutes. 350 µl of Buffer RW1 was added to the columns. The tubes 

were centrifuged at 17000g for 1 minute and flow through was discarded. 500µl of Buffer RPE was 

added to the columns and the tubes were centrifuged at 17000g for 1 minute. Flow through was 
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discarded. A further 500µl of Buffer RPE was added to the columns and the tubes were centrifuged 

at 17000g for 1 minute. Flow through was discarded. The samples were then centrifuged at 17000g 

for 2 minutes. The columns were transferred to autoclaved Eppendorf tubes 30 µl of RNAse free 

water was added to each column and the samples were left to stand for 3 minutes. The samples 

were then centrifuged at 17000g for 1 minute. The eluted RNA was quantified using a NanoDrop 

spectrophotometer and stored at -80°C until cDNA synthesis was performed. 

 

cDNA synthesis was performed using the High-Capacity RNA-to-cDNATM Kit (ThermoFisher Scientific, 

UK).  

 

For each RNA sample, a reaction mixture of the following reagents was combined:  

RNA                                                                     1µg 

10x RT Buffer                                                     2.0µl 

dNTP                                                                    0.8µl 

Random primer                                                 2.0 µl 

Reverse transcriptase                                       1.0 µl 

DEPC treated water, DNA and RNA free       to make up to 20µl total volume 

 

The reactions were then incubated sequentially at the following temperatures: 

25°C for 10 minutes 

37°C for 120 minutes 

85°C for 5 minutes 

 

PCR was performed using 2µl cDNA and ET Primer 2 (Forward) GAGGGATCCGCTTCCTGGCCC and ET 

Primer 3 (Reverse) CTCCCGGGCCACCTCCAGTGCC and the programme described for colony PCR. 
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These primers amplified the region of interest starting from the two exons of the exon trap vector 

and including any retained splicing product between these two exons. Electrophoresis was 

performed using a 2% agarose gel (2g agarose in 100ml 1x Tris Acetate EDTA buffer) and the 

fragment sizes were assessed. PCR products were then sent for Sanger sequencing to confirm the 

sequences. 

 

2.8 Creation of custom GHR vectors using Gibson assembly  

 

          

Gibson assembly is an effective technique for assembling multiple overlapping DNA molecules using 

a 5’ exonuclease to generate single stranded-DNA overhangs that specifically anneal (203). Using 

this technique enabled me to recreate the GHR sequence seen in both patients with suspected 

dominant negative GHR variants. It also enabled me to clone in the novel pseudoexon sequence to 

the GHR vector to enable functional assessment of the mutant protein.   

 

2.9.1 Gibson vector and primer design 

 

Primers were designed using Benchling assembly wizard for Gibson assembly (Benchling Biology 

Software 2020, https://benchling.com).  The designed vector product and primers for deleting 26bp 

of the GHR to mimic the mutant exon 9 seen in Patient 7 are shown in Figures 2.7 and 2.8. The 

primer sequences used for all Gibson assemblies are provided in Appendix 4.  

 

https://benchling.com/
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Figure 2.7 Vector map generated on Benchling including location of designed primers to generate 

mutant GHR vector for Patient 7

 

Custom primers designed to assemble green and orange segments of vector. These two fragments 

were then annealed using Gibson assembly. Vector map generated using Benchling assembly wizard 

for Gibson assembly (Benchling Biology Software 2020, https://benchling.com).   

 

https://benchling.com/
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Figure 2.8 Primer sequences for deleting 26bp region in GHR to mimic Patient 7 transcript

 

Shown in green is the base sequence of the forward primer and orange is the sequence of the 

reverse primer to generate the 26-base deletion in the GHR vector. 

 

 

To assemble a GHR vector containing the 6Ω pseudoexon, a 3-part Gibson assembly was required 

due to the length of the insert. Shown below in Figure 2.9 is the vector assembly map.  
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Figure 2.9 Schematic of 6Ω pseudoexon GHR vector created by Gibson assembly 

 

The 6Ω pseudoexon GHR vector was assembled from 3 amplified fragments, the outer ring 
(pseudoexon insert in blue) and the two other amplified fragments of the WT GHR vector (orange 
and green). The sets of primers used to amplify the 3 fragments (pcDNA1 hGHR FL FWD (1); pcDNA1 
hGHR FL REV (1); pcDNA1 hGHR FL FWD (2); pcDNA1 hGHR FL REV (2); 6Ω pseudoexon for cloning 
FWD (3);  6Ω pseudoexon for cloning REV (3)) are indicated by the triangles of the corresponding 
colour. Image generated by Benchling (Benchling Biology Software 2020, https://benchling.com). 
 
 
 
 
 
 
 
 
 

https://benchling.com/
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2.9.2 Assembly of mutant GHR vectors 

 

Phusion® High-Fidelity PCR Kit (New England Biolabs, Hertfordshire, UK) was used to amplify the 

target sequences and minimise the risk of incorrect bases being incorporated into the sequence.  

The reaction mixture was made up as follows: 

5 x phusion Buffer                                                        4µl 

10mM dNTP mix                                                          0.4µl 

Forward primer (10mM concentration)                                    0.5µl 

Reverse primer (10mM concentration)                                     0.5µl 

Phusion DNA polymerase                                                       0.2µl 

DMSO                                                                                               0.6µl 

template DNA                                                          25ng  

(volume will depend on concentration of sample) 

DEPC treated water, DNA and RNA free                                   to 20 µl total volume 

 

Negative control reactions were included, containing all above reagents except primers and all 

above reagents except DNA template. A positive control reaction was included using a 1.3KB 

Lambda template.  

 

The samples were run on the following PCR programme: 

a. Denaturing: 98°C for 3 minutes  

b. Amplification cycles: 35 x (98°C for 30 seconds, 72°C for 2 minutes)  

d. Elongation: 72°C for 10 minutes  

e. Storage: store at 10°C until samples retrieved from machine 
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PCR products were visualised on gel electrophoresis to verify product size. They were then Dpn1 

treated to get rid of methylated DNA (i.e the original wild-type vector template). 1µl of Dpn1 

(concentration of 10units/µl) was added to each PCR tube and the sample incubated at 37°C for 3 

hours. PCR product clean-up was then performed using the Macherey-Nagel™ NucleoSpin™ Gel and 

PCR Clean-up Kit.  

 

Sample quality and concentration of the samples was assessed using a NanoDrop 

spectrophotometer. NEBiocalculator was used to calculate the volume needed from each product 

for optimum annealing (https://nebiocalculator.neb.com/#!/ligation). 0.02-0.5pmols of DNA are 

recommended when two fragments are to be annealed in Gibson assembly.  

 

The two fragments were combined with 2 times the volume of NEBuilder® HiFi DNA Assembly 

Master Mix (New England Biolabs, Hertfordshire, UK) and incubated at 50°C for 60 minutes to anneal 

the two fragments into a circular vector. This construct was then transformed in E. coli cells as 

previously described. Single colonies were selected for miniprep and DNA products verified by 

Sanger sequencing.  

 

2.10 Assessing the effect of mutant GHR constructs on downstream pSTAT5 signalling 

 
HEK293T cells were transfected with the constructs using Lipofectamine 2000 as described in 

Section 2.6.7. A total of 1µg of plasmid DNA was transfected into each well. Cells were transfected 

with the construct combinations in duplicate to allow for one growth hormone (GH) unstimulated 

well for every GH stimulated well. Post transfection, 2ml of serum free media (DMEM only) was 

applied to each well to serum starve the cells prior to GH stimulation. 24 hours post transfection, 

GH was added to DMEM to a final GH concentration of 100ng/ml. The media was then changed in 

https://nebiocalculator.neb.com/#!/ligation
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all wells – half of the wells had 2ml DMEM with GH added and the other half 2ml DMEM only. 20 

minutes later, all cells were lysed and protein concentrations were determined by BCA assay as 

described in Section 2.6.9.   

 

Western blotting was performed (detailed in Section 2.7) with 20µg protein loaded per lane. Protein 

transfer was performed for a longer duration due to the large size of GHR protein (>100KDa on gel). 

The proteins on the gel were then transferred onto a nitrocellulose membrane using a transfer 

machine set at 15V for 90 minutes (for 2 gels). Primary antibodies were used at a concentration of 

1 in 1000: Rabbit STAT5B antibody, PA1841 (Booster Bio); Rabbit Polyclonal Phosho-pSTAT5 

(Tyr694) antibody #9351 (Cell Signalling); Rabbit Polyclonal Anti-GHR Antibody, #TA334654 

(Origene); Mouse Beta Actin Monoclonal Antibody,  catalogue number: 66009-1-Ig (Protein Tech). 

 

2.11 Site-directed mutagenesis 

 

Site-directed mutagenesis was performed using the QuikChange II XL Site-Directed Mutagenesis Kit 

Instruction (catalogue number 200522, Agilent, UK). Composition of buffers and reagents from this 

kit can be found in Appendix 1. 

 

2.11.1 Primer design 

 

Primers were designed using the Quikchange Primer Design tool available at 

www.agilent.com/store/primerDesignProgram.jsp 

 
The primers generated using this tool were then entered into the BLAST search tool on Ensembl 

(http://grch37.ensembl.org/Multi/Tools/Blast) to check if the oligonucleotide sequences occurred 

elsewhere in the genome (thus increasing the risk of non-specific PCR products). Primers that 

http://www.agilent.com/store/primerDesignProgram.jsp
http://grch37.ensembl.org/Multi/Tools/Blast
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occurred only once in the genome were preferentially ordered. All primers were diluted to 125ng/µl.  

Primer sequences are provided in Appendix 4.  

 
 
2.11.2 PCR amplification  

 

The concentration of the target vector was assessed using a NanoDrop spectrophotometer. The 

vector was then diluted to 10ng/µl.  

 
 

Ratio of reagents for PCR mix  

10 x Buffer                                                                       5 µl 

dNTP mix (10mM of each dNTP)                                    1 µl 

Forward primer (125ng/µl concentration)                          1 µl 

Reverse primer (125ng/µl concentration)                           1 µl 

Quikchange                                                                     3 µl 

Vector                                                                 1 µl 

DEPC treated water, DNA and RNA free                               to make up 50 µl total volume 

 

Total volume for each PCR reaction = 50 µl 

Once the reactions had been mixed and were placed on ice, 1µl PfuUltra High-Fidelity DNA 

polymerase was added just prior to starting the PCR reaction. Total volume per reaction was then 

51µl.  

 

The PCR programme for this mutagenesis is as follows:  

a. Denaturing: 95°C for 1 minute 

b. Amplification: 12 x (95°C for 50 seconds, 60°C for 50 seconds, 68°C for 10 minutes*) 
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d. Elongation: 68°C for 7 minutes  

e. Storage: store at 10°C until samples retrieved from machine 

The lid was heated to 110°C throughout to reduce the temperature gradient within the PCR 

tubes and minimise evaporation of samples. *variable dependent on length of vector plus 

insert, one minute per kb extension time, so if the total size was 12Kb this would be increased 

to 12 minutes.  

 

Upon completion of this PCR, the products were visualised on a 1% agarose gel to assess the success 

of the experiment at this stage.  

 

2.11.3 Dpn1 treatment  

After confirming products of the correct size, the products were put onto ice to cool. 1µl DPNI was 

added to each reaction tube and mixed well by pipetting. The reactions were then stored at 37°C 

for 1 hour. In contrast to the newly synthesised SDM constructs, the original vector is methylated 

as it was grown in bacteria. DPNI’s ability to recognise and cut methylated DNA enables removal of 

the original vector template.  

 

2.11.4 Transformation with ‘Pure Gold’ ultra-competent E. coli cells 

Following this incubation, the reactions were placed on ice. 45µl of ‘Pure Gold’ ultra-competent E. 

coli cells were added to newly labelled tubes on ice. 2µl of beta-mercaptoethanol mix (provided 

with the kit) were then added to each tube on ice for ten minutes, flicking gently every few minutes 

to combine. 2µl of PCR product was then added to each respective tube and the reactions were left 

for 30 minutes on ice. After this time, the reaction tubes were heat shocked at 42°C for 60 seconds 

then placed straight back onto ice. After 2 minutes on ice, 500µl of LB broth was added to each tube 

and the samples were placed into a shaking incubator for 1 hour at 37°C.  
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Following this incubation, the samples were centrifuged for 2 minutes at 2000rpm and 400µl of 

supernatant removed. The samples were then resuspended and 100µl of each sample was spread 

onto pre-warmed agar plates with ampicillin. These plates were incubated overnight at 37°C and 

the following day several colonies were selected for miniprep to amplify the created product. 

Samples were sent for Sanger sequencing to verify the success of the SDM and check for any off-

target effects.  

 

2.12 Electrophoretic Mobility Shift Assay (EMSA) 

 

2.12.1 EMSA reagents and Polyacrylamide gel 

 

10x TBE buffer 

Combine 108g tris base, 55g boric acid and 7.44g EDTA in 800ml deionised water. Make up to 1 litre 

total volume with additional deionised water as required.  

 

Custom Oligonucleotides  

Fluorescent oligos labelled with Cy-5 were used in the EMSA with sense strand 5’Cy5-

CGCTATAAGCGCTAATAACGC and antisense strand 5’Cy5-GCGTTATTAGCGCTTATAGCG. The oligo 

sequences were based on a previous publication by a group using EMSA to assess a non-

synonymous HMGA2 variant (c.83G>A; p.G28E) affecting height in Shetland ponies (204).   

 

DNA Polyacrylamide gels  

 

Having tried a variety of different concentration gels, I found that 5% Polyacrylamide gels were the 

most effective for my EMSA experiments.  
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The glass plates and spacers were cleaned thoroughly with deionized water and ethanol, then 

assembled in the gel caster once dry. For 5% Polyacrylamide gels, the gel solution was assembled in 

the following quantities: 

2ml 30% Acrylamide (29:1) 

8.8ml water 

1.2ml 10 x TBE electrophoresis buffer  

200µl Ammonium persulfate (10% w/v) 

10µl TEMED (Tetramethylethylenediamine; Thermo Scientific Pierce) 

The TEMED was added last as the acrylamide rapidly polymerizes following this addition. The 

solution was gently added to the cast and the appropriate comb inserted, taking care not to trap 

any bubbles in the gel. The gels were left to polymerise for 60 minutes at room temperature.  

 

2.12.2 EMSA protocol 

 

After thawing the custom oligonucleotides slowly on ice, I combined the two oligos in a 1:1 ratio 

and placed them in a 65°C water bath for 10 minutes. I removed from heat and allowed them to 

cool to room temperature, then left them at room temperature for 1 hour. I diluted the duplexed 

oligos 1:1000 using ice cold TE buffer (pH 8.8) and thawed the FLAG IP product and the other EMSA 

reagents on ice.  

I prepared the EMSA master mix in following order: 

7µl 5 X EMSA buffer (125mM HEPES, 25mM MgCl2, 37.5% glycerol, 0.5mM EDTA) 

1.75µl poly dI/dC (2µg/µl) 

1.75µl BSA (10mg/ml) 

1.75µl DTT (20mM) 
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1.75µl Bromophenol blue (0.1%) 

7µl KCl (500mM) 

2µg FLAG IP product 

Double distilled water – to make total volume 35µl 

 

I incubated each reaction on ice for 30 minutes. During the incubation, I ran the pre-cast 5% 

Acrylamide/TBE gel for 40 minutes at 160V in 1 x TBE running buffer. I then added 50fmol pre-

duplexed oligo to each reaction and incubate the samples at room temperature for 20 minutes 

protected from light. After this incubation, I added 2 µl anti-FLAG antibody to each reactions and 

incubated the samples for an additional 10 minutes at room temperature protected from light. I 

then loaded the entire reaction volume per well, and ran the samples at room temperature at 110V, 

protected from light for 70-80 minutes. I scanned the gel using the LiCor machine (LiCor, Lincoln, 

NE) set to the 700 channel.  

 

2.13 Immunoprecipitation using anti-FLAG® M2 beads 

I used ANTI-FLAG® M2 Magnetic Beads (product number M8823, Sigma Aldrich, Poole, UK) for my 

FLAG immunoprecipitation. These are 4% agarose beads bound with the Anti-FLAG M2 (mouse 

monoclonal) antibody.  

I firstly prepared the 3X FLAG® elution solution with 3X FLAG® peptide (product number F4799, 

Sigma Aldrich, Poole, UK). I dissolved the FLAG® peptide in 0.5M Tris-Hcl, pH 7.5, with 1M NaCl at a 

concentration of 25µg/µl and stored at -20°C until required. I then diluted these samples 5-fold with 

MilliQ water to prepare a 3x FLAG stock solution at 5µg/µl of 3 X FLAG peptide. For the elution, I 

added 3µl of this solution to 100µl TBS, giving a final concentration of 150ng/µl. 
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I thoroughly resuspended the ANTI-FLAG® M2 Magnetic Beads by gentle inversion, then aliquoted 

50µl FLAG bead suspension per reaction with 5 times the volume of TBS and mixed thoroughly. I 

centrifuged at 4°C 10,000 rpm for one minute. I repeated this TBS wash 3 times. I then combined 

50µl bead suspension with 100µg cell lysate (quantified by BCA) and left the samples on the rotary 

mixer at 4°C overnight. The following day, I centrifuged the samples at 8,000g for 30 seconds and 

gently removed supernatant without disturbing the bead pellet. I then wash the samples 3 times 

with 500µl TBS.  

I then applied 100µl of 3 x FLAG® elution solution to each washed bead pellet. I rotary mixed the 

samples for 30 mins at 4°C, then centrifuged them at 4°C for 30 seconds at 6500g. I then transferred 

the supernatants (FLAG IP product) to new Eppendorf tubes and stored them at 2-8°C (short-term) 

or -20°C (long-term). 

 

2.14 Co-immunoprecipitation (Co-IP) 

 

Co-IP lysis buffer  

50mM Tris, pH 8.0 

150mM NaCl 

1% Triton x 100 

10% glycerol 

1mM EDTA 

2.5mM EGTA 

1 Roche protein inhibitor tablet per 50ml lysis buffer 
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Co-immunoprecipitation was performed to compare the interaction of wild-type and mutant CHD1L 

and PARP1 proteins. HEK293T cells were seeded to 70% confluency in 10cm dishes. They were 

transfected with a total of 3µg DNA using Lipofectamine 2000 reagent (Invitrogen, Paisley, UK). 

The following day, the cells were placed on ice and washed with 5ml pre-chilled PBS. 0.6ml Co-IP 

lysis buffer was added to each 10cm dish. The cells were scraped, collected into Eppendorf tubes 

and placed on ice for 30 minutes. The samples were vortexed every 5-10 minutes during this 30-

minute incubation period. The tubes were then centrifuged at 15000g for 15 minutes at 4°C and the 

supernatant collected. This was quantified by BCA protein assay.  

FLAG IP was performed as described previously. This captured FLAG tagged CHD1L constructs which 

were then released by competitive inhibition using 3 x FLAG peptide. The products were assessed 

by western blot. 

 

2.15 Restriction enzyme digest  

Following incubation of a vector of interest with the relevant restriction enzymes, it should be 

possible to visualise the digested product on electrophoresis and compare to undigested sample 

incubated without restriction enzymes. Upon visualisation of the samples, a ‘drop out’ of correct 

size band should be visible in the digested sample representing the vector insert. I performed this 

technique with my HMGA2 vector which contained the coding HMGA2 sequence with a pcDNA3.1 

vector backbone. Kpn1 (catalogue number R0142, New England Biolabs, USA) and BamHI (catalogue 

number R0136S, New England Biolabs, USA) were selected as the restriction enzymes for digest of 

the HMGA2 vector following review of the vector map showing possible restriction enzyme sites. 

These were incubated with NEBuffer r1.1 and NEBuffer r2.1 (catalogue number B7030S, New 

England Biolabs, USA) to optimise digestion conditions. Composition of these buffers can be found 

in Appendix 1. 
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Reagents were combined as follows: 

Vector DNA                          300ng 

NEBuffer r1.1                       2 µl 

Kpn1                                      1 µl 

NEBuffer r2.1                       2 µl 

BamHI                                    1 µl 

MilliQ water                          to make up to 20 µl total volume   

 

Samples were incubated at 37°C for 40 minutes. They were then combined in 4:1 ratio sample: 

loading dye and loaded onto a 1% agarose gel, run at 100V for 60 minutes then visualised.  

 

2.16 Custom IGF1 vectors  

 

All custom IGF1 vectors were created on a pcDNA3.1 vector backbone. I designed them and ordered 

them from Genscript Biotech (Oxford, UK) who synthesised them. On their arrival, I then 

midiprepped the samples and sent them for Sanger sequencing to verify the sequence.  

 

For my immunocytochemistry experiments looking at the localisation of wild-type compared to 

mutant IGF-1 proteins, I designed vectors with a FLAG tag between the signal peptide and the 

mature IGF-1 sequence, and a HA tag after the E domain. These are both small tags that are well 

detected by immunofluorescence and unlikely to interfere with the normal function of the IGF-1 

protein. I added the FLAG tag after the signal peptide to avoid it being cleaved off when the signal 

peptide was removed as IGF-1 enters the secretory pathway. The base and amino acid sequences 

of the wild-type and mutant IGF1 vector inserts are shown below in Figure 2.10 and Figure 2.11 

respectively.  
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Figure 2.10 Base and amino acid sequence of wild-type IGF1 vector insert with FLAG and HA tags  

 

The different regions of IGF1 are colour coded as explained in the colour key. Wild-type base and 
amino acid sequence is shown, with the location of the change in the mutant highlighted in red. 
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Figure 2.11 Base and amino acid sequence of mutant c.356G>A IGF1 vector insert with FLAG and 

HA tags  

 

The different regions of IGF1 are colour coded as explained in the colour key. Mutant base and 
amino acid sequence is shown, with the location of the novel IGF1 variant (102813333C>T, 
c.356G>A, p.R119H) highlighted in red. 

 
In an attempt to isolate an IGF-1 substrate for my furin assay, I designed a Streptomycin II tagged 

IGF-1 vector which could hopefully be isolated using StrepTrap columns (Details of the StrepTrap 

purification process can be found in methods Section 2.18). I added the Streptomycin II tag at the 

start of the mature IGF-1 sequence and a His tag after the E domain. Designing the vector in this 

way enabled me to identify the cleaved E domain, mature IGF-1 and the pro-IGF-1. It is a high affinity 

tag that should bid well to the StrepTrap columns. His was chosen as it was a small tag and was not 

predicted to interfere with the purification process. I also designed the vector without a signal 

peptide. This should prevent the IGF-1 from being excreted from the cell as it is the signal peptide 

that facilitates the movement of IGF-1 to the endoplasmic reticulum and into the secretory pathway. 

This meant that I could harvest large amounts of protein from whole cell lysates as the IGF-1 should 
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remain inside the cell in the absence of the signal peptide. The base and amino acid sequences of 

the wild-type and mutant IGF1 vector inserts are shown below in Figure 2.12 and Figure 2.13 

respectively. 

 

Figure 2.12 Base and amino acid sequence of wild-type IGF1 vector insert with Strep II and His 

tags and no signal peptide 

 

The different regions of IGF1 are colour coded as explained in the colour key. Wild-type base and 
amino acid sequence is shown. This insert has no signal peptide, to prevent it being secreted from 
the cell and enable it to be harvested in large quantities from whole cell lysates. 
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Figure 2.13 Base and amino acid sequence of mutant IGF1 vector insert with Strep II and His tags 

and no signal peptide 

 

The different regions of IGF1 are colour coded as explained in the colour key. Mutant base and 
amino acid sequence is shown, with the location of the novel IGF1 variant (102813333C>T, 
c.356G>A, p.R119H) highlighted in red.. This insert has no signal peptide, to prevent it being 
secreted from the cell and enable it to be harvested in large quantities from whole cell lysates. 
 

 

 

2.17 Immunocytochemistry  

Place one 12mm Deckgläser cover glass (catalogue number 631-0713) into each well of a 12 well 

plate. Coat with Poly-D-Lysine (Catalogue number: A3890401, Gibco™) to improve cell adherence 

to coverslips. Dilute Poly-D-Lysine 1:10 with autoclaved MilliQ water and apply to cover glasses in 

12 well plate. Incubate at 37°C for 1-4 hours and then wash 4 times with autoclaved water. Leave 

to dry under hood.  

Seed HEK293T cells to 40-50% confluency on these Poly-D-Lysine coated cover glasses. Transfect 

with constructs of interest. The following day, place cells on ice and gently apply 4% 

Paraformaldehyde (PFA) directly to the cell media. Leave for 15 minutes under fume hood, then 

discard PFA/media mix and apply 500µl 4% PFA directly to each well. Leave for 15 minutes under 

fume hood.  
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Following this incubation, wash the cells 3 times with pre-chilled PBS at 4°C. To lyse the cells, apply 

PBS with 0.2% triton and leave at room temperature for 15 minutes. Wash 3 times with PBS. Apply 

blocking buffer (PBS tween 0.1% with 10% goat serum) for 1 hour. Incubate overnight at 4°C with 

primary antibodies at 1:100 dilution with blocking buffer. Ensure samples stay protected from light 

and do not dehydrate by creating a damp, dark chamber for the cells. 

The following day, wash the cells 3 times in PBS tween 0.1%. Apply the secondary antibodies at 

1:500 dilution with blocking buffer. Incubate for one hour in a damp chamber protected from light 

at room temperature. Wash the cells 3 times with PBS tween 0.1%, then 3 times with MilliQ water. 

Aqueous mountant with DAPI (catalogue number 104139, Abcam, Cambridge, UK) was applied to 

the slides and left to set overnight at room temperature. Slides were stored at 4°C until acquisition 

of images on the Zeiss LSM 880 confocal microscope.   

 

2.18 Isolating Streptomycin-tagged constructs using StrepTrap™ columns   

I used 1ml StrepTrap™ High Performance prepacked chromatography columns (Catalogue number 

GE28-9075-46, Sigma Aldrich, Poole, UK) to isolate my streptomycin-tagged IGF1 constructs. This 

would enable me to compare cleavage of wild-type IGF1 compared to mutant constructs in my furin 

assay. These columns are prepacked with StrepTactin Sepharose™ High Performance, a medium for 

purifying Streptag™ II proteins. 

 

Reagents  

Binding buffer 

PBS (20 mM sodium phosphate, 280 mM NaCl, 6 mM potassium chloride), pH 7.4. 

Lysis buffer 

0.1% PBS tween with added protease inhibitor. 
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Elution buffer 

2.5mM desthiobiotin in PBS  

10mM stock solution was created by adding 10ml PBS to 21.43g desthiobiotin and stirring well until 

dissolved. To create the desired 2.5mM concentration desthiobiotin, 2.5ml of this stock solution 

with combined with 7.5ml PBS. 

Regeneration buffer 

0.5 M NaOH 

 

Method  

HEK293T cells transfected with strep tagged constructs were cultured to 80-90% confluency in T75 

dishes. Media was aspirated and the cells were gently washed with PBS. 3ml of 1x trypsin was then 

added to each T75 and flasks were incubated at 37°C in 5% CO2 for 2-3 minutes. Following this 

incubation, 9ml pre-warmed media was added to each flask. This media was Dulbecco’s Modified 

Eagle Medium High Glucose (Catalogue number D6429, Sigma Aldrich, Poole, UK) supplemented 

with 10% fetal bovine serum (FBS; catalogue number 11573397, Fisher Scientific, UK). The 

suspended cells were collected into 50ml falcon tubes and centrifuged at 1500rcf for 5 minutes. The 

cell pellet was then resuspended in 90% FBS/10% Dimethylsulfoxide (DMSO, catalogue number 

C6164, Sigma Aldrich, Poole, UK) solution and frozen in cryovials. These were stored at -80°C for 

short-term storage.  

 

On the day of the StrepTrap™ Purification process, these samples were thawed and centrifuged at 

4000rpm for 10 minutes at 4°C. The supernatant was removed and the custom lysis buffer described 

above was added to each cell pellet and resuspended. The samples were then sonicated for 10 

seconds at 20KHz to break up cell membranes and fragment the DNA. Following sonication, the 

samples were placed immediately on ice for 5 minutes then the process was repeated once more. 

https://www.sigmaaldrich.com/GB/en/product/sigma/c6164
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During the cell lysis, the 1ml StrepTrap™ Purification columns were equilibrated using 10ml PBS over 

10-15 minutes. Following equilibration, the soluble fraction from the whole cell lysates was added 

to the columns and run through at a similar speed to the PBS. The columns were then washed with 

10ml PBS. At this stage, the Strep constructs would be expected to be bound within the columns. 

1ml of elution buffer was then added to each column. This was repeated 3 times, with the 3 serial 

fractions collected in Eppendorf tubes. The StrepTrap™ Purification columns were then washed with 

10ml PBS. To regenerate the columns, they were washed with 3ml MilliQ distilled water followed 

by 3ml 0.5 M NaOH and 3ml distilled water. The columns were once again equilibrated using 10ml 

PBS over 10-15 minutes prior to repeat use.  

 

10µl of sample from each stage was obtained for Coomassie stain to assess the success of the 

different stages of the process. The samples were combined with 4x non-reducing fluorescent 

compatible sample buffer (catalogue number LC2570, ThermoFisher Scientific, UK) with added beta 

mercaptoethanol. They were boiled at 95°C for 5 minutes. 10µl of each sample was loaded onto an 

SDS-page gel and run at 80V for 150 minutes. InstantBlue® Coomassie Protein Stain (ISB1L) 

(ab119211, Abcam, Cambridge, UK) was added to the gel and incubated for 45 minutes at room 

temperature. Images of the gel were obtained using a whitebox imager.  

 

2.19 IGF-1 furin cleavage assay 

This assay enabled comparison of furin cleavage of mutant vs wild-type IGF-1 protein. Following a 

period of optimisation, these were the conditions I found optimal for my HEK293T whole cell lysates 

furin digestion.  

 

Furin assay buffer  

25mM Tris base 
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1mM CaCl2 

0.5% w/v Brij-35 

Combine reagents and make up to 50ml with MilliQ water. Adjust pH to 9.0. 

 

Furin resuspension 

10µg rhFurin (catalogue number 1503-SE, R&D systems, Minneapolis, USA) was dissolved in 1ml 

furin assay buffer, giving a concentration of 10ng/µl 

 

Furin cleavage assay 

For the assay, the following reagents were combined in Eppendorf tubes: 

Furin (10ng/µl)                     16µl 

Whole cell lysis protein       40µg 

RIPA                                        to adjust for differences in whole cell lysate          .                 .                                  

.                                               volumes of wild-type vs mutant  

Furin assay buffer                10.25µl 

 

Total volume 40µl. Negative control samples were included with no furin and 26.25µl furin assay 

buffer. 

Samples were incubated at 37°C for 0, 60, 120 and 240 minutes. The negative control sample was 

incubated for 240 minutes to ensure the apparent digestion was not due to protein degradation. 

Following incubation, 20µl sample running buffer with beta-mercaptoethanol was added to the 

samples which were then boiled at 95°C for 5 minutes.  

The samples were then placed onto ice for 1-2 minutes, briefly centrifuged once cool and stored at 

4°C overnight. The following day, the samples were assessed for IGF-1 digestion by western blot, 
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probing with Anti-Strep-tag II antibody (ab76949). Intensity of western blot bands was quantified 

using the Image J application (https://imagej.nih.gov/ij/). 

 

2.20 Biochemical assays for patients with c.618+836T>G, c.876-15T>G and c.902T>G GHR 
variants and c.356G>A IGF1 variant 
 

Biochemical assays for these families were performed by Dr Martin Bidlingmaier’s team at the 

Endocrine Laboratory, LMU Klinikum (Munich, Germany). For each assay, all samples from the same 

family were analysed in the same analytical run. Family members who were homozygous, 

heterozygous and wild-type for the mutations of interest were assessed.  

Serum IGF-1, GH and IGFBP 3 were measured using the IDS-iSYS platform (Immunodiagnostic 

Systems, Boldon, England, UK). The assays were calibrated against recombinant standards (98/574 

for GH, 02/254 for IGF-1 and 93/560 for IGFBP 3). Intra- and inter-assay coefficients of variability 

(CVs) at various concentrations ranged from 4.0–8.7% (IGF-1), 1.3–5.4% (GH) and 5.5-12.4% (IGFBP 

3). The limits of quantification are 10.0 ng/mL (IGF-1), 0.04 µg/L (GH) and 80.0 ng/mL, respectively 

(205–207). Serum ALS levels were measured in duplicate by sandwich immunometric assay using 

monoclonal antibodies directed against specific N- and C-terminal oligopeptides as previously 

described (208). A serum pool of healthy male volunteers was used for calibration and assigned 

1000 mU/mL. Intra- and interassay CVs are <9%, the limit of quantification is 100 mU/mL, and the 

linear assay range is 100 to 5000 mU/mL (208). Serum GHBP concentrations were measured by an 

in-house, time-resolved fluorescence immunoassay (IFMA) based on monoclonal antibodies (209). 

The assay is standardized against recombinant non-glycosylated GHBP with concentration assigned 

by amino acid analysis (PRL Rehovot, Israel). Within-assay CVs were 3.4% at 312 pM and 3.4% at 

2034 pM. At the same concentrations, between-assay CVs were 16.0% and 11.7%, respectively. The 
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lower limit of quantification was 80 pM and the linear range covered concentrations between 80-

4880 pM. 



Chapter 3. Variants of interest identified from custom short stature gene panel 

 

3.1 Variants identified following bioinformatic analysis of the short stature gene panel  

 

I analysed the short stature gene panel data of 92 undiagnosed patients in total alongside 13 control 

samples. 37 patients were female and 55 male, with a mean age at referral of 8.32 years (range 0.5 

to 59 years), mean height SDS -3.67 (range -1.6 to -7.44). 17/92 (13%) patients were born small for 

gestational age (SGA), with mean birth weight (BW) SDS -1.08 (range 1.64 to -4.66). All patients had 

height SDS ≤-2 except for one younger sibling of an index case who was included as she shared her 

brother’s clinical phenotype and had IGF-1 deficiency (height SDS -1.6).  

 

I identified key genetic variants of interest in 17 of these patients. The phenotypic and biochemical 

details of these patients are provided in Table 3.1. The details of the genetic variants are described 

in Table 3.2. These variants were identified using the VCFs and BAM files generated from the gene 

panel and the bioinformatics filtering pipelines and in silico tools discussed previously (Methods 

Sections 2.3 and 2.4).  

 

Genetic variants which were in keeping with the patient phenotypes were validated by Sanger 

sequencing in patient(s) and family members, where possible. Those variants which did not 

segregate with the phenotype in other family members were excluded.  

 

Analysing the data generated from the custom gene panel, I identified several genetic variants of 

interest in genes of the GH-IGF-1 axis. I identified recognised pathogenic GHR mutations in Patients 

1-4, in keeping with their classic GHI phenotypes. Patients 5 and 6 had classic GHI phenotypes but 
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no diagnostic exonic mutations. However, in both patients I identified very rare, deep intronic 

mutations with the potential to affect splicing of the GHR gene with the potential for pseudoexon 

inclusion. The functional analysis of these novel intronic GHR variants identified in Patients 5 and 6 

is shown in results Section 3.2.1 and Section 3.2.2 respectively. Patients 7 and 8 showed milder 

growth failure and did not have classic GHI phenotypic features. In both patients I identified 

heterozygous GHR mutations that I predicted would affect splicing of exon 9 of the GHR. I 

hypothesised these variants may be acting in a dominant negative manner. As discussed in my 

introduction Section 1.2.2.3, patients with dominant negative GHR mutations have much milder 

growth failure and often no dysmorphic features. The functional analysis of the GHR variants 

identified in Patients 7 and 8 is shown in results Section 3.2.3. In Patient 9, I identified a novel 

heterozygous GHR variant in exon 10 that I hypothesised may also act in a dominant negative 

manner. Patient 9 had moderate postnatal growth failure (height SDS -4.0 at 8.0 years of age) which 

would be in keeping with the other patients reported in the literature with dominant negative GHR 

mutations but this variant requires functional analysis to ascertain its pathogenicity. Patient 10 had 

no dysmorphic features, a height SDS of -3.4 at 10.1 years of age and a low normal IGF-1 level. In 

Patient 10, I identified a novel heterozygous missense IGF1 variant occurring at the key binding site 

of furin that I hypothesised may impair furin cleavage and thus the generation of the mature IGF-1, 

leading to postnatal growth failure and functional IGF-1 deficiency. The functional analysis of this 

IGF1 variant is shown in results Section 3.3. 

 

I also identified several variants in genes associated with 3M syndrome, Silver Russell syndrome and 

Noonan syndrome. I identified compound heterozygous mutations in Cullin 7 (CUL7) in Patient 11 

and 12 that had not previously been reported in the literature. In Patient 11 I identified two 

missense variants in CUL7 (c.3349C>T; c.3490C>T) that were both predicted damaging by SIFT and 

assigned high CADD scores. The growth failure seen in Patient 11 (Height SDS -2.0 at 7.0 years) is at 



123 
 

the milder end of the spectrum for 3M syndrome. In Patient 12 I identified an in-frame CTC deletion 

and a missense variant in CUL7 (c.1171_1173delGAG; c.2711G>A). The missense variant was 

assigned a very high CADD score of 34 suggesting pathogenicity, however the CADD score of the in-

frame deletion was lower at 18 and this variant had a mean allele frequency of 0.446%. There is not 

much literature about the features of 3M syndrome in adulthood. Unfortunately, parental DNA was 

not available for either patient which would have helped in the assessment of pathogenicity. These 

results have been communicated back to the referring clinicians and with the research team at The 

University of Manchester with a specialist interest in 3M syndrome.  

 

Patient 13 had several features of 3M syndrome with postnatal growth failure, dolicephaly, frontal 

bossing and lumbar lordosis. I identified a recognised pathogenic homozygous mutation in Obscurin-

like 1 (OBSL1, c.2134+1G>A) that disrupts a canonical splice site, explaining their clinical features. 

This was confirmed in the patient and both parents were found to be heterozygous upon Sanger 

sequencing. Patient 14 also had features of 3M syndrome, with pre and postnatal growth failure, 

triangular shaped face and prominent sternum. In this patient I identified a recognised pathogenic 

homozygous mutation in Coiled Coil Domain–Containing 8 (CCDC8;  c.612dupG), in keeping with a 

diagnosis of 3M syndrome and explaining their phenotype.  

 

Patient 15 exhibited pre and postnatal growth failure, macrocephaly and puffy hands and feet were 

noted at birth. I identified a novel heterozygous frameshift variant in High-mobility group AT-hook 

2 (HMGA2, c.145delA). The functional analysis of this novel variants can be found in results Section 

5.2. 

 

Patient 16 had poor weight gain, frequent chest infections, mild learning difficulties and pre and 

postnatal growth failure. I identified a novel heterozygous mutation in Insulin-like growth factor 2 
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(IGF2, c.-7+130G>T).  I predicted that this mutation could cause activation of an intronic splice donor 

site, leading to the inclusion of a pseudoexon with an alternative ATG start codon for the IGF2 gene. 

Functional work is required to confirm this. 

 

Patient 17 had a mild Noonan syndrome phenotype, with low set ears, delayed bone age and a 

degree of hypertelorism. I identified a missense heterozygous mutation in the Son of Sevenless, 

Homolog 2 gene (SOS2, c.572C>G). Sanger sequencing verified the heterozygous mutation in the 

patient and his mother, who has a height SDS of -1.67. SIFT Function Prediction of this variant is 

Damaging, PolyPhen-2 Function Prediction is Benign and the CADD score is 23.4. The frequency of 

this mutation in Europeans is 0.631% in the gnomAD genome aggregation database. Upon balance, 

this was felt likely to be responsible for his phenotype and growth failure. He was referred to a 

clinical geneticist for their expert input and had an echocardiogram due to the recognised cardiac 

associations of Noonan syndrome. Achieving this diagnosis enabled the patient to commence GH 

therapy, as Noonan syndrome is a licensed indication for GH treatment.  

 

Patients 5-8 with novel variants in the GHR, Patient 10 with a novel IGF1 variant and Patient 15 with 

a novel HMGA2 variant were selected for further functional analysis. In addition, two siblings were 

identified by collaborators (Patients 18 and 19) that were compound heterozygous for the novel 

c.618+836T>G intronic GHR variant identified in Patient 5 and a recognised nonsense point mutation 

in exon 4 of the GHR (c.181C>T; R43X) (74,210). These patients are all discussed in detail in my 

following results chapters.  
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Table 3.1 Phenotypic details of patients with genetic variants identified on short stature gene panel  

Pt Gene Variant details Phenotype Ethnicity Sex Age 
(years) 

Height 
SDS 

BW 
SDS 

GH peak 
(ug/L) 

IGF-1 SDS 

GH/IGF-1 axis genes 

1 GHR Homozygous 
c.344A>C 

Short, broad features. 
Sibling of Patient 2 and 3. 

Syrian M 15.3 -4.8 NK 40 -2.8 

2 GHR Homozygous 
c.344A>C 

Short, broad features. 
Sibling of Patient 1 and 3. 

Syrian M 10.8 -3.7 NK NK NK 

3 GHR Homozygous 
c.344A>C 

Short, broad features. 
Sibling of Patient 1 and 2. 

Syrian F 6.3 -4.5 NK NK NK 

4 GHR Homozygous 
c.508G>C 

Laron phenotype, frontal 
bossing. 

Pakistani F 6.5 -3.7 -1.1 NK -2.8 

5 GHR Homozygous 
c.618+836T>G 

Prominent forehead, 
depressed nasal bridge, 

small chin, delayed tooth 
eruption, small hands and 

feet, micropenis and empty 
and hypoplastic scrotum. 

Delayed psychomotor 
development, high pitched 

voice. 

Caucasian 
(Italian) 

M 2.9 -7.4 -0.4 Baseline 
GH 38ug/L 

-2.3 

6 GHR Homozygous 
c.70+32137A>G 

Depressed nasal bridge, 
midfacial hypoplasia, 
frontal bossing, high 

pitched voice. 

South 
Indian 

M 12.3 -5.9 -1.3 >40 IGF-1 
<25ng/ml* 

7 GHR Heterozygous 
c.876-15T>G 

Relative macrocephaly, 
borderline mesomelic 

shortening in the upper 
limb, slight lumbar 

hyperlordosis. 

Caucasian 
(British) 

M 16.5 -3.2 -2.4 NK +2.2 
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8 GHR Heterozygous 
c.902T>G 

No dysmorphic features. Caucasian 
(Slovakian) 

M 14.6 -2.7 0.2 57.5 -3.0 

9 GHR Heterozygous 
p.R386C 

Developmental delay, 
visually impaired, 

nystagmus. 

Caucasian 
(British) 

F 8.0 -4.0 0 15.2 IGF-1 
38.8ug/L* 

10 IGF1 Heterozygous 
c.356G>A 

No dysmorphic features. Caucasian 
(British) 

F 10.1 -3.4 -0.2 17.1 -1.3 

3M syndrome genes 

11 CUL7 Compound 
heterozygous 

c.3349C>T; 
c.3490C>T 

Pectus carinatum, high-
pitched voice. 

Latin- 
Mexican 

M 7.0 -2.0 NK 19 -2.6 

12 CUL7 Compound 
heterozygous 

C.1171_1173del
GAG; 

c.2711G>A 
 

Central obesity, possible 
cataracts. 3 previous 

miscarriages, non-specified 
uterine tumour. 

Latin- 
Mexican 

F 59.0 -4.5 -1.1 0.09 -1.72 

13 OBSL1 Homozygous 
c.2134+1G>A 

Frontal bossing, flat nasal 
bridge, relatively large head 

with increased antero-
posterior diameter, mid 

facial hypoplasia, 
dolichocephaly, bushy 

eyebrows, mild hirsutism, 
lumber lordosis, and 

protuberant abdomen. 

Sri Lankan F 10.0 -4.5 -0.8 Basal GH 
4.1ug/L 

IGF-1 
295ug/L* 

14 CCDC8 Homozygous 
c.612dupG 

Triangular face, prominent 
sternum. 

Pakistani M 1.6 -7.4 -3.7 9.9 -2.4 

SRS/SRS-like genes 

15 HMGA2 Heterozygous 
c.145delA 

Macrocephaly, puffy hands 
and feet noted at birth. 

Latin- 
Mexican 

F 0.5 -3.7 -3.5 NK -1.91 
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16 IGF2 Heterozygous 
c.-7+130G>T 

 

Poor weight gain, regular 
chest infections, mild 
learning difficulties. 

Caucasian 
(British) 

F 9.6 -3.7 -3.0 30 -2.4 

Noonan syndrome genes 

17 SOS2 Heterozygous 
c.572C>G 

Low set ears, mild 
hypertelorism, joint 

hypermobility. 

Caucasian 
(British) 

M 9.4 -2.0 1.2 10.3 -1.2 

Pt, Patient; NK, not known; SDS, Standard Deviation Score. * unable to calculate IGF-1 SDS as assay normal range not known. 
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Table 3.2 Genetic variants identified by the custom short stature gene panel 

Pt Gene Variant 
details 

Segregation Predicted effect of variant Base change, 
transcript + AA 

change 

Reported 
gnomAD 

frequency 

Pathogenicity scores Reference 

GH-IGF-1 axis genes 

1,2,3 GHR Homozygous Confirmed in 
patients (3 

siblings) 

Destabilizing effect on 
GHR due to disruption of 
hydrogen bond; the OD1 
of the native AA formed a 
H bond with N of residue 
B99; the replacement AA 
is unable to maintain this 
hydrogen bond (SAAPdap 

predictor) 

42695096A>C, 
c.344A>C, 
pN115T 

Not 
reported 

in 
gnomAD 

 

SIFT: Damaging, 
Polyphen-2: 

Probably Damaging, 
CADD score: 23.7 

(211) 

4 GHR Homozygous Confirmed in 
patient 

GHR with changed amino 
acid at this key position in 
the extracellular domain is 
unable to dimerize so GH 

signalling cannot occur 

42699994G>C, 
c508G>C, pD170H 

0.001% SIFT: Damaging, 
Polyphen-2: 

Probably Damaging, 
CADD score: 28.5 

(212) 

5 GHR Homozygous Confirmed in 
patient, both 

parents 
heterozygous 

Predicted to cause 
activation of deep intronic 

cryptic donor site and 
inclusion of novel 

pseudoexon into GHR. 
Please see results Section 

3.2.1 

42700940T>G, 
c.618+836T>G 

Novel CADD score: <10 n/a 

6 GHR Homozygous Confirmed in 
patient, both 

parents 
heterozygous 

Predicted to activate an 
intronic cryptic donor site 
deep within intron 2 GHR. 
Please see results Section 

3.2.2 

42598173, 
c.70+32137A>G 

0.058% CADD score 17.5 n/a 
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7 GHR Heterozygous 
DN 

Confirmed in 
patient, 

inherited from 
short mother 

Precited to disrupt 
polypyrimidine tract prior 
to exon 9 GHR canonical 

splice site. Alternative 
splice site within exon 9 
may be recognised by 

spliceosome, causing loss 
of 26bp from exon 9 
causing a frameshift. 

Please see results Section 
3.2.3 

42718139T>G, 
c.876-15T>G 

0.029% CADD score <10 n/a 

8 GHR Heterozygous 
DN 

Confirmed de 
novo in 

patient. Both 
parents and 
sibling wild-

type 

Predicted to activate 
cryptic splice site within 

exon 9 of GHR, which 
would lead to loss of 26bp 

from exon 9 causing a 
frameshift. Please see 
results Section 3.2.3 

 

42718180T>G, 
c.902T>G 

Novel SIFT: Damaging, 
Polyphen: Probably 

damaging, CADD 
score: 27.7 

n/a 

9 GHR Heterozygous Confirmed de 
novo in 

patient, both 
parents wild-

type 

Predicted to exert 
dominant negative effect 

on GHR function but 
further work required to 

confirm this 

42718765C>T, 
c.1156C>T, 

p.R386C 

0.034% SIFT: Damaging, 
Polyphen-2: 

Probably Damaging, 
CADD score:  34.0 

n/a 

10 IGF1 Heterozygous Confirmed in 
patient, 

inherited from 
short father 

Predicted to impair 
mature IGF-1 formation. 

Missense change affecting 
key binding site of furin. 
Furin binds and cleaves 

Pro IGF-1 to mature IGF-1. 
Please see results  Section 

3.3 

102813333C>T, 
c.356G>A, 
p.R119H 

 

0.004% SIFT: Damaging, 
Polyphen: Probably 

damaging, CADD 
score: 32.0 

n/a 
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3M syndrome genes 

11 CUL7 Compound 
heterozygous 

Confirmed in 
patient. 

Parental DNA 
not available 
as adopted 

Missense variant with 
predicted deleterious 

effect on gene function 
 

Missense variant with 
predicted deleterious 

effect on gene function 

43011192G>A, 
c.3349C>T, 
p.R1117W; 

 
43010695G>A, 

c.3490C>T, 
p.R1164W 

0.007% 
 
 

 
 

0.174% 

SIFT: Damaging, 
PolyPhen-2: Possibly 

damaging, CADD 
score 23.1 

SIFT: Damaging, 
PolyPhen-2: Possibly 

damaging, CADD 
score 28.1 

 

n/a 
 
 

n/a 

12 CUL7 Compound 
heterozygous 

Confirmed in 
patient. No 

parental DNA 
available 

In-frame CTC deletion; 
 

Missense variant with 
predicted deleterious 

effect on gene function 

43018766,  
C.1171_1173delG

AG; 
43013779G>A, 

c.2711G>A. 
 

0.446% 
 

0.002% 

CADD score 18 
 

CADD score 34 

n/a 
 

n/a 

13 OBSL1 Homozygous Confirmed in 
patient, both 

parents 
heterozygous 

Decreases splicing 
efficiency by 96% 

(MaxEntScan score) 
Strongest nearby 

alternative splice site 52bp 
5’ resulting in deletion 

causing a frameshift 

220431551C>T, 
c.2134+1G>A 

0.001% CADD score 34.0 (213) 

14 CCDC8 Homozygous Confirmed in 
patient 

Insertion of C leading to 
frameshift of coding 

sequence 

46915455 ins C, 
c.612dupG, 

p.K205FS*59 

0.001% CADD score: 33.0 (127,214) 

SRS/SRS-like genes 

15 HMGA2 Heterozygous Confirmed 
heterozygous 

in patient 

Deletion of A leading to 
frameshift of coding 
sequence. Please see 

results Section 5.2 

66221814delA, 
c.145delA, 

p.Arg49Glyfs*117 

Novel Mutation Taster: 
disease causing 

n/a 

http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&position=chr6%3A43018751-43018781
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16 IGF2 Heterozygous Awaiting 
repeat DNA 

samples 

Activation of intronic 
donor site. Could cause 
inclusion of pseudoexon 

with alternative ATG start 
codon. Functional work 
required to confirm this. 

2159329C>A, c.-
7+130G>T 

 

0.003% CADD score: 13.7 n/a 

Noonan syndrome genes 

17 SOS2 Heterozygous Confirmed in 
patient, 

inherited from 
short mother 
(height SDS -

1.7) 

Missense change 50655357G>C, 
c.572C>G, 
p.P191R 

0.631% SIFT: Damaging, 
PolyPhen-2: Benign 
CADD score: 23.4 

n/a 

Pt, Patient; AA, amino acid; SRS, Silver Russell Syndrome; DN, Dominant Negative. SAAPdap predictor (www.bioinf.org.uk); gnomAD genome 
aggregation database (https://gnomad.broadinstitute.org/); MaxEntScan score 
(http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) (215); Polyphen-2 score, (http://genetics.bwh.harvard.edu/pph2) (165) 
SIFT score, Sorting Intolerant From Tolerant score (http://blocks.fhcrc.org/sift/SIFT.html) (166); CADD score, Combined Annotation Dependent 
Depletion Score (https://cadd.gs.washington.edu/) (167) 
 

 

http://www.bioinf.org.uk/
https://gnomad.broadinstitute.org/
http://genetics.bwh.harvard.edu/pph2
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Chapter 3.2 Novel splicing mutations in the Growth Hormone Receptor causing a spectrum of 
Growth Hormone Insensitivity  
 
 
3.2.1 Identification of novel GHR pseudoexon variant  
 
 
3.2.1.1 Patient phenotypes 

 
Kindred 1 

The Index case (Patient 5, Figures 3.1A and 3.1B) was referred to our genetic sequencing service at 

2.9 years of age with classical biochemical and phenotypic features of GH Insensitivity (GHI; ‘Laron 

syndrome’) (Table 3.3). He was the second child of unrelated non-dysmorphic Caucasian parents. 

He was born at 37 weeks’ gestation with a normal birth weight (BW SDS -0.4). Severe postnatal 

growth failure was first noted at 5 months of age and by 1.7 years his height was 61 cm (height SDS 

-7.4) (Figure 3.1C), he had a normal BMI 16.5 kg/m2 (SDS -0.6) and relative macrocephaly (head 

circumference SDS -1.2). At presentation he had classical Laron facial features, delayed tooth 

eruption, small hands and feet, micropenis, bilateral undescended testes and hypoplastic scrotum. 

Maternal and paternal heights were -2.0 and -1.5 SDS, respectively and there was no family history 

of growth failure. Random serum GH was extremely elevated (38 µg/L; normal range (NR) 0-20 

ng/mL). At diagnosis, he was noted to have severe deficiencies of IGF-1 (<10 ng/mL; NR 13-143) and 

IGFBP 3 (<80 ng/ml; NR 1612-4525), ALS and GHBP levels were undetectable (<100 mU/ml and <80 

pM, respectively). IGF-1 levels during a 5-day IGF-1 generation test (IGFGT; GH 0.033 mg/kg/day, 

performed according to established protocols) demonstrated an IGF-1 level of <10 ng/mL at baseline 

and at 4 days following GH administration, indicating severe GH resistance (Table 3.4). He was 

diagnosed with severe GH resistance/primary IGF-1 deficiency and commenced recombinant 

human IGF-1 therapy (rhIGF-1; 120 µg/kg by subcutaneous injection twice daily) at 2.1 years of age. 

He had many episodes of hypoglycemia which required continuous glucose monitoring for 6 

months. He developed a mild, isolated but persistent elevation of TSH (maximum 7 µU/mL; NR 0.3-
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4). Following commencement of rhIGF-1 therapy, his height velocity improved considerably from 

2.2cm/year to 8.1cm/year and has remained consistently above baseline (5.0-8.5cm/year) 

suggesting a good response to rhIGF-1 therapy. At the latest assessment aged 6 years, his height 

was 89 cm (-5.0 SDS) (Figure 3.1C).    

 

Figure 3.1 Clinical images and growth chart of Patient 5 

 

A and B. Clinical images of Patient 5 aged 1.7 years with classical Laron features of mid-facial 
hypoplasia, depressed nasal bridge and frontal bossing. C. Growth chart showing severe postnatal 
growth failure and response to rhIGF-1 therapy. 
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Table 3.3 Clinical and auxological details for the patients with the novel c.618+836T>G GHR 6Ω 

pseudoexon mutation 

Phenotypic details Patient 5 Patient 18 Patient 19 

Age (years) 1.7 9.6 3.4 

Height (cm) [SDS] 61.0 [-7.4] 83.2 [-9.3] 67.0 [-6.9] 

Height velocity (cm/year) 

[SDS] 

1.6 [-4.5] 1.5 [-5.2] 2.0 [-4.4] 

Weight (kg) [BMI SDS] 6.1 [-0.6] 10.7 [-1.0] 5.5 [-4.4] 

Head circumference [SDS] 45.9cm [-1.2] 45.0 cm [-5.7] 43.0 cm [-5.6] 

Bone age (years) NK 4.0 1.5 

Birth weight (kg) 

(gestation) [SDS] 

2.8 (37/40) [-0.4] 2.6 (40/40) [-2.3] 2.1 (41/40) [-3.8] 

Other phenotypic details Small hands and feet 

Undescended testes 

Hypoplastic scrotum 

Micropenis 

Delayed tooth eruption 

Small hands and feet 

Undescended testes 

Micropenis  

Mild learning 

difficulties  

Bilateral hearing loss  

Pubertal delay 

Small hands and feet 

Undescended testes 

Micropenis  

Mild learning difficulties 

Recurrent hypoglycemia 

Mild papilloedema  

Necrotising enterocolitis 

SDS, Standard Deviation Score; NK, not known. 



135 
 

Table 3.4 Biochemical details of the patients with the novel c.618+836T>G GHR 6Ω pseudoexon mutation and their parents 

 Kindred 1 Kindred 2 

 Patient 5 

(P5) 

P5  

Mother  

P5  

Father 

Patient 18  

(P18) 

Patient 19  

(P19) 

P18/19  

Mother 

P18/19  

Father 

Age at presentation (years)  1.7  42.5 42.1 9.6  3.4  42.5 42.9 

Height SDS -7.4 -2.0 -1.5 -9.3 -6.9 -3.2 -0.7 

Basal GH (µg/L)  38.0 ND ND 52.0  110.0 0.21 5.23 

IGF-1 (ng/mL) [SDS] <10 [-2.6]* 165 [+0.9] 244 [+2.7] <10 [-3.4] <10 [-2.7] 70 [-1.7] 45 [-2.8] 

IGFGT: Basal; Peak IGF-1 

(ng/ml) 

<10; <10 ND ND <10; <10 <10; <10 ND ND 

IGFBP 3 (ng/mL) [SDS]  <80 [-4.1]* 3333 [-1.1] 3897 [-0.1] <80 [-4.6]  274 [-3.8] 1603 [-3.0] 1700 [-2.9] 

ALS (mU/mL) [SDS] <100 [-2.6]* 620 [0.1] 594 [-0.1] <100 [-4.3] <100 [-2.6] 183 [-2.6] 184 [-2.6] 

GHBP (pM) [SDS]  <80* 1345 [-1.0] 701 [-1.8] <80  <80  247 [-2.4] 111 [-2.6] 

TSH (µU/mL) [NR] 7.0 [0.3-4.0] ND ND 6.8 [0.3-4.2] 13.8 [0.3-4.2] ND ND 

ND, not done; NR, normal range; SDS, Standard Deviation Scores calculated based on the normal ranges for age and sex; IGFGT, IGF-1 generation tests 
(following established protocols using GH 0.033 mg/kg/day for 5 days (Patient 5) and 7 days (Patients 18 and 19)). *Samples obtained at 3.2 years of age. 
Results highlighted in bold are outside of the normal range, SDS -2 to +2.
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Kindred 2 

Patient 18 presented with severe growth failure at 9.6 years of age with a height of 83.2 cm (-9.3 

SDS) and height velocity of 1.5 cm/year (-5.2 SDS) (Table 3.3 and Figure 3.2). Head circumference 

was 45 cm (-5.7 SDS) and BMI within the normal range (-1.0 SDS). At a chronological age of 9.6 years, 

bone age was significantly delayed at 4.0 years. At presentation, he had small hands and feet, 

undescended testes and micropenis. He did not have obvious ‘classical’ Laron facial features (frontal 

bossing or mid facial hypoplasia) but had reduced facial height (nasion to menton; -4.9 SDS) 

compared to head width (maximal biparietal diameter; -1.2 SDS) (216). He also suffered from mild 

learning difficulties, bilateral hearing loss and pubertal delay was later noted. At 40 weeks’ 

gestation, he was born small for gestational age (SGA) with a birth weight of 2.6 kg (-2.3 SDS). The 

end stages of the pregnancy were complicated by pre-eclampsia. At diagnosis his basal GH levels 

were very elevated at 52.0 µg/mL with undetectable IGF-1 and GHBP (<10 ng/mL and <80 pM, 

respectively) and severe deficiencies of IGFBP 3 and ALS (<80 ng/mL and <100 mU/mL, respectively). 

IGFGT (0.033 mg/kg/day for 7 days, as above) showed no response to GH, with baseline and peak 

levels of IGF-1 <10 ng/mL (Table 3.4). His parents were non-consanguineous with no dysmorphic 

features. The father had a normal height (0.7 SDS) and his mother had short stature (-3.2 SDS). TSH 

levels were slightly elevated (6.8 µU/mL; NR 0.3-4.2) but FT4 1.5 ng/dl (NR 0.9-1.7) and FT3 3.0 

pg/ml (NR 3.0-4.7) were consistently normal and levothyroxine therapy was never required.  He 

commenced rhIGF-1 at 12 years (120 µg/kg by subcutaneous injection twice daily) but stopped after 

6 months. He recommenced rhIGF-1 therapy at 18 years (height 96.2 cm, -11.8 SDS) and continued 

until 21 years of age (height 109.1 cm, -9.9 SDS). His height velocity improved considerably during 

the periods of rhIGF-1 therapy but unfortunately compliance was poor, and the duration of 

treatment was suboptimal (Figure 25).  His final adult height at 23 years is 110 cm (-9.7 SDS) (Figure 

25). He did not give consent for the clinical photographs at diagnosis to be included within this 

thesis. 
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Figure 3.2 Growth chart of Patient 18  

 

Growth chart of Patient 18 showing severe postnatal growth failure. Periods of rhIGF-1 therapy are 
indicated by the blue arrows. 
 
 
Patient 19 (Figure 26A and B), the younger sibling of Patient 18, was also born small for gestational 

age (birth weight 2.1kg; -3.8 SDS) at 41 weeks gestation. At 3.4 years, he presented with a height of 

67 cm (-6.9 SDS) and height velocity of 2.0 cm/year (-4.4 SDS) (Table 3.3). His head circumference 

was 43.0 cm (-5.6 SDS) and BMI -4.4 SDS. At a chronological age of 3.4 years, his bone age was 

significantly delayed at 1.5 years. At presentation he had small hands and feet, undescended testes, 

micropenis and mild papilledema. Images from early infancy showed frontal bossing (Figure 26A). 

He also suffered from recurrent hypoglycemia, mild learning difficulties and an episode of 

necrotising enterocolitis. At diagnosis, baseline GH levels were elevated at 110.1 µg/L and IGFGT 

(0.033 mg/kg/day for 7 days, as above) showed no response to GH, with baseline and peak IGF-1 
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levels of <10 ng/mL (Table 3.4). He had deficiencies of IGFBP 3 and ALS (274 ng/mL and <100 mU/mL, 

respectively). He was commenced on levothyroxine at 2 months of age due to 

hyperthyrotropinaemia with TSH of 13.8 µU/ml (NR 0.3-4.2). FT4 and FT3 have remained within the 

normal range on treatment (latest FT3 level 3.1 pg/ml; NR 3.0-4.70). He has undergone periods of 

rhIGF-1 therapy (120 µg/kg subcutaneous injection twice daily) with variable compliance (similar to 

his sibling) initially commencing treatment at 5 years of age (height 70 cm, -8.1 SDS) until aged 7 

years (81 cm, -7.2 SDS), restarting at 9 years (height 83 cm, -8.1 SDS) until 12 years (92 cm, -7.6 SDS). 

Subsequently he remained off treatment and his height at latest assessment at 14 years of age is 

97.0 cm (-7.7 SDS) . His height velocity improved during the initial period of rhIGF-1 therapy, but the 

treatment response and outcome was likely affected by the significant compliance issues (Figure 

26C). 
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Figure 3.3 Clinical images and growth chart of Patient 19  

 

A and B. Clinical images showing Patient 19 (P19; younger sibling of P18) aged 3.5 months (A) and 
5.4 years (B) displaying classical Laron features of mid-facial hypoplasia, depressed nasal bridge and 
frontal bossing. C. Growth chart showing severe postnatal growth failure. Periods of IGF-1 therapy 
are indicated. 
 
 
3.2.1.2 Bioinformatic analysis and splicing prediction  

I identified an exceedingly rare, homozygous variant in intron 6 of the GHR gene (42700940T>G, 

c.618+836T>G). This variant, altering the sequence from AGTT to AGGT, was predicted to activate 

an intronic cryptic donor splice site deep within intron 6 of the GHR (Figure 3.4). This is a novel 

variant not listed in the 1,000 genomes, ExAC, gnomAD and NHLBI ESP exomes. It was assigned a 

CADD score <10, which is not unusual for a non-coding variant.  
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Figure 3.4 Splicing prediction generated by Human Splicing Finder for c.618+836T>G GHR variant  

 

The novel c.618+836T>G GHR variant is predicted to activate an intronic cryptic donor site. Image 
generated from Human Splicing Finder (http://umd.be/HSF3/index.html)  
 
 
Interestingly, the novel intronic c.618+836T>G variant is 44bp downstream of the original GHR 

pseudoexon variant (6Ψ; c.618+792A>G) (Figure 3.5) (63). This original 6Ψ GHR pseudoexon variant 

is described in detail in section 1.2.2.2. This homozygous c.618+792A>G deep intronic GHR mutation 

leads to mis-splicing and inclusion of an in-frame insertion to the Growth Hormone Receptor, 

causing a partial loss of function due to impaired trafficking.  

 
Figure 3.5 Location of original 6Ψ GHR pseudoexon and the novel 6Ω variant identified on the 

short stature gene panel 

 

Image created using GHR sequence available on Ensembl37 Genome Browser. 
(http://grch37.ensembl.org/index.html). The T which is altered in the novel c.618+836T>G GHR 
change can be seen in the green box downstream of the original GHR pseudoexon variant in black 
box (c.618+792A>G). 
 

 

http://umd.be/HSF3/index.html
http://grch37.ensembl.org/index.html
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3.2.1.3 Segregation of novel 6Ω GHR variant  

This novel 42700940T>G, c.618+836T>G GHR variant was confirmed by PCR using primers I designed 

to cover the affected region (GHR intron 6F (Forward) and GHR intron 6R (Reverse); Sequences are 

provided in Appendix 1) in Patient 5 and his parents. This confirmed Patient 5 as homozygous for 

this novel variant and revealed both parents to be heterozygous (Figure 3.6A). Following my 

identification of this novel intronic change, targeted Sanger sequencing of the intron 6 region of the 

GHR was undertaken in Patients 18 and 19 and their parents at a collaborating centre in Italy. This 

was performed in these patients as they had a classic GHI phenotype but after candidate gene 

sequencing including the exons of the GHR, only a heterozygous mutation had been identified in 

exon 4 of the GHR, c.181C>T; R43X (Figure 3.6B). This previously reported mutation was inherited 

from their father and is predicted to lead to frameshift and induction of an early stop at residue 43 

of the GHR (74,210). However in isolation was not felt to explain their classic GHI phenotype. 

Sequencing of intron 6 revealed that Patients 18 and 19 were both heterozygous for the novel 

intronic GHR variant (42700940T>G, c.618+836T>G), inherited from their mother.  
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Figure 3.6 Pedigrees and sequencing chromatograms for Kindreds 1 and 2 

 

Family pedigrees and chromatograms showing the segregation of the novel c.618+836T>G GHR 
variant in affected families. A. Homozygous and heterozygous c.618+836T>G GHR variants in Patient 
5 (P5) and both parents, respectively. B. Patients 18 and 19 (P18 and 19) harboured compound 
heterozygous c.618+836T>G (maternally inherited) and c.181C>T (R43X) (paternally inherited) GHR 
mutations. 
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3.2.1.4 Functional assessment of novel c.618+836T>G GHR variant  

3.2.1.4.1 In vitro splicing assay  

To assess whether this novel intronic variant affected GHR splicing, I performed an in vitro splicing 

assay, as described previously. I designed primers to amplify a 600bp DNA fragment of interest from 

Patient 5, a control sample and also a patient with the previously described 6Ψ pseudoexon 

mutation (c.618+792A>G) for comparison. This splicing assay revealed the inclusion of 151bp in 

addition to the two exons of the exon trap vector confirming 6Ω pseudoexon inclusion (Figure 3.7).  

 

Figure 3.7 Splicing assay confirms retention of novel 6Ω GHR pseudoexon 

 

Gel electrophoresis of cDNA splicing products following the splicing assay using an exon trap vector 
(MoBiTec-Exontrap cloning vector pET01). EV, empty vector, pET01 alone; WT-GHR, pET01 with 
600bp of wild-type GHR intron 6 sequence inserted; Patient 5, pET01 with 600bp of Patient 5 intron 
6 sequence inserted (including the c.618+836T>G variant). GHR-6Ψ, pET01 with 600bp sequence 
from a patient with the original GHR pseudoexon (6Ψ) c.618+792A>G variant. The spliced products 
were amplified by PCR and visualized on a 2% agarose gel. Lanes 1 and 2: A 250bp band is seen in 
empty vector and WT sequence, as expected, representing the two exons of the exon trap vector 
and confirming normal splicing with WT sequence (lane 2). Lane 3:  A 401bp band is seen for Patient 
5 and sequencing revealed 151bp insert between the two exons of the exon trap vector (250bp) 
confirming novel 6Ω pseudoexon inclusion. Lane 4: A 358bp band is seen in the GHR 6Ψ patient 
sample and sequencing revealed a 108bp insert between the two exons (250bp) of the exon trap 
vector confirming the original pseudoexon inclusion, as expected. WT, wild-type; bp, base pairs; 
GHR, Growth Hormone Receptor. 
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Sanger sequencing of the spliced product verified this prediction confirming that the novel variant 

activates an intronic cryptic donor site deep within intron 6 of the GHR and utilises the same 

dormant acceptor splice site as the originally described 6Ψ pseudoexon. The close proximity of this 

dormant splice acceptor site leads to misrecognition of this region as an exon by the spliceosome 

and its retention during the splicing process. Interestingly, the same dormant acceptor site is 

involved in the mis-splicing and inclusion of the original 6Ψ GHR pseudoexon (Figure 3.8). 
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Figure 3.8 Novel 6Ω GHR pseudoexon utilises same dormant acceptor site as the original 6Ψ GHR 

pseudoexon 

 

A. The novel 6Ω GHR pseudoexon c.618+836T>G variant creates an AGGT splice donor site (red) 
downstream of the original GHR 6Ψ pseudoexon variant (c.618+792A>G) (green) which produces a 
CGGT splice donor site. The dormant intronic AGCC acceptor splice site involved in mis-splicing and 
inclusion of both pseudoexons are shown in purple. Dashed lines indicate interrupted intronic 
sequence. B. Schematic of the 6Ψ and novel 6Ω GHR pseudoexon inclusion events into the mRNA. 
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3.2.1.4.2 RT-PCR fibroblasts from Kindred 2 

Patients 18 and 19 of the second kindred were compound heterozygous for the GHR 6Ω pseudoexon 

variant (c.618+836T>G) and another previously published nonsense point mutation in exon 4 of the 

GHR (c.181C>T; R43X) (74,210).  

 

RNA samples derived from dermal fibroblasts of healthy control, Patients 18 and 19 and their 

parents were used to generate cDNA. RT-PCR was performed using primers for GHR cDNA Exon 4F 

(Forward) and GHR cDNA Exon 8R (Reverse) to amplify both wild-type GHR sequence and the 6Ω 

pseudoexon insertion. A ‘normal’ band of expected size (705bp) was seen in all the samples, and a 

larger (856bp) band was seen in Patients 18, 19 and their mother, who were all heterozygous for 

the GHR 6Ω variant (c.618+836T>G) (Figure 3.9A). This larger band corresponds to the retention of 

the additional 151 bases 6Ω pseudoexon.  

 

RT-PCR was also performed using primers designed to amplify only sequences containing the 6Ω 

pseudoexon inclusion (GHR cDNA pseudo F1 (Forward) and GHR cDNA Exon 8R (Reverse)). A 387bp 

band was seen in Patients 18 and 19 and their mother, all of whom are heterozygous for the GHR 

6Ω variant (c.618+836T>G) (Figure 3.9B). Sanger sequencing confirmed the inclusion of the 151 

bases GHR 6Ω pseudoexon in keeping with the in vitro findings of the MoBiTec-Exontrap splicing 

assay.  
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Figure 3.9 Expression of wild-type and mutant transcripts in affected family members with the 

heterozygous c.618+836T>G GHR 6Ω variant  

 

cDNA was prepared from dermal fibroblasts derived from a healthy control and Patients 18, 19 and 
both parents. A. Schematic showing the locations of the primers (GHR cDNA Exon 4F (Forward) and 
GHR cDNA Exon 8R (Reverse) (blue arrows)) used to amplify the region encompassing wild-type GHR 
the GHR 6Ω pseudoexon insertion. A ‘normal’ 705bp PCR product was seen in all the samples. An 
additional larger (856bp) PCR product was seen in Patient 18, Patient 19 and their mother, who 
were heterozygous for the c.618+836T>G GHR 6Ω variant, indicating the additional 151bp 6Ω 
pseudoexon insertion. B. Schematic showing the locations of the primers (GHR cDNA pseudo F1 
(Forward) and GHR cDNA Exon 8R (Reverse) (blue arrows)). The forward primer at the junction of 
the 6Ω pseudoexon insertion means only sequences containing the GHR 6Ω pseudoexon insertion 
are amplified. The expected 387bp PCR product is seen in Patient 18, Patient 19 and their mother, 
all of whom are heterozygous for c.618+836T>G GHR variant. BPs, base pairs; HC, Healthy Control; 
P18, Patient 18; P19, Patient 19; K2M, Kindred 2 Mother; K2F Kindred 2 Father. 
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3.2.1.4.3 Predicted effect of novel 6Ω pseudoexon inclusion on GHR sequence and protein 
 
The inclusion of this novel 151bp GHR 6Ω pseudoexon is predicted to lead to a frameshift and 

introduction of a premature stop codon after 245 amino acids (Figures 3.10 and 3.11).  

 

Figure 3.10 GHR genomic DNA sequence with the 151bp 6Ω pseudoexon inclusion between exons 

6 and 7 

 

Genomic DNA GHR sequence (Ensembl37 Genome Browser; 
http://grch37.ensembl.org/index.html). The 151bp pseudoexon sequence is shown in red. 
 
 
 
Figure 3.11 GH receptor amino acid sequence with 6Ω pseudoexon inclusion 

 
 

Inclusion of the pseudoexon causes a frameshift and inclusion of 39 altered amino acids (red) into 
the GHR sequence followed by a premature stop codon. *, stop codon (Bioedit Sequence Alignment 
Editor (20)). GHR signal peptide is shown in blue. Total size of mutant GHR protein is 245 amino 
acids. 
 

http://grch37.ensembl.org/index.html
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The resultant truncated protein is expected to be non-functional given it would lack both the 

transmembrane (encoded by exon 8; residues 265-288) and intracellular (encoded by exons 9 & 10; 

residues 289-638) domains of the GHR (Figure 3.12).  

 

Figure 3.12 Predicted effect of the novel GHR 6Ω pseudoexon on protein structure 

 

Schematic of the novel 6Ω GHR pseudoexon inclusion event and predicted GHR protein compared 
to wild-type sequence and 6Ψ pseudoexon. The 6Ω pseudoexon inclusion is predicted to cause a 
frameshift and result in premature truncation of the GHR lacking both transmembrane (TM) and 
intracellular domains.   
 
 
3.2.1.5 Functional assessment of GHR 6Ω pseudoexon 

I created a GHR 6Ω pseudoexon construct using a 3-part Gibson assembly as previously described in 

methods Section 2.9.1. The impact of the GHR 6Ω pseudoexon on GHR signaling was assessed 

following growth hormone stimulation (500 ng) of both wild-type and 6Ω pseudoexon GHR 

constructs expressed in HEK293T cells. Tyrosine phosphorylation of STAT5B was used as a marker 

of intact GHR signalling. When compared to wild-type GHR, the 6Ω pseudoexon construct exhibited 

reduced phosphorylated-STAT5B following GH-stimulation (Figure 3.13A). As the truncated 6Ω GHR 

pseudoexon lacks both transmembrane and intracellular domains, it is unlikely to be able to anchor 
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onto the cell surface or dimerize, significantly impairing the activation of STAT5B and the 

downstream effects of growth hormone stimulation.  

 

48 hours following transfection of the GHR 6Ω pseudoexon construct into HEK293T cells, the serum 

free conditioned media was probed using a GHBP antibody. This revealed extracellular accumulation 

of mutant (truncated) GHR in the GHR 6Ω pseudoexon transfected cells, present at much higher 

quantity than serum from WT GHR transfected cells (Figure 3.13B). The GHR 6Ω pseudoexon protein 

lacks both transmembrane and intracellular domains and would result in defective anchoring to the 

plasma membrane. The truncated protein is secreted extracellularly and recognized by the 

polyclonal GHBP antibody. Interestingly, biochemical assays using serum from all 3 patients revealed 

undetectable GHBP (Table 3.4). The GHBP assay relies on highly specific monoclonal antibodies and 

the GHR 6Ω pseudoexon protein lacks an epitope crucial for one of these monoclonal antibodies. 
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Figure 3.13 The novel GHR 6Ω pseudoexon diminishes GH-dependent STAT5B activation and 

accumulates extracellularly 

 

A. Whole cell lysates from untreated or GH-stimulated (20 min) HEK293 cells transfected with 
pcDNA3.1 empty vector, wild-type (WT) GHR or 6Ω GHR mutant constructs. Representative 
immunoblots of three experiments are shown. B. Immunoblot analysis of conditioned media with 
anti-GHBP antibody from HEK293 cells transfected with the 6Ω GHR mutant construct showing 
extracellular accumulation of the truncated mutant 6Ω GHR protein. GH, Growth Hormone: WT, 
wild-type; B Actin, Beta Actin. 
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3.2.2 Potential GHR pseudoexon variant identified in Patient 6 
 
 
3.2.2.1 Patient phenotype 

 
Patient 6 is a 12-year-old boy with phenotypic and biochemical features of Classic GHI. Born at term 

weighing 3kg (BW SDS -1.34), growth problems had been noted in early childhood and by 12.3 years 

his height SDS was -5.87. He had a depressed nasal bridge, mid-facial hypoplasia, frontal bossing 

and a high-pitched voice. Biochemically he had a high GH peak on stimulation >40ug/L with a 

baseline IGF-1 <25ng/ml and IGFBP3 <0.5mg/L. There was no family history of short stature and his 

parents were 3rd degree cousins.  

 
3.2.2.2 Bioinformatic analysis and splicing prediction 

 
Bioinformatic analysis identified no exonic variants in candidate genes that appeared pathogenic. 

However, upon interrogation of the non-coding material I identified a deep intronic homozygous 

change in GHR, 42598173, c.70+32137A>G. Ingenuity predicted the change to have a CADD score 

of 17.5, which is very unusual for a non-coding variant so deep within the intron. The gnomAD 

frequency was 0.058% with a gnomAD homozygous count of 0. This variant was predicted to activate 

an AGGT intronic cryptic donor site deep within the intron 2 of the GHR (Figure 3.14) so I 

hypothesised that this variant may lead to a novel GHR pseudoexon inclusion. 
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Figure 3.14 Splicing prediction generated by Human Splicing Finder for Patient 6 c.70+32137A>G 

GHR variant  

 

Image generated from Human Splicing Finder (http://umd.be/HSF3/index.html). The novel 
c.70+32137A>G GHR variant was predicted to activate an AGGT intronic cryptic donor site.  
 

3.2.2.3 Segregation  
 
Sanger sequencing confirmed Patient 6 to be homozygous for this novel c.70+32137A>G GHR 

variant and both parents to be heterozygous. 

 
3.2.2.4 Splicing assay results 

 
I designed primers to amplify an 800bp region including the variant of interest and assess in vitro 

splicing using the MoBiTec-Exontrap cloning vector pET01). Sanger sequencing of the spliced PCR 

product confirmed the same sequence for Patient 6 as for the wild-type sample (Figure 3.15). The 

assay showed no evidence of novel pseudoexon inclusion due to the c.70+32137A>G GHR variant.  

 

 

 

 

 

http://umd.be/HSF3/index.html
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Figure 3.15 Splicing assay results for Patient 6 c.70+32137A>G GHR variant 

 

Gel electrophoresis of cDNA splicing products following the splicing assay using an exon trap vector 
(MoBiTec-Exontrap cloning vector pET01). EV, empty vector, pET01 alone; WT-GHR, pET01 with 
800bp of wild-type GHR intron 2 sequence inserted; Patient 6, pET01 with 800bp of Patient 6 intron 
2 sequence inserted (including the c.618+836T>G variant). The spliced products were amplified by 
PCR and visualized on a 2% agarose gel. In all 3 lanes a 250bp band is seen representing only the 
two exons of the exon trap vector. No pseudoexon inclusion is seen in the patient. This finding was 
confirmed by Sanger sequencing of the PCR products. BP, base pairs; EV, empty vector; WT, wild-
type; P6, Patient 6; GHR, Growth Hormone Receptor. Splicing assay performed by MsC student 
Tasneem Ladha.  
 

 
3.2.2.5 Analysis of Patient 6 fibroblast cDNA  

 
Given that the splicing assay had not identified a diagnosis for Patient 6 and given his classic GHI 

phenotype and biochemistry, I assessed his GHR cDNA which I generated from patient fibroblasts. 

PCR of fibroblast cDNA revealed a 63 base pair deletion from exon 7 (Figure 3.16).  
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Figure 3.16 Deletion of 63 bases exon 7 GHR identified in Patient 6 cDNA  

 

Sanger sequencing from Patient 6 cDNA (top) compared to healthy control cDNA (bottom) from 
cultured dermal fibroblasts. The 63-base deletion in exon 7 is visible in the Patient 6 sequence, 
demonstrated by the blue lines. Images were generated using ABI files from Sanger sequencing on 
Bioedit Sequence Alignment Editor (20) 
 
 

This was a surprising result as I had not identified any variants of interest in exon 7 using my 

bioinformatics filtering pipelines on Ingenuity Variant Analysis. When I removed all applied filters to 

this dataset, such as read depth and allele frequency, there was still no listed variants in exon 7 for 

this patient.  To determine whether this was a DNA deletion (copy number variant) or more likely a 

splicing problem, I consulted the original BAM file for this patient to see if there was a missing 

segment in the reads at this point. This would suggest they couldn't sequence across this region 

because it was missing in the genomic DNA.  
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3.2.2.6 BAM file identification of pathogenic variant  
 

Upon examination of the Binary Alignment Map (BAM) file, it was clear that the reads covered all of 

exon 7 in good depth. However, I also noted a homozygous C>T change 2 base pairs after the start 

of deleted 63 base region (Figure 3.17).  

 

Figure 3.17 c.723C>T GHR variant visualised on Patient 6 BAM file  

 

Figure created by taking screenshot whilst viewing the BAM file in Integrative Genomics Viewer 
(217). The C>T change is visible in all of the reads, demonstrated by the red ‘T.’ 
 

This 42711413C>T, c.723C>T GHR variant was not called in the Variant Call File (VCF), likely in error 

by the Otogenetics Team (Figure 3.18).  

 

 

 

 

 

 

 

 

https://grch37.ensembl.org/Homo_sapiens/Location/View?contigviewbottom=variation_feature_variation%3Dnormal%2Cseq%3Dnormal;db=core;g=ENSG00000112964;r=5:42711363-42711463;source=HGMD-PUBLIC;t=ENST00000230882;v=CS971752;vdb=variation;vf=743958443
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Figure 3.18 Section of VCF for Patient 6 missing 42711413C>T variant 

 

This figure contains a section from Patient 6’s Variant Call File (VCF). The VCF lists all variants 
identified in this patient in order of chromosomal position prior to any bioinformatic filtering being 
applied. The 42711413C>T variant clearly visualised on the BAM file is not listed here.  
 

This c.723C>T changes the sequence from CGGC to CGGT, creating a potential splice site. This base 

change was first reported in 1997 and predicted to create a cryptic donor splice site that would 

result in mis-splicing of exon 7 and deletion of 63bp (218). This hypothesis was later confirmed by 

functional analysis by RT-PCR of patient lymphocyte mRNA (219). My functional analysis is in 

keeping with these findings. Therefore, the homozygous c.723C>T GHR variant identified on the 

BAM file is likely to be the genetic change responsible for the GHI phenotype observed in this 

patient. I confirmed Patient 6 to be homozygous for this variant by Sanger sequencing.  

 

 

https://grch37.ensembl.org/Homo_sapiens/Location/View?contigviewbottom=variation_feature_variation%3Dnormal%2Cseq%3Dnormal;db=core;g=ENSG00000112964;r=5:42711363-42711463;source=HGMD-PUBLIC;t=ENST00000230882;v=CS971752;vdb=variation;vf=743958443
https://grch37.ensembl.org/Homo_sapiens/Location/View?contigviewbottom=variation_feature_variation%3Dnormal%2Cseq%3Dnormal;db=core;g=ENSG00000112964;r=5:42711363-42711463;source=HGMD-PUBLIC;t=ENST00000230882;v=CS971752;vdb=variation;vf=743958443
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3.2.3 GHR exon 9 dominant negative variants causing abnormal splicing  
 

 
3.2.3.1 Patient phenotypes 

 

Patients 7 and 8 (Table 3.5) were referred with moderate postnatal growth failure and did not have 

a phenotype of classic GHI discussed previously. Patient 7 was born small for gestational age with 

BW SDS -2.42 and by 16.5 years of age his height SDS was -3.2. Patient 8 had a BW SDS +0.18 but by 

15 years of age has a height SDS of -2.7. Further details are shown in the table below.  

 

Table 3.5 Phenotypic and biochemical details of Patients 7 and 8 

Patient Patient 7 Patient 8 

Sex Male Male 

Age (years) 16.5 15.0 

Phenotype Relative macrocephaly, 
disproportionate short stature. 

Borderline mesomelic 
shortening in the upper limb, 
slight lumbar hyperlordosis. 

Nil dysmorphic features 

Height SDS -3.24 -2.7 

BW SDS -2.42 0.18 

GH peak (ug/L) NK 57.5 

Baseline IGF-1 (ng/ml) 501 <25 (NR 220-972) 

IGF-1 SDS 2.15 -3.03 

GHBP (IFMA, pM) 1666 (NR 536-3634) 14567 (NR 536-3634) 

GHBP (LIA, pM) 467 (NR 154-1073) 3366 (NR 154-1073) 

BW, birth weight; SDS, standard deviation score; GHBP, growth hormone binding protein; IFMA, 
immunofluorometric assay; LIA, ligand immunofunctional assay. GHBP levels were confirmed by 
serial dilutions. 
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3.2.3.2 Bioinformatic analysis and splicing prediction 
 
 

Using my custom IVA filtering pipelines, I identified interesting heterozygous GHR variants in both 

patients predicted to affect splicing. Patient 7 had a variant in intron 8 which disrupted the 

polypyrimidine tract just prior to exon 9 (42718139T>G, c.876-15T>G). This mutation has a gnomAD 

frequency of 0.029% and was assigned a CADD score of <10. 

 

As discussed previously, the polypyrimidine tract is a region rich in pyrimidine nucleotides just prior 

to the 3’ end of the intron that promotes assembly of the spliceosome (140). Disruption of this 

region was predicted to reduce the efficacy of splicing at the canonical splice site by 20% by 

MaxEntScan score (215). A nearby cryptic splice site within exon 9 of the GHR may be recognised by 

the spliceosome and mis-splicing would result in a mutant exon 9, 26 bases smaller than wild-type. 

The proximity of these regions is demonstrated in Figure 3.19.  

 

Figure 3.19 Location of c.876-15T>G GHR variant of interest in Patient 7  

 

The c.876-15T>G intronic change identified in Patient 7 is highlighted in red. This variant is predicted 
to disrupt the polypyrimidine tract and reduce the efficacy of splicing at the canonical splice site. 
This may cause the spliceosome to instead recognise the nearby cryptic splice site highlighted, which 
would result in a mutant exon 9, 26 bases smaller than the wild-type exon 9.  

 
 

The variant I identified in Patient 8 was in exon 9 of GHR (42718180T>G, c.902T>G) and predicted 

to activate an exonic cryptic donor splice site as shown in Figure 3.20. Misrecognition by the 

spliceosome of this donor site would result in a mutant exon 9, 26 bases smaller than the wild-type 
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exon 9. The proximity of these regions is shown in Figure 3.21. This variant was novel, not listed on 

gnomAD database and was assigned a CADD score of 27.7. 

 
 
Figure 3.20 Splicing prediction generated by Human Splicing Finder for Patient 8 c.902T>G GHR 

variant  

 

The c.902T>G GHR variant was predicted to activate an exonic cryptic donor site. Image generated 
from Human Splicing Finder (http://umd.be/HSF3/index.html)  
 

 
Figure 3.21 Location of c.902T>G GHR variant of interest in Patient 8 

      
 

The c.902T>G GHR variant identified in Patient 8 is highlighted in red. This variant is predicted to 
activate the cryptic splice site within exon 9, leading to misrecognition by the spliceosome and 
creation of a mutant exon 9 26bp smaller than wild-type exon 9.  
 
 
3.2.3.3 Segregation 
 
Both patient variants were confirmed to be heterozygous by Sanger sequencing. The variant in 

Patient 7 was inherited from his short mother (height SDS -2.4) on Sanger sequencing (Figure 3.22). 

http://umd.be/HSF3/index.html
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Patient 8 did not have any short relatives and his variant was found to be de novo on testing (Figure 

3.23). 

Figure 3.22 Segregation of c.810-15T>G GHR variant identified in Patient 7  

 

Family tree showing both mum and Patient 7 heterozygous for the c.810-15T>G GHR variant with 
height SDS for each family member. DNA from Patient 7’s father was not available for genetic 
testing.  

 
Figure 3.23 Segregation of c.836T>G GHR variant identified in Patient 8 

 

Family tree showing de novo c.836T>G GHR variant in Patient 8. Height SDS are shown for Patient 8 
and his parents. Patient 8’s sibling is described as ‘normal height’ but exact measurements not 
known.  
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3.2.3.4 Splicing assay results 
 
To assess whether the variants identified in Patients 7 and 8 affected GHR splicing, an in vitro splicing 

assay as performed as described in Methods Section 2.8. I designed primers to amplify an 800bp 

DNA fragment of interest including exon 9 from both patients and a control sample. The PCR 

electrophoresis gel showed a smaller band in both patients (Figure 3.24). Sanger sequencing 

confirmed this to contain a mutant exon 9, 26bp smaller than wild-type. Wild-type exon 9 sequence 

was also detected in Patient 7, suggesting disruption to the polypyrimidine tract reduced the 

efficacy of canonical splicing but did not abolish it. 

 

Figure 3.24 Gel electrophoresis of PCR cDNA splicing product 

 

BP, base pair; WT, wild-type; Pt, Patient; Mt, Mutant. Splicing assay was performed using an exon 
trap vector (MoBiTec-Exontrap cloning vector pET01). Empty vector, pET01 alone; WT, pET01 with 
800bp of WT GHR sequence including exon 9 GHR; Pt 7 and Pt 8, pET01 with 800bp of patient 
sequence inserted which included exon 9 and the respective missense mutations. The 
electrophoresis gel shows a 250bp band in the empty vector and a 320bp band in the WT sequence 
representing the two exons of the exon trap vector and normally spliced exon 9 which is 70bp. A 
smaller band was detected in the spliced products of both Patient 7 and 8, which sequencing 
confirmed to contain a mutant exon 9 26bp smaller than WT, leading to frameshift of the GHR. WT 
exon 9 sequence was also detected in Patient 7, explaining the two visible bands on the gel. 1 of 3 
replicates of this assay was performed by MsC student Tasneem Ladha.  
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3.2.3.5 Effect of novel variants on GHR sequence 
 

 
The variant identified in Patient 7 (c.876-15T>G) leads to abnormal splicing resulting in a deletion of 

the first 26 bases of exon 9 GHR (in addition to presence of wild-type sequence). The base sequence 

of GHR mutant transcript is shown below in Figure 3.25 and the translated amino acid sequence 

shown in Figure 3.26.  

 
Figure 3.25 GHR coding base sequence with deletion first 26 bases exon 9 (seen in Patient 7) 

 

This sequence was generated using GHR sequence available on Ensembl37 Genome Browser 
(http://grch37.ensembl.org/index.html) with the mutant exon 9 sequence interpreting using ABI 
files from Sanger sequencing of spliced products using the Bioedit Sequence Alignment Editor (20).  
 
 
Figure 3.26 Translated GHR amino acid sequence with Patient 7 mutant exon 9 

 

*, stop codon; GHR, Growth Hormone Receptor. This sequence was translated into amino acids 
using Bioedit Sequence Alignment Editor (20).  

http://grch37.ensembl.org/index.html
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The variant identified in Patient 8 (c.902T>G) leads to abnormal splicing resulting in a deletion of 

the first 26 bases of exon 9 GHR. The base sequence of GHR mutant transcript is shown below in 

Figure 3.27 and the translated amino acid sequence shown in Figure 3.28.  

 
Figure 3.27 GHR coding base sequence with deletion first 26 bases exon 9 and T>G change at 

start of mutant exon 9 (seen in Patient 8) 

 

This sequence was generated using GHR sequence available on Ensembl37 Genome Browser 
(http://grch37.ensembl.org/index.html) with the mutant exon 9 sequence interpreting using ABI 
files from Sanger sequencing of spliced products using the Bioedit Sequence Alignment Editor (20).  
 
Figure 3.28 Translated GHR amino acid sequence with Patient 8 mutant exon 9 

 

*, stop codon; GHR, Growth Hormone Receptor. This sequence was translated into amino acids 
using Bioedit Sequence Alignment Editor (20).  
 
 
 
 

http://grch37.ensembl.org/index.html
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3.2.3.6 Creation of Patient 7 and 8 mutant GHR constructs by Gibson assembly  
 
These mutant GHR constructs were created using Gibson assembly and custom primers designed to 

delete 26 bases from the GHR pcDNA1 vector and for Patient 8 to introduce the T>G change seen in 

the spliced product. The Sanger sequencing of the assembly products is shown in Figure 3.29 and 

Figure 3.30. The entire sequence of the vector was assessed to ensure the products had 

reassembled correctly and no other changes had been introduced to the vector.  

 

Figure 3.29 Deletion of 26 bases exon 9 using Gibson assembly to mimic Patient 7 mutant GHR 

 

Sanger sequencing of Gibson assembly product demonstrating deletion of 26 bases of exon 9 to 
reflect mis spliced product seen with Patient 7. Images generated using ABI files from Sanger 
sequencing on Bioedit Sequence Alignment Editor (20) 
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Figure 3.30 Deletion of 26 bases exon 9 and introduction of T>G change using Gibson assembly 

to mimic Patient 8 mutant GHR 

 

Sanger sequencing of Gibson assembly product demonstrating deletion of 26 bases of exon 9 and 
creation of T>G change to mis spliced product seen with Patient 8. Images generated using ABI files 
from Sanger sequencing on Bioedit Sequence Alignment Editor (20) 
 
 
3.2.3.7 Functional assessment of mutant GHR constructs  
 

To determine if these mutants exert dominant negative effects on GH signalling, I  assessed the 

effects on downstream signalling by assessing phosphorylation of STAT5, a key component of GH 

signalling. Western blot panels assessing the mutants are displayed below in Figures 3.31 and 3.32. 
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Figure 3.31 GHR c.876-15T>G exerts dominant negative effect on WT GHR signalling 

 

GH, Growth Hormone; WT, wild-type; P7 MUT, Patient 7 mutant created by Gibson assembly. Whole 
cell lysates from transfected HEK293T cells, 20µg protein loaded per lane. The latter 4 lanes were 
growth hormone stimulated for 20 minutes at 100ng/ml prior to lysis. Wild-type GHR is seen around 
80kDa and the mutant GHR bands are smaller. A non-specific band is seen for the GHR antibody in 
all lanes around 90kDa. Robust phosphorylation is seen upon GH stimulation of the wild-type GHR 
when alone but when co-transfected with the Patient 7 mutant, this phosphorylation is not seen. 
This demonstrates that the Patient 7 mutant exerts a dominant negative effect on signalling. Beta 
actin is used as a loading control. 
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Figure 3.32 GHR c.902T>G exerts dominant negative effect on WT GHR signalling 

 

GH, Growth Hormone; WT, wild-type; P8 MUT, Patient 8 mutant GHR created by Gibson assembly. 
Whole cell lysates from transfected HEK293T cells, 20µg protein loaded per lane. The latter 4 lanes 
were growth hormone stimulated for 20 minutes at 100ng/ml prior to lysis.  
Wild-type GHR is seen around 80kDa and the mutant GHR bands are smaller. A non-specific band is 
seen for the GHR antibody in all lanes around 90kDa. Robust phosphorylation is seen upon GH 
stimulation of the wild-type GHR when alone but when co-transfected with the Patient 8 mutant, 
this phosphorylation is not seen. This demonstrates that the Patient 8 mutant exerts a dominant 
negative effect on signalling. Beta actin is used as a loading control. 
 
 

In contrast to the robust phosphorylation of STAT5 seen upon GH stimulation of the wild-type GHR 

construct, no such phosphorylation was seen upon GH stimulation of either mutant construct. Co-

transfecting wild-type and mutant constructs impaired this phosphorylation, suggesting both 

mutants act in a dominant manner and impair downstream signalling of the GHR. This is in keeping 

with the patient phenotypes. Patients with dominant negative variants tend to have a milder 

phenotype than those with classic homozygous GHR mutations, thought to be due to the presence 

of 25% WT-WT GHR homodimers (62).  
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3.3 Novel mutation in IGF1 hypothesised to impair IGF-1 cleavage  

 

3.3.1 Patient phenotype 

Patient 10 had a normal birth weight of 3.38kg (-0.2 SDS) but poor growth was noted from the 

first year of life. At presentation, she had a height of 117.2cm (-3.4 SDS) and head circumference 

of 49.5cm (-1.6 SDS) at 10.1 years of age. Her growth chart is below shown in Figure 3.33. Her 

bone age at 10.1 years was delayed by 2.5 years. She had a normal 46XX karyotype and a normal 

CGH array. Coeliac screen was negative, with thyroid function tests and cortisol within the 

normal ranges. On examination, she had no dysmorphic features. She had a low normal IQ and 

was described as a picky eater. 

A high peak GH was observed upon glucagon stimulation (17.1mcg/L). Baseline IGF-1 levels were 

low/normal (144micrograms/L; -1.3 SDS) and responded poorly (increase <15micrograms/L) 

following IGF-1 generation testing. Given her poor response to IGF-1 generation testing, she was 

commenced on recombinant IGF-1 therapy. After 6 months therapy, serum IGF-1 levels were 

very high (1,044micrograms/L; SDS +5.9). Height velocity improved from 3.6cm/year to 

5.9cm/year.  
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Figure 3.33 Growth chart for Patient 10 

 

Growth chart for Patient 10. The blue spot indicates the height measurement taken once 
recombinant IGF-1 therapy had been commenced.  
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3.3.2 Variant details and functional prediction 

Using custom bioinformatic pipelines that I created to analyse the short stature gene panel data, I 

identified a rare novel heterozygous IGF1 variant (102813333C>T, c.356G>A, p.R119H; gnomAD 

frequency 0.004%) which was predicted damaging by SIFT; CADD score 32. This variant alters the 

first amino acid of IGF-1 E domain, the most critical residue for furin binding, which is highly 

conserved across species (Figure 3.34). This novel mutation changes arginine to histidine at this 

critical furin binding site. This is considerable change from a positively charged amino acid to a 

negatively charged amino acid with a very different structure. This novel IGF1 variant is 

summarised in Figure 3.35. 

Figure 3.34 Arginine at this base position is highly conserved across the species 

 

Red box indicates position of highly conserved arginine, R. This amino acid is changed to histidine 
by the novel IGF1 variant (102813333C>T, c.356G>A, p.R119H) identified in Patient 10. Figure 
created using Uniprot alignment, Align (uniprot.org). 
 
 
 
 
 
 

https://www.uniprot.org/align/
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Figure 3.35 Summary of novel IGF1 variant identified in Patient 10 

 

The location of the novel IGF1 variant (102813333C>T, c.356G>A, p.R119H) identified in Patient 10 
is indicated by the red arrow. The structural change in amino acid from arginine to histidine is 
demonstrated in the figures.  
 

Furin cleaves pro-IGF-1 to mature, biologically active IGF-1 by removing the IGF-1 E domain. I 

hypothesised that if furin was unable to bind to the pro-IGF-1 due to the p.R119H amino acid change 

at the key binding site, this may result in impaired IGF-1 cleavage and thus reduced circulating 

mature IGF-1 levels. As the IGF-1 assay used for serum IGF-1 is an ELISA which recognises an epitope 

common to both mature and pro-IGF-1, the IGF-1 serum measurement would include both forms. 

As the pro-IGF-1 would be expected to be less biologically active, this would lead to a functional IGF-

1 deficiency and explain the patient’s poor postnatal growth despite low-normal IGF-1 levels.  

Patients reported in the literature with heterozygous IGF1 defects show postnatal growth failure 

and mild learning difficulties, with or without microcephaly and delayed bone age. These reported 

patients are compared to Patient 10 in Table 3.6 below.  
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Table 3.6 Phenotype and biochemistry of reported heterozygous IGF1 gene mutations compared to Patient 10 

Measures Batey, 2014 (102) Fuqua, 2012 (103) Van Duyvenvoorde, 

2010, sibling 1 (95) 

Van Duyvenvoorde, 

2010, sibling 2 (95) 

Patient 10 

IGF1 variant Heterozygous IGF1 

gene deletion (262KB 

deletion including 

whole IGFI gene) 

Heterozygous exon 4 

splicing excision → 

frameshift and early 

stop, c.402+1G>C, 

p.N74Rfs*8 

Heterozygous 4bp 

deletion → frameshift 

and early stop, c.243-

246dupCAGC,  

p.S83Qfs*13 

Heterozygous 4bp 

deletion → frameshift 

and early stop, c.243-

246dupCAGC,  

p.S83Qfs*13 

Heterozygous missense 

c.356G>A, p.R119H  

Birth weight 

SDS 

-1.5 -1.5 -2.9 -1.2 -0.15 

Height SDS -2.7 -4.2 -4.1 -4.6 -3.38 

HC SDS -3.4 No microcephaly -2.4 -1.6 -1.6 

Serum IGF-I Low-normal Low-normal Low Low Low-normal 

ALS  High-normal High-normal Normal Normal Low  

IGFBP3 Normal Normal Normal  Normal Normal  

Bone age Normal Normal Delayed Delayed Delayed 
 

SDS, standard deviation score; HC, head circumference.   
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3.3.3 Segregation  

The novel heterozygous IGF1 variant (102813333C>T, c.356G>A, p.R119H) identified in Patient 10 

was confirmed by Sanger sequencing and found to be inherited from her father. Her younger sister 

also shared the variant. The family tree is shown in Figure 3.36. Interestingly, these family members 

all had low IQ, small hands and feet and described themselves as picky eaters. The mother and son 

reported higher school achievement and good appetites. The father of the kindred recalled how he 

had very notably been the shortest in his class at school but towards his late teenage years he had 

had some degree of catch-up growth which resulted in him being a similar height to his shorter 

friends. He reported normal pubertal timing.  

 

Figure 3.36 Segregation for the novel heterozygous c.356G>A IGF1 variant 

 

Segregation for the novel heterozygous IGF1 variant (102813333C>T, c.356G>A, p.R119H). Patient 
10 is indicated by a blue arrow. The variant was inherited from her father and her sister was also 
heterozygous for the variant. Her mother and younger brother were wild-type. Interestingly the 
family members who were heterozygous for the variant had several similar features, described in 
the purple box.  
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3.3.4 Biochemical analysis of family members 
 
Biochemical assays were performed by Martin Bidlingmaier’s lab and are described in detail in 

methods Section 2.20. These assessed serum levels of the components of the IGF-1 ternary complex 

and the results are shown below in Figure 3.37. As with the ELISA techniques used in most 

laboratories that analyse serum IGF-1, this IGF-1 assay recognises an epitope common to both pro-

IGF-1 and mature IGF-1. The assays are also unable to differentiate if the IGF-1 is bound in the 

ternary complex. 

 

Figure 3.37 Expert biochemical analysis for Patient 10 kindred  

 
 
ALS, Acid-labile subunit. There are no accepted normal reference ranges for adult IGFBP3 levels so 
it was not possible to calculate an SDS value for these. The mother’s IGFBP3 level was 4062ng/ml 
and the father’s 5608ng/ml. Limitations of the assays are highlighted in the blue box.  
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3.3.5 Immunocytochemistry of FLAG and HA tagged IGF-1 constructs 
 
The signal peptide of the IGF-1 facilitates transport of the molecule to the endoplasmic reticulum 

and into the secretory pathway. I used immunocytochemistry with FLAG and HA antibodies to assess 

if this novel IGF-1 mutation affected localisation of the IGF-1 protein. The details of these IGF1 

vectors are provided in methods Section 2.16. With this experiment I used a plasmid known to 

localise to the endoplasmic reticulum to aid visualisation of this region. I transfected the wild-type 

and mutant constructs into HEK293T cells and assessed them using confocal microscopy. Further 

details of my immunocytochemistry can be found in methods Section 2.17. Given that I was using 

FLAG and HA antibodies, this experiment should detect only transfected constructs rather than 

endogenous and thus in the HEK293T cells transfected with the mutant should represent only the 

mutant IGF-1 localisation. My results for the wild-type and mutant IGF-1 constructs are shown in 

Figure 3.38 and Figure 3.39 respectively.  
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Figure 3.38 Immunocytochemistry for wild-type IGF-1 protein  

 

Representative image of the custom IGF-1 vector is shown at top of the figure to aid visualisation. 
DAPI stain highlights the nucleus. ER plasmid localises to the endoplasmic reticulum. These images 
show that the FLAG and HA tagged wild-type IGF-1 protein localises to the endoplasmic reticulum. 
This is how IGF-1 enters the secretory pathway.   
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Figure 3.39 Immunocytochemistry for mutant c.356G>A IGF-1 protein  

 

Representative image of the custom IGF-1 vector is shown at top of the figure to aid visualisation. 
DAPI stain highlights the nucleus. ER plasmid localises to the endoplasmic reticulum. These images 
show that the FLAG and HA tagged mutant  IGF-1 protein localises to the endoplasmic reticulum. 
This is how IGF-1 enters the secretory pathway.   
 

My results showed that both wild-type and mutant IGF-1 constructs were able to translocate to the 

nucleus. Both FLAG and HA signals were present in the region of the ER suggesting the presence of 

both the mature IGF1 and E domain, although it is not possible to know if they were joined as Pro-

IGF-1 or present as cleaved mature IGF-1 and separate E-domain.  

 
 
3.3.6 Furin assay with Strep II and HA tagged IGF-1 constructs 
 

3.3.6.1 Isolating streptomycin II tagged IGF-1 constructs for the furin assay 

I began by assessing the best method to generate large quantities of whole cell lysates containing 

the streptomycin tagged vector, as these would be the input for my purification using StrepTrap 

columns. I transfected HEK293T cells with my wild-type and mutant IGF-1 constructs in both 6 well 
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and T75 cell culture flasks and loaded equal protein volumes to all lanes. The expected size of the 

streptomycin tagged IGF-1 protein (proIGF-1 plus streptomycin and his tag) was 14KDa. The western 

blot is shown below in Figure 3.40. 

 

Figure 3.40 Western blot showing streptomycin signal from transfected whole cell lysates 

 

KDa, Kilodaltons; pcDNA3.1, empty vector (negative control); WT, wild-type; MUT, mutant 
(c.356G>A); 6w, 6 well plate; T75, T75 cell culture dish. Signal generated probing with Anti-Strep-
tag II antibody (ab76949). The 25KDa band is presumed nonspecific as it is seen in all sample lanes. 
The Signal of interest is highlighted by the red box and is presumed to be Strep II and His tagged 
pro-IGF-1.   
 
A strong streptomycin signal around the expected size of 14KDa was detected in wild-type and 

mutant samples for both the HEKs transfected in 6 well plates and T75 dishes. It was slightly stronger 

in the T75 flasks so I proceeded to generate my lysates using this method. No signal was seen in my 
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HEKs transfected with an empty vector, in keeping with the band being specific for streptomycin 

containing constructs. In addition, a larger band around 25KDa was detected. As this was present in 

all samples including my negative control, I felt this was a non-specific band. I also probed for His 

using the same lysates, but no signal was detected. This could be due to the conformation of the 

protein or the charge. The samples were boiled in reducing buffer at 95°C for 5 minutes.  

Following my first purification using the StrepTrap columns, I collected 20µl from each stage and 

used them as input for a Coomassie stain, shown in Figure 3.41. This is a non-specific protein stain 

that could show me if any protein had been captured in my eluted samples.  

 

Figure 3.41 Coomassie stain showing protein signal from StrepTrap purification stages 

 

KDa, Kilodaltons; S/N, supernatant; E1, eluate 1; E2, eluate 2; E3, eluate 3. Representative image 
from WT IGF-1 lysates. The same results were obtained for the mutant c.356G>A IGF-1 lysates. 
 
 
The strongest band was for the pellet, suggesting the protein was not dissolved into the triton 

solution. To verify if the streptomycin tagged constructs were still in the insoluble fraction, i.e. the 
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pellet, I ran a western blot using the same inputs as the Coomassie stain, probing with streptomycin 

antibody to achieve a more specific signal. This is shown below in Figure 3.42. 

 

Figure 3.42 Western blot showing streptomycin signal from StrepTrap purification stages  

 

KDa, Kilodaltons; pcDNA3.1, S/N, supernatant; E1, eluate 1; E2, eluate 2; E3, eluate 3. Signal 
generated probing with Anti-Strep-tag II antibody (ab76949). Representative image from WT IGF-1 
lysates. The same results were obtained for the mutant c.356G>A IGF-1 lysates 
 
 

The protein (expected size 14kDa) was detected most strongly in the insoluble fraction, suggesting 

it didn’t dissolve into the triton suspension. The bands shown in supernatant lysed and unbound 

were likely to be non-specific. The smaller band around 25kDa was detected on my previous western 

blot (Figure 3.40) and the larger band around 50kDa was likely too large to be detected given the 

scale of the western blot. Upon reflection, it was felt that as the protein is overexpressed it may 

have formed insoluble aggregates or the protein could be bound to the membrane, for example at 

the IGF1R.  
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To try and overcome this issue, I added a higher concentration of triton (0.5%) to the pellet 

suspension and incubated at 1 hour at room temperature to optimise solubility. I then repeated the 

StrepTrap column purification and Coomassie stain. This Coomassie stain is shown below in Figure 

3.43.  

 

Figure 3.43 Coomassie stain showing protein signal from StrepTrap purification stages when 

lysing in 0.5% triton 

 

KDa, Kilodaltons; S/N, supernatant; E1, eluate 1; E2, eluate 2; E3, eluate 3. Representative image 
from WT IGF-1 lysates. Same results obtained for mutant c.356G>A IGF-1 lysates 
 

As there still did not appear to be protein in the eluate, I tried the purification again this time using 

RIPA buffer. The resulting Coomassie stain is shown below in Figure 3.44. 
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Figure 3.44 Coomassie stain showing protein signal from StrepTrap purification stages when 

lysing in RIPA buffer 

 

KDa, Kilodaltons; S/N, supernatant; E1, eluate 1; E2, eluate 2; E3, eluate 3. Representative image 
from WT IGF-1 lysates. Same results obtained for mutant c.356G>A IGF-1 lysates. 
 

Even when using the RIPA buffer, there was not a strong protein signal detected in any of the 

eluates. Given that a strong, clear streptomycin signal had been generated on my initial transfected 

whole cell lysate blots (Figure 3.40), I decided to trial both the eluant and the whole cell lysates in 

the furin assay.  For this initial furin assay, I incubated samples with 160ng furin or with furin assay 

buffer only to generate negative controls and incubated all samples overnight at 37°C. The results 

of this assay are shown below in Figure 3.45. For further details of the furin assay please see 

methods Section 2.19. 
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Figure 3.45 Western blot of products from furin assay  

 

KDa, Kilodaltons; WT, wild-type IGF-1; MUT, mutant c.356G>A IGF-1. Signal generated probing with 
Anti-Strep-tag II antibody (ab76949). Red box indicates region of interest. Pro-IGF-1 constructs (i.e. 
undigested IGF-1) would be expected to be around 14KDa and mature IGF-1 (i.e. digested IGF-1) 
around 10KDa.  
 

This initial furin assay suggested that furin was able to digest the protein of interest when incubated 

under the conditions I had created based on the literature. A smaller band around 11kDa is thought 

to represent the mature IGF-1. The same non-specific bands were seen around 25kDa and 50kDa. 

Of note, the cleaved E-domain would not be detectable on this blot as it doesn’t contain a 

streptomycin signal. When I probed these products for His by western blot, no signal was observed 

in any of the lanes.  
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Given the relatively clear signals obtained using the whole cell lysates and my multiple unsuccessful 

attempts at isolating the strep tagged IGF-1 constructs, I decided to proceed with the whole cell 

lysates only.  

 
3.3.6.2 Furin assay results  

Using my optimised protocol described in methods Section 2.19, I incubated whole cell lysates with 

furin and then assessed digestion by the intensity of signals detected on western blot imaging. An 

example of this western blot is shown below in Figure 3.46.   

 

Figure 3.46 Western blot of wild-type and mutant IGF-1 furin assay products  

 

KDa, kilodaltons; WCL, whole cell lysates. + or – indicates presence of 160ng furin in the sample 
incubated. Samples without furin were incubated with furin assay buffer alone. Mouse Beta actin 
was used as a loading control. The diagram on the bottom helps to visualise the IGF-1 construct. The 
band ~ 14KDa is expected to be the Pro-IGF-1 construct (uncleaved product, strep + mature IGF-1 + 
E domain + His). The band ~ 10 KDa is expected to be the mature IGF-1 construct (cleaved product, 
Strep + mature IGF-1 only). 
 
 
Streptomycin signal was detectable for both the cleaved and uncleaved construct, but only reliably 

quantifiable for the uncleaved construct, highlighted above in the red box. I therefore quantified 

how much the pro-IGF-1 had reduced from timepoint 0 using Image J software (as described in 
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methods Section 2.19) and deduced this to be the amount digested. Reassuringly, the whole cell 

lysates incubated for the maximal time of 240 minutes with no furin do not appear to have 

undergone digestion. My analysis of the pro-IGF-1 construct for the western blot above is shown 

below in Figure 3.47. 

 

Figure 3.47 Furin digestion of wild-type and mutant IGF-1 proteins  

 

WT, wild-type IGF-1; MUT, mutant c.356G>A IGF-1. Results from quantifying western blot bands 
using Image J software (https://imagej.nih.gov/ij/).  
 
 
After performing 3 identical replicate experiments for this furin assay, I pooled the results and these 

are shown in Figure 3.48.  
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Figure 3.48 Furin digestion of wild-type and mutant IGF-1 proteins (3 replicates) 

 

WT, wild-type IGF-1; MUT, mutant c.356G>A IGF-1. Results from quantifying western blot bands for 
three replicate furin assays using Image J software (https://imagej.nih.gov/ij/).  
 
 
Although not significant, there did seem an overall trend for the mutant IGF-1 to be more resistant 

to digestion by furin than the wild type IGF-1. Another limitation of this analysis is that I was only 

able to reliably assess the pro-IGF-1 bands (i.e. uncleaved IGF-1) on western blot, rather than the 

smaller mature IGF-1 (i.e. cleaved). 

 

 
3.4 Discussion 

 

Creating the custom gene panel enabled detailed analysis of key growth genes of interest. The data 

enabled rapid diagnosis of recognised genetic causes of growth failure, for example recognised 

exonic mutations in established genes, but also enabled detailed exploration of non-coding regions 

in the selected candidate genes. Achieving genetic diagnosis for patients ends uncertainty and helps 
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guide future management. For example, the SOS2 mutation identified in Patient 17, in keeping with 

a diagnosis of Noonan syndrome, meant he was eligible for GH treatment and enabled screening 

for cardiac comorbidities with an echocardiogram.  

 

The majority of the novel genetic variants identified and selected for further functional analysis 

involved genes in the GH-IGF-1 pathway. This is not surprising given the many of the patients were 

referred to our centre with suspected defects in the GH-IGF-1 axis.  

 

Through bioinformatic filtering of non-coding variants called on our custom gene panel, I identified 

a novel homozygous variant c.618+836T>G in intron 6 of the GHR, 44bp downstream of the 

previously recognized pseudoexon mutation.  My in vitro splicing assay revealed inclusion of a 151bp 

pseudoexon due to activation of the same dormant acceptor site involved in the mis-splicing and 

inclusion of the previously reported 6Ψ GHR pseudoexon. In contrast to the 6Ψ GHR pseudoexon, 

inclusion of the 6Ω pseudoexon into the mRNA transcript leads to a frameshift and introduction of 

a premature termination codon after 245 amino acids. This results in a 45KDa mutant 6Ω GHR 

protein lacking both transmembrane and intracellular domains, required to anchor the receptor in 

the cell membrane and induce intracellular signaling, respectively. Using Gibson assembly to 

recreate this mutant, I demonstrated that the mutant 6Ω GHR leads to diminished STAT5 signaling 

in vitro and accumulation of mutant protein extracellularly, likely due to its inability to anchor to the 

cell membrane.  The predicted deleterious impact of the 6Ω pseudoexon inclusion is in keeping with 

the severe postnatal growth failure seen in all 3 patients.  

 

Our centre previously described the first GHR pseudoexon (6Ψ) mutation in 2001 in four siblings 

from a highly consanguineous Pakistani family with mild GHI (63). This homozygous point mutation 

(c.618+792A>G) altered the intronic sequence activating a cryptic donor splice site. Due to the 
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presence of a nearby dormant cryptic acceptor site, this region is recognized as an exon (a 

‘pseudoexon’) by the spliceosome and is retained during GHR splicing. The inclusion of this 

pseudoexon caused an in-frame insertion of 36 amino acid residues (lacking a stop codon) between 

exons 6 and 7 in the dimerization domain of the GHR. This resulted in defective trafficking (and 

concomitant reduced cell surface expression) rather than impaired signalling, causing a partial loss-

of-function (220). As such, moderate postnatal growth failure was observed (Height SDS -3.3 to -

6.0) and 50% of these patients had no dysmorphic features  (221,222). The 6Ψ GHR mutation, 792 

bases into the intron, was identified using homozygosity mapping of several polymorphic markers 

surrounding the GHR to identify the locus then discovered by cDNA analysis (63). It would not be 

detected by conventional candidate gene sequencing or whole exome sequencing which only covers 

exons and intron-exon boundaries. This novel c.618+836T>G pseudoexon variant would not have 

been identified by whole exome or classic candidate gene sequencing. At 836 bases into the intron 

6, it could only be identified by targeted sequencing of this region, custom whole gene panel or 

whole genome sequencing. It would also be possible to identify by cDNA analysis, but a high index 

of suspicion would first be required in order to decide to perform this.  

 

Both the 6Ψ and 6Ω GHR pseudoexon inclusion events occur in the same intronic region, suggesting 

that intron 6 may harbour several cryptic splice sites. Alternatively, the dormant cryptic acceptor 

splice site may be recognised favourably by the spliceosome, predisposing this region to be 

recognised as an exon. Given the classic GHI phenotype of the patients with the novel 6Ω GHR 

pseudoexon, it would be logical to include this region of intron 6 for candidate gene sequencing of 

all patients referred with GHI (not just mild cases as previously may have been considered due to 

knowledge of the 6Ψ pseudoexon).  
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The heterozygous nonsense GHR mutation c.181C>T (R43X) identified in Patients 18 and 19 has 

been reported in Ecuadorian, Mediterranean and Russian populations (210,223,224). It is thought 

to have arisen independently in these diverse populations. The c.181C>T mutation occurs at a highly 

mutable CpG dinucleotide 'hot spot' and has been detected in patients with a variety of GHR 

haplotypes (210,223,224).  

 

Consistent with the severe IGF-1 deficiency, patients 5 and 19 also had ‘classical’ Laron syndrome 

facial features. Although Patient 18 did not have the typical frontal bossing and depressed nasal 

bridge, he did have reduced facial height, suggesting some phenotypic variability despite 

comparable biochemical abnormalities. The mothers of both kindreds who carried the 6Ω 

pseudoexon had short stature (-2.0 and -3.2 SDS). It has been recognized that some mothers and 

sisters who are heterozygous for deleterious GHR mutations, have more significant growth failure 

(height <-2 SDS) compared to male carriers (225).  Heterozygosity of the functionally null E180 

Ecuadorian mutation was not associated with a reduction in circulating GHBP, IGF-1, IGF-2, IGFBP 2, 

or IGFBP 3 levels (226,227)(226,228). The parents of Patient 5 and the mother of patients 18 and 19 

who all carried the novel GHR 6Ω pseudoexon variant had normal IGF-1 levels. Patient 5’s parents 

(novel GHR 6Ω pseudoexon variant carriers) also had normal IGFBP 3 and ALS levels. In contrast the 

father of Patients 18 and 19, who carried the known GHR R43X mutation, had low IGF-1 levels which 

may suggest that this mutation in heterozygosity has a greater impact on IGF-1 secretion than either 

of the GHR pseudoexon variants. 

 

It is notable that all 3 6Ω GHR pseudoexon patients had elevated TSH. Most patients with Growth 

Hormone Insensitivity have thyroid function within the normal range (69). Furthermore, exogenous 

administration of IGF-1 in individuals with Laron syndrome did not negatively impact thyroid 

function (229). However, the relationship between the GH-IGF-1 system and the hypothalamic-
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pituitary-thyroid axis is complex and incompletely understood. GH therapy in children and adults 

with GH deficiency can induce a fall in serum T4 (230). This is thought to be due to the GH effect on 

deiodination of T4 to T3, leading to higher serum T3 levels (231). It could be hypothesized that the 

supraphysiological levels of GH seen in patients 18 and 19 are responsible for their raised TSH levels 

due to reduced T4 feedback, but the mechanisms are not fully understood. 

 

Both sets of parents from the 2 kindreds originate from Frattamaggiore, a town in the Campania 

region of Southern Italy, suggesting they share common ancestry. Interestingly, the majority of 

reported patients with GHR 6Ψ mutations are of Pakistani origin and previous work by our research 

group suggests the presence of a common ancestor (80). The E180 GHR splice mutation is the most 

common mutation identified in patients with classic GHI, comprising approximately one third of the 

known population with GHR deficiency. This mutation is concentrated in a large population of 

individuals with Laron syndrome in Southern Ecuador and is thought to have also originated from a 

single common ancestor (232,233). 

 

The GHBP assays performed by Martin Bidlingmaier’s lab, described in detail in methods Section 

2.20, used highly specific monoclonal GHBP capture antibodies. One of these recognizes a critical 

epitope which is significantly altered by the 6Ω pseudoexon inclusion. This explains the undetectable 

GHBP levels in the sera of all 3 patients harbouring the novel 6Ω pseudoexon. We know from 

previous analyses in Laron patients that this particular antibody is also unable to bind to GHBP in 

patients carrying missense R161C and R211G GHR mutations, the nonsense R217X mutation and 

the E180 and G223 splicing mutations which also modify this region.  

 

When assessing patient variants from the custom gene panel, I first identified patients with 

pathogenic or likely pathogenic exonic mutations and excluded them from further analyses. If 
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present on the variant call file, the c.723C>T GHR variant would have been easily identifiable as a 

pathogenic mutation in Patient 6. This patient would therefore have been filtered out from further 

analysis pending Sanger sequencing confirmation of this variant in the patient and family members.  

 

As this variant was not called in the Variant Call File and thus not identifiable on Ingenuity Variant 

Analysis, I explored variants in non-coding regions that could be responsible for his phenotype given 

that he had no likely causative exonic variants and had a classic GHI phenotype. This led to the 

identification of the deep intronic c.70+32137A>G GHR variant, which did not appear to affect 

splicing upon in vitro analysis with the MoBiTec splicing assay. 

 

Patient fibroblasts played a key role in the diagnosis of this patient, as through assessing this GHR 

cDNA I was able to identify the genetic abnormality responsible for his Growth Hormone 

Insensitivity and postnatal growth failure. Patient 6 proved to be a diagnostic challenge but through 

assessment of patient fibroblasts and visual inspection of BAM BAI files I am pleased we were able 

to provide a diagnosis for this family. This diagnosis ends uncertainty, helps secure treatment, 

informs prognosis and guides future management. 

 

The splicing assay for Patient 8 showed complete absence of normal GHR transcript and is in keeping 

with his biochemical GHI and lack of dysmorphic features, similar to other reported patients with 

GHR dominant negative mutations. However, Patient 7 had a significant proportion of wild-type 

GHR transcript. Considering he had some skeletal disproportion and does not have classic GHI 

biochemistry, it is possible that he has (an)other genetic defects contributing to his phenotype. He 

has been assessed for mutations in SHOX and FGFR3 and no other causative mutations were 

identified on whole exome sequencing. It would be worthwhile assessing him by whole genome 

sequencing and applying a virtual panel of the long list of potential skeletal dysplasia genes.  
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The mutant GHR created by the abnormal splicing seen in Patients 7 and 8 is of particular interest 

as it mimics a naturally occurring GHR transcript that arises in the absence of the mutation, that 

may play an important regulatory role in normal physiology. This different GHR transcript, missing 

the first 26 bases of exon 9 (without the additional T>G change seen in Patient 8), is found in a 

significant percentage of GHR transcripts in healthy people. One study by Ross et al. looked at 

alternative mRNA splicing of intracellular domain of GHR by RT-PCR of human liver and cultured IM-

9 cells. The presence of two alternative transcripts was shown. 1-10% of all GHR transcripts were 

homologous to the mutant GHR transcript missing the first 26bp of exon 9, and 1% of transcripts 

skipped all of exon 9 (82). The authors  suggest that the mutant GHR lacking the first 26bp of exon 

9 modulates the function of the full length receptor, inhibits signalling and generates large amounts 

of GHBP (82). Interestingly, Patient 8 who appeared to have almost 100% of this mutant GHR on the 

in vitro splicing assay had exceedingly high GHBP levels on 2 independent assays. 

 

The regulation of GHR expression and GHBP generation is not well understood and exploring the 

function and interaction of this mutant GHR protein will help provide insights into these crucially 

important interactions.  

 

The novel heterozygous IGF1 c.356G>A variant I identified in Patient 10 did not impair localisation 

of IGF-1, with both wild-type and mutant constructs able to translocate to the endoplasmic 

reticulum of HEK293T cells. Unfortunately, I was unable to isolate the Streptomycin tagged IGF-1 

constructs for the furin assay using a variety of techniques with the StrepTrap columns, so 

proceeded with the whole cell lysates. With further optimisation, it may be possible to isolate these 

and thus create a ‘cleaner’ and stronger signal for the western blot analysis of cleavage. Using whole 

cell lysates in the furin assay, the streptomycin signal was detectable for both the cleaved and 
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uncleaved construct, but only reliably quantifiable for the uncleaved construct. I therefore 

quantified how much the pro-IGF-1 had reduced from timepoint 0 using Image J software and 

deduced this to be the amount digested. The results did not show significantly reduced cleavage, 

rather a mild trend towards reduced cleavage. Repeating the experiments further times may reduce 

the size of the error bars and improve the significance. I could also try to functionally assess this 

variant using other techniques. I could transfect the FLAG tagged wild-type and mutant IGF1 

constructs into HEK293T cells, then harvest the serum and apply it to human fibroblasts to assess 

downstream signalling. Fibroblasts are known to express IGF1R so are IGF-1 responsive. Harvesting 

these whole cell lysates and western blotting for total IGF1R and phospho1135 IGF1R. Phospho1135 

IGF1R is a specific marker of IGF1R and reduced levels of this in the mutant sample would suggest 

impaired signalling.  
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Chapter 4. Copy number variants in patients with Growth Hormone Insensitivity (GHI) and 

unexplained short stature 

 

4.1 Introduction 

 

Children with short stature are recognised to have a greater burden of rare CNVs (234–237) and a 

greater average CNV length compared to those with normal height (234,235). The incidence of 

pathogenic and likely pathogenic CNVs is reported as 4–13% in patients with idiopathic short stature 

(234,238,239) and 16% in patients born small for gestational age  with persistent short stature 

(236,237). Many of these patients display growth retardation in association with malformations 

and/or neurodevelopmental disorders (236,237). In one study, pathogenic or likely pathogenic CNVs 

were identified in 14% of patients with syndromic short stature (240). Overall, the findings of these 

studies support that rare CNVs contribute to short stature and have helped to reveal potential 

candidate genes and/or loci (234–237,239).  

 

More than 30 pathogenic CNVs have been identified in patients with suspected Silver Russell 

Syndrome (SRS) (130,236,241,242). Some have SRS-compatible phenotypes but many do not fulfil 

the strict NH-CSS criteria (detailed in Table 1.2) and frequently have more severe developmental 

delay and/or intellectual disability compared to ‘classic’ SRS patients (131). In one study, pathogenic 

CNVs were identified in 6% SRS-compatible patients and 7% SRS-like patients who were negative for 

classic SRS imprinting defects (243). Some SRS patients, especially those with upd(7)mat, have fewer 

‘typical’ clinical SRS features compared with 11p15 LOM individuals. These patients are part of the 

SRS-like spectrum and corroborate the wide clinical and genetic heterogeneity of SRS (244–247). 
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The identification of a pathogenic molecular defect is important for patients, families and clinicians 

as it can avoid unnecessary investigations and/or treatment, ends uncertainty and allows 

appropriate genetic counselling. It is also fundamental to identify co-morbidities associated with 

syndromic SS. I investigated the role of CNVs in the aetiology of GHI and unexplained short stature 

and interrogated the genomic regions for novel candidate genes and pathways. The clinical and 

biochemical phenotypes of the CNV patients were analysed in detail to classify this novel subtype 

of GHI and unexplained short stature patients. The classes of CNVs are described in methods Section 

2.3.3.3. 

 

4.2 Results 

Pathogenic or likely pathogenic CNVs (class 4 or 5) were discovered in 8/64 (13%) patients (seven 

GHI subjects and one unexplained short stature subject). Additionally, three variants of uncertain 

significance CNVs (VUS, class 3) were identified in one GHI and two unexplained short stature 

patients. (Figure 4.1 and Table 4.1). 
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Figure 4.1 Summary of the CNVs identified in the GHI and unexplained short stature subjects  

 

The most deleterious CNVs detected in each patient are listed. One patient with GHI and two 
patients with unexplained short stature had more than one CNV, so listed above is the CNV 
predicted to be most deleterious.  GHI, Growth Hormone Insensitivity; USS, unexplained short 
stature; SDS, Standard Deviation Score, CNV, copy number variant; VUS, variant of uncertain 
significance. 
 

4.2.1 Clinical and biochemical features of the CNV subjects 

 

GHI subjects  

I identified CNVs in classes 3 to 5 in 8/54 (15%) patients (6 males; mean height SDS -3.9, range -1.6 

to -5.7). 7/54 (13%) patients (5 males, mean height SDS -3.9) had pathogenic or likely pathogenic 

CNVs (class 4 or 5). Interestingly, a total of 75% GHI subjects with class 3-5 CNVs were male. 

However, phenotypic predictors for CNV in the GHI cohort did not reveal any significant differences 

between the height SDS, age, sex, BW SDS or IGF-1 SDS in the GHI subjects harbouring CNVs 

compared to those without CNVs.  
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Unexplained short stature subjects 

I identified CNVs classes 3-5 in 3/10 (30%) subjects (2 males, mean height SDS -2.8, range -2.0 to -

5.7). Pathogenic or likely pathogenic CNVs were found in 1/10 (10%). There were no significant 

differences between the mean height, age, sex, BW SDS or IGF-1 SDS in the unexplained short 

stature patients harbouring CNVs compared to those without CNVs.  
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Table 4.1 Clinical and biochemical features of the patients harbouring copy number variants  

Patient 
 

Age at referral 

(years) 
Sex 

BW 

SDS 

Height 

SDS 

IGF-1 

SDS 
Previous genetic testing Additional features 

Growth Hormone Insensitivity (GHI) subjects 

20 3.8 M -1.6 -3.6 -2.0 CGS, WES, SS Panel, SRS** Autistic spectrum 

21 1.1 F -1.7 -1.6 -2.4 CGS, WES, SS Panel 
Language delay, dyslexia, recurrent ear 

infections 

22 9.1 M -0.4 -3.7 -2.3 CGS, WES, SS Panel - 

23 11.3 M -1.9 -5.1 -2.7* CGS, WES, SS Panel - 

24 1.9 M -3.2 -5.7 -2.4 CGS, WES, SS Panel, SRS** Delayed motor development 

25 17.0 M -0.3 -4.0 -2.1 CGS, WES, SS Panel Delayed puberty, learning difficulties 

26 2.8 M -0.7 -4.9 -2.8 CGS, SS Panel, SRS** 
Persistent abdominal distention, 

bloating, severe constipation. 

27 12.4 F 0.3 -2.5 -2.7 SS panel  Migraine, normal brain MRI 
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Unexplained short stature subjects 

28 14.4 M -2.2 -2.7 -0.6 CGS, SS Panel - 

29 2.7 M -2.1 -2.0 -0.8 CGS, SS Panel Adrenal insufficiency 

30 2.5 F -1.3 -3.6 1.3 SS Panel - 

CGS, candidate gene sequencing (GHR, GHR 6ψ, IGFALS and IGF1 for GHI group and 3M syndrome genes, CUL7, CCDC8, OBSL1 and IGF1R for 
unexplained short stature group); WES, whole exome sequencing; SS Panel, custom gene panel covering entire genomic sequence of 64 genes 
associated with GH-IGF-1 axis defects causing GHI and IGF-1 insensitivity and overlapping short stature syndromes; F, Female; M, Male; BW, 
birth weight; NK, not known; *, IGF-1 undetectable on assay. ** negative testing for 11p15 LOM +/- upd(7)mat undertaken at the referring 
centre. Patients 20-26, 28 and 29 are included in previous publication from our centre (109). 
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4.2.2 SRS features in the CNV subjects  

 

Five GHI patients with class 3-5 CNVs had clinical features of Silver Russell Syndrome (SRS; NH-CSS 

≥2 in addition to SRS-like features, Table 4.2). However, only GHI patient 22 fulfilled the NH-CSS 

criteria with 3/6 clinical criteria in addition to a recognized genetic cause (1q21 deletion (248)). Six 

patients (5 GHI) had CNVs previously reported in suspected SRS: 1q21 deletion (n=3), 12q14 deletion 

(n=1), Xp22 duplication (n=1) and Xq26 duplication (n=1). A number of additional features, not part 

of the NH-CSS criteria but previously associated with SRS, were identified in 7 (64%) patients (Table 

4.2) (131).  
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Table 4.2 SRS features in the patients harbouring CNVs 

Patient 
 

CNV 
NH-CSS 

criteria 

Additional SRS features* CNV previously associated with short 

stature / SRS 

Growth Hormone Insensitivity (GHI) subjects 

20 1q21 deletion 2 (b,f) 
Triangular face, high arched palate, hypoglycaemia, 

clinodactly 

SRS features (248) and 1q21 deletion 

syndrome (OMIM #612474) 

21 1q21 deletion 1 (f) Speech delay 
SRS features (248) and 1q21 deletion 

syndrome (OMIM #612474) 

22 1q21 deletion 3 (b,c,f) Clinodactly 
SRS features (248) and 1q21 deletion 

syndrome (OMIM #612474) 

23 12q14 deletion 2 (b,f) Triangular face, high pitched voice 
SRS features (241) and 12q14 deletion 

syndrome** (249) 

24 
7q21 deletion, 

7q31 deletion 
2 (a,b) 

Triangular face, low set ears, delayed motor 

development 
None reported 

25 5q12 deletion 1 (b) Nil 
5q12 deletion syndrome, OMIM #615668 

(250) 

26 15q11 deletion 3 (b,d,f) Triangular face, hypoglycaemia 

Yes - 15q11 deletion, OMIM 

#615656 

 

27 Xq26 duplication 1 (b) Brachydactly, downturned mouth SRS features (248)*** 
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Unexplained short stature subjects 

28 
7q21 duplication, 

Xp22 duplication 
2 (a,b) Nil 

SRS features with Xp22 duplication (242). 

Xp22 duplication also identified in SGA 

cohort (237).**** 

29 7q36 duplication 2 (a,b) Nil None reported 

30 
3p22 deletion, 

15q13 duplication 
1 (b) Nil None reported 

 
NH-CSS, Netchine-Harbison SRS Clinical Scoring System: diagnosis of SRS requires fulfilment of 4/6 (including both prominent forehead and relative 
macrocephaly, termed ‘Clinical SRS’) or 3/6 in addition to a genetic diagnosis associated with SRS. The criteria are: a. SGA (Birth weight and/or birth 
length ≤−2 SDS for gestational age) b. Postnatal growth failure (Height at 24 ± 1 months ≤−2 SDS or height ≤−2 SDS below mid-parental target height) 
c. Relative macrocephaly at birth (Head circumference at birth ≥1.5 SDS above birth weight and/or length SDS) d. Protruding forehead (Forehead 
projecting beyond the facial plane on a side view at 1–3 years) e. Body asymmetry (Leg length discrepancy (LLD) of ≥0.5 cm or arm asymmetry or LLD 
<0.5 cm with at least two other asymmetrical body parts, one non-face) f. Feeding difficulties and/or low BMI (BMI ≤−2 SDS at 24 months or use of 
feeding tube or cyproheptadine as appetite stimulant)  (130,131). * additional clinical features recognised in SRS (131); ** no OMIM number assigned 
to this syndrome currently; *** the duplication described in Spengler et al. begins at Xq25 (genomic co-ordinates 129,132,238- 139,650,444) whilst our 
patient duplication begins at Xq26 (co-ordinates 134,842,275-141,407,613). **** Both these duplications described in the literature are larger than the 
CNV identified in our patient and encompass the SHOX region and/or the SHOX enhancer region, whilst our CNV does not include either. 
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4.2.3 Details of the CNVs identified in the GHI and unexplained short stature subjects   

 

A total of 14 CNVs classified as VUS, likely pathogenic or pathogenic were identified in 11 subjects. 

Of these, 6/14 CNVs (43%) have previously been reported in SRS-like patients (Table 4.3). Genomic 

deletions occurred in 8/11 subjects and ranged in size from 143,487 to 9,111,383bp. Genomic 

duplications were found in 4/11 patients and ranged from 491,138 to 2,260,322bp. Two of the 

genomic duplications identified were found in association with another deletion or duplication 

(Patients 28 and 30, respectively). Two deletions were identified in Patient 24. Interestingly, three 

subjects harboured a 1q21 deletion, two of whom were siblings (Patients 20 and 21). A total of 122 

protein-coding genes were contained in the class 3-5 CNV regions of the GHI cohort and 26 genes in 

the class 3-5 CNV regions of the unexplained short stature cohort (Table 4.4).  

 

Statistical analysis of the CNVs identified was performed by Dr Sumana Chatterjee. Except for one 

outlier in each group, the CNVs in the GHI group were significantly larger (>500,000bp) than those 

identified in the unexplained short stature group (<500,000bp) (p=0.03). All CNVs identified in GHI 

subjects were deletions except for one, and similarly all CNVs identified in the unexplained short 

stature cohort were duplications except for one. However, this was not significant by Fisher's exact 

t test, likely due to our small sample size. 
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Table 4.3 Details of copy number variants identified in our patients 

Patient CNV1 Class2 

Inheritance 

(parental 

height SDS) 

Size 

(Mb) 

Number 

of 

affected 

protein 

coding 

genes 

DECIPHER3 

Mouse 

Genome 

Database4 

Main Candidate gene(s) in 

this region5 

Growth Hormone Insensitivity patients 

206 

1q21.1q21.2(146564742_147735011)

x1 

 

4 
Maternal 

(SDS +0.08) 
1.17 9 26 3 

BCL9b,d,e, PRKAB2c,d, 

FMO5c,d, GPR89Bc, 

CHD1Ld,e 

216 

1q21.1q21.2(146641600_147735011)

x1 

 

4 
Maternal 

(SDS +0.08) 
1.09 9 26 3 

BCL9b,d,e, PRKAB2c,d, 

FMO5c,d, GPR89Bc, 

CHD1Ld,e 

22 1q21.1q21.2(145987155_147735011)

x1 

 

4 De novo 1.74 11 26 3 BCL9b,d,e, PRKAB2c,d, 

FMO5c,d, GPR89Bc, 

CHD1Ld,e 

23 12q14.2q15(64413681_67794677)x1 5 NK 3.38 21 9 4 HMGA2a,c,d, WIF1b, XPOTc, 

IRAK3c, GRIP1c , LLPH d,  

MSRB3d, SRGAP1 d 
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24 7q21.2(91914300_92762100)x1 

 

 

7q31.1q31.31(111130598_120241981

)x1 

3 

 

 

4 

De novo 

 

 

De novo 

0.85 

 

 

9.11 

9 

 

 

29 

4 

 

 

7 

3 

 

 

8 

ANKIB1 c,d, PEX1 c,d, CDK6 

c,d, SAMD9d,e ,GATAD1d 

WNT2 b,c, IMMP2Lb, c , 

IFRD1c, GPR85 c, FOXP2 c,d, 

CAV1 c, MET c, CFTR c, 

CAV2d PPP1R3Ad, TFECd 

25 5q12.1q12.2(60371468_62950178)x1 3 NK 2.58 10 3 2 ZSWIM6c, CKS1Bc,e, 

DIMT1e 

26 15q11.2(22765627_23085096)x1 4 NK 0.32 4 29 0 - 

 

27 Xq26.3q27.2(134842275_141407613)

x3 

4 De novo 6.57 38 14 6 SOX3a,b, ZIC3c, BRS3 c,  

RBMX c, CD40LG c, FHL1 c 

 

Unexplained short stature patients 

28 7q21.13(89733373_90035738)x3 

 

Xp22.33(1793445_2213992)x3 

 

3 

 

3 

 

Maternal 

(SDS -1.67) 

Paternal  

(SDS -0.41) 

0.30 

 

0.42 

5 

 

1 

1 

 

8 

0 

 

0 

 

 

 



207 
 

29 7q36.1(151748853_152032715)x3 

 

3 Maternal 

(SDS +0.33) 

0.28 2 3 1 GALNT11b, KMT2Cc 

30 3p22.1(41611009_41754496)x1 

 

15q13.2q13.3(30653877_32914199)x

3 

 

3 

 

4 

 

Maternal 

(SDS -0.75) 

Paternal 

(SDS -3.35) 

0.14 

 

2.26 

1 

 

17 

2 

 

14 

1 

 

2 

ULK4c 

 

CHRNA7b, KLF13b, FAN1c, 

OTUD7Ac 

 

1 Co-ordinates given are relative to version 37 of the Human Genome. 2CNV class 3, Variant uncertain significance (VUS); 4, likely pathogenic; 5, 
pathogenic (169). 3 Number of patients in DECIPHER with overlapping deletion/duplication (as per patient CNV) and pre/postnatal growth restriction. 
4Number of genes causing a growth restricted phenotype in the mouse model (Mouse Genome Informatics http://www.informatics.jax.org/). 5 

Candidate genes were identified by corroborating information from current literature, MGI, DECIPHER, GWAS database information and our 
bioinformatic pathway analysis. 6 siblings. Candidate genes in the CNV regions were selected as they were: aestablished in literature to have important 
role in normal linear growth bidentified as candidate gene from our bioinformatic pathway analysis; ccausing a growth restricted phenotype in the 
mouse model; dContaining loci associated with height in GWAS catalog (https://www.ebi.ac.uk/gwas/) or in GWAS literature ePutative growth role 
based on current literature. 
 

 

 

 

 

 

http://www.informatics.jax.org/
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Table 4.4 Complete list of genes contained in each CNV region identified  

Patient 

 

CNV Genes in the CNV region(s) 

Growth Hormone Insensitivity (GHI) subjects 

20 1q21 deletion PRKAB2, FMO5, CHD1L, BCL9, ACP6, GJA5, GJA8, GPR89B, NBPF24 

21 1q21 deletion PRKAB2, FMO5, CHD1L, BCL9, ACP6, GJA5, GJA8, GPR89B, NBPF24 

22 1q21 deletion NBPF11, NBPF12, PRKAB2, FMO5, CHD1L, BCL9, ACP6, GJA5, GJA8, GPR89B, NBPF24 

23 12q14 deletion 
SRGAP1, C12orf66, C12orf56, XPOT, TBK1, RASSF3, AC025262.1, GNS, TBC1D30, WIF1, LEMD3, MSRB3, HMGA2, 

RP11-366L20.2, AC090673.2, LLPH, TMBIM4, IRAK3, HELB, GRIP1, CAND1 

24 

7q21 deletion 

 

7q31 deletion 

ANKIB1, GATAD1, ERVW-1, PEX1, RBM48, FAM133B, CDK6, SAMD9, SAMD9L 

IMMP2L, DOCK4, ZNF277, IFRD1, LSMEM1, TMEM168, C7orf60, GPR85, LINC00998, TSRM, PPP1R3A, FOXP2, 

MDFIC, TFEC, TES, CAV2, CAV1, MET, CAPZA2, ST7, ST7-OT4, WNT2, ASZ1, CFTR, CTTNBP2, NAA38, ANKRD7, KCND2 

25 5q12 deletion NDUFAF2, AC008498.1, SMIM15, ZSWIM6, C5orf64, KIF2A, DIMT1, IPO11, CKS1B, LRRC70 

26 15q11 deletion TUBGCP5, CYFIP1, NIPA2, NIPA1 
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27 Xq26 duplication 

CT45A1, CT45A2, CT45A3, CT45A4, CT45A5, CT45A6, SAGE1, MMGT1, SLC9A6, FHL1, MAP7D3, GPR112, BRS3, 

HTATSF1, VGLL1, CD40LG, ARHGEF6, RBMX, GPR101, ZIC3, FGF13, F9, MCF2, ATP11C, CXorf66, SOX3, LINC00632, 

CDR1, SPANXB2, SPANXB1, LDOC1, SPANXC, SPANXA1, SPANXA2, SPANXD, MAGEC3, MAGEC1, MAGEC2 

Unexplained short stature subjects 

28 
7q21 duplication 

Xp22 duplication 

STEAP1, STEAP2, C7orf63, GTPBP10, CLDN12 

DHRSX 

29 7q36 duplication GALNT11, KMT2C 

30 

3p22 deletion 

 

15q13 

duplication 

 

ULK4 

 

CHRFAM7A, GOLGA8R, GOLGA8Q, GOLGA8H, ARHGAP11B, FAN1, MTMR10, TRPM1, KLF13, OTUD7A, CHRNA7, 

GOLGA8K, AC139426.2, GOLGA8O, AC135983.2, GOLGA8N, ARHGAP11A 

CNV, copy number variant. 
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4.2.4 CNVs in the GHI subjects  

 

Details of the CNVs identified in the GHI subjects are provided in Table 4.3. Three patients had 1q21 

deletions including two siblings from a non-consanguineous family, Patients 20 and 21. The older 

male sibling (Patient 20) had a height SDS -3.6 with a small triangular face and high arched palate 

and BW SDS -1.6. He had negative SRS testing (11p15 LOM and upd(7)mat) at the referring centre. 

The younger female sibling (Patient 21) had a height SDS -1.6 and BW SDS -1.7 with no dysmorphic 

features. Both had feeding problems in infancy and recurrent infections. The male sibling 

experienced hypoglycaemic episodes and was also diagnosed with autistic spectrum disorder. The 

younger sibling had dyslexia. The deletion was inherited from their mother, whose height SDS was 

0.1. Patient 22 had no dysmorphic features, height -3.8 SDS and BW SDS -0.4. He was the offspring 

of non-consanguineous, Caucasian parents who had normal phenotypes and the deletion was de 

novo.  

 

The 12q14 deletion was identified in Patient 23, a Caucasian male with BW SDS -1.9, height SDS -

5.1, triangular face and high-pitched voice. He required nasogastric feeding for poor weight gain. 

Interestingly, he had an older sibling with similar facial features and poor growth and two half 

siblings, who also had growth failure. Patient 24 had two de novo deletions of chromosome 7 (7q21 

and 7q31). This male Kuwaiti patient was born SGA (BW SDS -3.2) and had a triangular face, low set 

ears and delayed motor development. He had negative SRS testing (11p15 LOM and upd(7)mat) at 

the referring centre. 

 

The 5q12 deletion was identified in Patient 25, a Caucasian male with postnatal growth failure 

(height SDS -4.0), delayed puberty and learning difficulties. Patient 26 had a 319Kb deletion of 

chromosome 15 at the BP1-BP2 Prader-Willi syndrome/Angelman syndrome locus. This male 
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Caucasian patient had postnatal growth failure (height SDS -4.9), relative macrocephaly, triangular 

face, hypoglycaemic episodes and feeding difficulties. He had low BMI (-2.0 SDS) and received 

supplemental enteral feeds. He suffered with persistent abdominal distention, bloating and severe 

constipation but intestinal biopsies were unremarkable. He had negative SRS testing (11p15 

LOM and upd(7)mat) at the referring centre.  

 

A de novo Xq26.3q27.2 duplication was detected in Patient 27, a 12-year-old Caucasian female 

patient with height SDS -2.5, brachydactyly, a downturned mouth and a broad nasal bridge. 

 

4.2.5 CNVs in the unexplained short stature patients   

Details of the CNVs identified in the subjects with unexplained short stature are provided in Table 

4.3. Two CNVs were detected in Patient 28, a 14-year-old male who was born SGA (BW SDS -2.19) 

with poor catch-up growth (height SDS -2.7),7q21 and Xp22 duplications inherited from his mother 

and father with normal stature (height SDS -1.7 and -0.41, respectively).  

 

The 7q36 duplication was identified in a 2-year-old Caucasian male (Patient 29) with adrenal 

insufficiency who was born SGA (BW -2.05) with no catch-up growth. The 3p22 deletion and 15q13 

duplication were identified in Patient 30, a 2-year-old female Caucasian patient with postnatal 

growth failure (height SDS -3.6). 

 

4.3 In silico analysis  

4.3.1 Pathway enrichment analysis  

Ingenuity pathway analysis (IPA) (Qiagen, inc) was performed by bioinformatician Dr Claudia 

Cabrera. This identified pathways and biological functions enriched within the CNV regions. The 

analysis was focussed on enriched pathways in individuals of the same group (i.e. GHI or 
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unexplained short stature). The WNT canonical pathway was identified with evidence of enrichment 

in three GHI individuals (Patients 20-22; Benjamini-Hochberg adjusted p-value = 0.11). Additionally, 

WNT pathway genes were observed in 3 other GHI subjects whose enrichment evidence was weak 

(Patients 23, 24 and 27) (Figure 4.2). The WNT pathway genes were WIF1 in the 12q14 deleted 

region of Patient 23, WNT2 in the 7q31 deletion of Patient 24, SOX3 in the Xq26 duplicated region 

of Patient 27 and BCL9 in the 1q21 deleted region of Patients 20, 21 and 22. All of these patients 

have deletions except for Patient 27.  
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Figure 4.2 Pathway enrichment analysis identified the WNT pathway as enriched within the gene 

list from CNV regions of the Growth Hormone Insensitivity (GHI) subjects 

 

Genes highlighted in blue are from our curated growth candidate gene list of 1305 genes. Yellow 
genes are those genes found within in the CNV regions. 

 

IPA upstream analysis of unexplained short stature subjects identified CLOCK as a plausible common 

upstream regulator in 2 unexplained short stature patients (Figure 4.3). CLOCK is a transcription 

regulator for genes GALNT11, CHRNA7 and KLF13 within the CNV regions. GALNT11 lies within the 

7q36 region duplicated in Patient 29 and both KLF13 and CHRNA7 are found within the 15q13 region 

duplicated in Patient 30.  
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Figure 4.3 Pathway enrichment analysis identified CLOCK as a transcription regulator enriched 

within the CNV gene list of the unexplained short stature subjects  

 

Genes highlighted in yellow are contained within our patient CNV regions. 

 

4.3.2 Identification of candidate genes 

Candidate growth genes were identified in 9/11 (82%) CNV subjects (Table 4.3). Some of the CNV 

regions harboured strong candidate growth genes, such as HMGA2 in the 12q14 deletion (Patient 

23). In other regions, candidate genes were proposed based on their role in known growth pathways 

or the presence of growth restriction phenotypes in mouse models. The limitation of this approach 

is that this would only identify protein-coding candidate genes and not imprinting control regions 

which may affect growth for example in chromosome 7 alterations. Genes in our patients CNVs 

associated with height in the NHGRI-EBI Catalog of published genome-wide association studies 

(https://www.ebi.ac.uk/gwas/) are shown in Figure 4.4. 

 

 

https://www.ebi.ac.uk/gwas/
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Figure 4.4 Genes in our patients CNVs associated with Height in GWAS Catalog 

 

P, patient; Genes are shown in blue and connected to the patient(s) in which the CNV containing 
that gene was identified. The NHGRI-EBI Catalog of published genome-wide association studies 
(https://www.ebi.ac.uk/gwas/) was used to examine all protein-coding genes within the CNV 
regions (class 3-5) in our patients. Of these CNV genes, those that have loci with associations to 
height were identified. 
 

4.3.3 In silico protein-protein interaction analysis of candidate gene list 

STRING analysis identified interactions (direct and via intermediate proteins) between several genes 

in the CNV regions (candidate gene list) of the GHI cohort (38 genes) (Figure 4.5). Interactions were 

identified between several genes involved in regulating cell cycle progression. Cyclin-dependent 

kinase 6 (CDK6, Patient 24) and Cyclin-dependent kinases regulatory subunit 1B (CKS1B, Patient 25) 

interact directly and also with High Mobility Group AT-Hook 2 (HMGA2, Patient 23) via Cyclin-

dependent kinase 1 (CDK1). Cyclin-dependent kinase 2 (CDK2), Cyclin D1 (CCND1) and Cyclin D3 

(CCND3) also interacted with both CDK6 (Patient 24) and CKS1B (Patient 25). Direct interaction was 

identified between Wnt Inhibitory Factor 1 (WIF1, Patient 23) and Wnt Family Member 2 (WNT2, 

https://www.ebi.ac.uk/gwas/
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Patient 24). Protein Kinase AMP-activated Non-catalytic Subunit B2 (PRKAB2, Patients 20-22) and 

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR, Patient 24) interacted directly and 

also via 5’-AMP-activated Protein Kinase Catalytic Subunit Alpha-2 (PRKAA2). 

 

Figure 4.5 Protein-protein interactions of the candidate genes in the CNV regions of the Growth 

Hormone Insensitivity subjects  

 

The STRING database (https://string-db.org/) explored protein-protein interactions of the curated 
list of candidate genes for our Growth Hormone Insensitivity patients with CNVs. Default settings 
were used with the exception of interaction sources, where text mining and neighbourhood sources 
were excluded. Direct interactions between two candidate genes were explored and also those via 
intermediate proteins. 
 

STRING analysis identified interactions (direct and via intermediate proteins) between several genes 

in the CNV regions (candidate gene list) of the unexplained short stature cohort (7 genes), (Figure 

4.6). Kruppel-like Factor 13 (KLF13, Patient 30) interacts with Lysine Methyltransferase 2C (KMT2C, 

Patient 29) via E1A-associated protein p300 (EP300). Additionally, OUT Domain-containing Protein 

https://string-db.org/
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7A (OTUD7A, Patient 30) and Fanconi-associated Nuclease 1 (FAN1, Patient 30) interact with EP300 

via Ubiquitin A-52 Residue Ribosomal Protein Fusion Product 1 (UBA52).  

 

Figure 4.6 Protein-protein interactions of the candidate genes in the CNV regions of the 

unexplained short stature subjects  

 

The STRING database (https://string-db.org/) explored protein-protein interactions of the curated 
list of candidate genes for our unexplained short stature patients with CNVs. Default settings were 
used with the exception of interaction sources, where text mining and neighbourhood sources were 
excluded. Direct interactions between two candidate genes were explored and also those via 
intermediate proteins. 
 

 

 

 

 

https://string-db.org/
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4.4 Discussion 

 

Growth Hormone Insensitivity has classically been associated with a Laron phenotype causing 

severe postnatal growth failure, dysmorphic features and metabolic abnormalities. However with 

advancing genetic techniques, there is increasing recognition of a spectrum of genetic defects 

responsible for milder GHI phenotypes and less severe short stature (21). These include non-classic 

GHR defects such as dominant-negative heterozygous variants, the 6Ψ GHR pseudoexon and other 

defects in the GH-IGF-1 signalling pathway (STAT5B, IGFALS, PAPPA2, IGF1, IGF1R, IGF2) 

(60,79,86,88–90,104,162,183,251,252). Our findings suggest that CNVs contribute to the genetic 

aetiology of undiagnosed patients with mild to moderate GHI phenotypes. Haploinsufficiency or 

duplication of gene(s) in the affected region(s) may be sufficient to affect growth but not as severely 

as total loss of function/homozygous mutations seen in ‘classic’ GHI. 

 

Whilst 5/11 (45%) CNV patients with GHI had clinical features of SRS, only Patient 22 strictly fulfilled 

the Netchine-Harbison SRS clinical scoring system criteria (NH-CSS) with a score of 3/6 and a genetic 

diagnosis previously associated with SRS. The NH-CSS is the only SRS scoring system that was 

developed using prospective data (Azzi et al. 2015). As with many tools based on clinical assessment 

there is a degree of subjectivity, such as protruding forehead, but scoring criteria for each domain 

are well-defined. These criteria were highly sensitive (97.9%) for detecting classic 11p15 LOM and 

matUPD patients, but specificity was low (36%).  They also had a high negative predictive value 

(88.9%), hence those not fulfilling the criteria were unlikely to have either of the two classic 

molecular defects (130). 

 

For this reason, the NH-CSS may not be sensitive enough to detect patients with milder forms of SRS 

due to other genetic abnormalities. The latest SRS consensus paper recognises over 30 different 
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CNVs identified in patients with suspected SRS. These patients often do not fulfil the NH-CSS criteria 

and are frequently associated with more severe learning difficulties than classic SRS. Current 

recommendations are to manage the patient according to their CNV rather than SRS (131). Whilst 

our patients with CNVs did not have a high incidence of learning difficulties, my results are in keeping 

with the observation that patients with suspicion of SRS and CNVs often have milder phenotypes. 

This is an interesting finding, since 40% patients with clinical SRS have no genetic diagnosis, and 

exploring CNV regions in detail may enable the discovery of novel genes and pathways responsible 

for SRS-like phenotypes (131). My findings potentially expand the SRS-like spectrum and may lead 

to new SRS subtypes. 

 

A significant challenge in assessing the pathogenicity of CNVs is their variable penetrance in the 

population. There may be several contributing factors which account for this, including the 

background genetic variation of an individual and/or epigenetic mechanisms such as imprinting, 

expression or regulatory variation among genes in the affected CNV region. It is also possible that 

in some individuals with genetic deletions, recessive variants residing on the single remaining allele 

are unmasked (253–255). If parents harbouring the same deletion / duplication do not share the 

same phenotype as the index case, it is possible that the CNV is benign. However, in the case of 

1q21 deletions, Mefford et al. assessed 4,737 control samples and no 1q21.1 deletions were 

identified (256,257).  

 

I identified 1q21 deletions in 3 GHI patients, including 2 siblings. The 1q21 deletion syndrome is 

recognised to cause a variable degree of dysmorphism, learning difficulties, SS in 50% and autism 

(OMIM #612474). Dysmorphic features include microcephaly, frontal bossing, deep-set eyes, 

epicanthal folds, large nasal bridge, long philtrum and a high-arched palate. 1q21 deletions can 

occur de novo, but many are inherited in an autosomal dominant manner from a parent (256–258). 
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1q21 deletion is characterised by variable penetrance, with parents frequently having no or very 

mild phenotype (256). Potential causes of the recognised phenotypic variability have been sought 

but not yet delineated. Sequence analysis of GJA5 and GJA8 genes within the affected regions of 11 

1q21 deletion carriers yielded no data to support the unmasking of recessive variants as a cause of 

the variable phenotypes observed. Preliminary data from an affected 1q21 deletion patient and her 

unaffected mother, who also carried the deletion, suggested that differences in the methylation 

status of the non-deleted 1q21.1 locus also did not contribute to the phenotypic variability. Parent-

of-origin studies show both maternal and paternal transmission of the deletion, therefore it is also 

unlikely that imprinting plays a role (256).  

 

The genes in region 1q21 responsible for the growth failure are not established, but we identified 

several candidate genes within the commonly deleted region such as Chromodomain-helicase-DNA-

binding protein 1-like (CHD1L). CHD1L regulates chromatin relaxation/cell cycle progression and 

50% knockdown in glioma cells results in significantly reduced proliferation (259). B-cell 

CLL/lymphoma 9 protein (BCL9) is an essential co-activator in the Wnt/β-catenin signalling pathway 

(260). 5'-AMP-activated protein kinase (PRKAB2) and Flavin containing monooxygenase 5 (FMO5) 

are both within genomic loci associated with height in genome-wide association studies (197). In 

addition, loci in BCL9 and CHD1L were associated with height in the GWAS Catalog 

(https://www.ebi.ac.uk/gwas/; p-value=7.00E-13 and 7E-20 respectively).  

 

Patient 23 had a 12q14 deletion and there is strong evidence to suggest that haploinsufficiency of 

High-mobility group AT-hook 2 (HMGA2) is responsible for the observed growth failure in patients 

with deletions in this region (249). Additionally, sub microscopic 12q14 deletions, spanning only part 

of HMGA2, have been reported in three patients with SS and SRS features (185). An association 

study of 155 idiopathic SS patients and 318 normal stature controls examined three HMGA2 single-

https://www.ebi.ac.uk/gwas/
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nucleotide polymorphisms (SNPs) and concluded they contributed to short stature susceptibility 

(204). Heterozygous HMGA2 point mutations have been identified in 2 subjects with SS and SRS-like 

features, causing a frameshift and a premature stop codon, respectively (184). A heterozygous 7bp 

intronic deletion causing aberrant splicing of HMGA2 has also been described in a patient with a 

similar phenotype (261). HMGA2 is thought to function as an upstream regulator of IGF2 but the 

mechanism is not well characterised or understood (184). Loci in HMGA2, LLPH, MSRB3 and SRGAP1 

were reported in the GWAS catalog to be associated with height with minimum p-values of 1.00E-

287, 3.00E-21, 4.00E-39, 3.00E-12 respectively (GWAS catalogue, Genome Wide Association Studies 

catalogue, https://www.ebi.ac.uk/gwas/). 

 

Patients 24 and 28 had CNVs affecting 7q21 and one additional region. SRS patients with 

Chromosome 7 defects have milder phenotypes compared with ICR1 hypomethylation patients and 

less asymmetry (244,262). Patient 24 had 7q21 and 7q31 deletions and fulfilled 2/6 NH-CSS (SGA 

and postnatal growth failure) in addition to a triangular face, low set ears and delayed motor 

development. Both deletions are close to the 7q21.3 (PEG10/SGCE) and 7q32 (MEST) imprinting 

clusters. Several genes within the CNV regions identified in patient 24 had loci associated with height 

in the GWAS Catalog: TFEC (p-value 5.00E-07), ANKIB1 (p-value 2.00E-15), CDK6 (p-value 3.00E-240), 

FOXP2 (p-value 2.00E-15), PEX1 (p-value 1.00E-08), GATAD1 (p-value 1.00E-08), SAMD9 (2.00E-25), 

PPP1R3A (p-value 2.00E-08) and CAV2 (p-value 1.00E-11).  Patient 28 had duplications of 7q21 and 

Xp22 and fulfilled 2/6 NH-CSS (SGA with postnatal growth failure). Xp22 duplications have been 

associated with SRS and SGA. The duplication identified in the patients with SRS features and SGA 

included SHOX and SHOX enhancer region (PAR3-12), respectively (237,242). However, the CNV 

identified in our subject does not encompass either of these regions and both duplications were 

larger than the CNV identified in our patient suggesting the mechanism may be independent of 

SHOX function. 

https://www.ebi.ac.uk/gwas/
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Patient 25 had 5q12 deletion. The 5q12 deletion syndrome has been reported in several patients 

with postnatal growth failure and developmental delay (250).  This region harbours two interesting 

candidate genes that could be responsible for the growth failure. Cyclin-dependent kinases 

regulatory subunit 1 (CKS1B) has an essential role in cell cycle regulation. Cks1-depleted breast 

cancer cells exhibit slow G1 cell cycle progression and G2-M arrest due to blocked mitotic entry 

(263). Dimethyladenosine transferase 1 homolog gene (DIMT1) is a methyltransferase that is 

overexpressed in several cancers (264,265). The functional roles of both genes, in cell cycle 

regulation and ribosomal biology respectively are likely to be critical for normal linear growth and 

thus haploinsufficiency may lead to postnatal growth failure. 

 

Prader-Willi (PWS) and Angelman syndrome are classically caused by deletions of different parental 

origin involving the distal breakpoint BP3 and proximally placed breakpoints BP1 or BP2 at 15q11 

(266). Patient 26 had a smaller 15q11 deletion encompassing only BP1 and BP2. 15q11.2 deletions 

(including just BP1 and BP2) have variable phenotypes and expressivity. Short stature and 

unspecified dysmorphic features are reported in 10% and 39% patients, respectively. Feeding 

problems are not reported, in contrast to the significant feeding difficulties seen in our patient. 

Interestingly feeding problems are often a feature of Prader Willi syndrome (266).  

 

Patient 27 was the only GHI subject with a chromosomal duplication. The Xq26.3q27.2 duplicated 

region harbours SRY-related HMG-box 3 (SOX3), which encodes a transcription factor involved in 

the regulation of embryonic development. SOX3 under- and over-expression in males causes 

multiple pituitary hormone or isolated growth hormone deficiency associated with infundibular 

hypoplasia, ectopic/undescended posterior pituitary and abnormalities of the corpus callosum with 

or without intellectual disability (267). Our patient had normal brain MRI and sufficient GH secretion 

on stimulation testing but a low baseline IGF-1 (SDS -2.7). Interestingly, a similar female patient is 
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reported with poor growth and low IGF-1. It is suggested her poor growth is due to GH deficiency, 

but formal GH stimulation testing was not performed (268). Another female patient with a slightly 

larger duplication is reported in a cohort of patients with SRS features. This patient had a broad 

nasal bridge similar to Patient 27, with a triangular face and relative macrocephaly. The duplication 

begins at Xq25 (genomic co-ordinates 129,132,238-139,650,444) whilst duplication identified in our 

subject begins at Xq26 (co-ordinates 134,842,275-141,407,613) (248). The overlapping regions 

include SOX3 in addition to several other genes.  

 

Chromosome 7q36 rearrangements are very rare, with deletions being more prevalent than 

duplications. 70% 7q36 deletion individuals exhibit growth retardation (269), however, few 

duplications have been reported. One patient with a larger 7q36 duplication (151,602,419-

152,956,632) compared to our subject (Patient 10; 151,748,853-152,032,715) was born SGA with 

no catch-up growth by 22 months of age. He also had developmental delay and multiple congenital 

abnormalities including a cardiovascular malformation, sensorineural hearing loss, myopia, 

astigmatism, cryptorchidism, hypospadias, microphallus and dysmorphic facial features (270). One 

interesting candidate gene, GALNT11, is common to both duplicated regions. GALNT11 encodes 

Polypeptide N-acetylgalactosaminyltransferase 11, which O-glycosylates NOTCH1 and activates the 

Notch signalling pathway (271). Abnormal GALNT11 dosage (either too much or too little) may alter 

Notch signalling and adversely affect growth in these patients. However, Patient 29’s duplication 

was inherited from his mother who is of normal stature. This suggests either variable penetrance or 

that this CNV is not responsible for the observed phenotype in our patient.   Variable penetrance 

could be effect of the synergistic activity of two separate “mild” defects, for example a deletion or 

duplication in addition to another variant in a growth genes. This oligogenic model is a feasible 

mechanism for growth failure. 
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A 3p22 deletion and 15q13 duplication were identified in Patient 30. These CNVs have not previously 

been associated with short stature or SRS features. Interestingly, this 15q13 duplication was 

inherited from her father who has significant short stature (height SDS -3.4). Within this region lies 

several candidate genes. Both FAN1 and OTUD7A cause a growth restricted phenotype in their 

respective mouse models, whilst CHRNA7 and KLF13 were identified from our Ingenuity Pathway 

Analysis. 

 

Pathway analysis identified genes with links to established or novel growth pathways in the CNV 

regions of our subjects. Six GHI individuals had CNVs harbouring genes involved in the canonical 

WNT pathway. WIF1 in the 12q14 deleted region of Patient 23, WNT2 in the 7q31 deletion of Patient 

24, SOX3 in the Xq26 duplicated region of Patient 27 and BCL9 in the 1q21 deleted region of Patients 

20, 21 and 22. The WNT pathway determines cell fate and is a key regulator of cell proliferation 

(272). Aberrant Wnt activity leads to uncontrolled cell growth and oncogenesis and is a potential 

novel therapeutic target for cancer (273). Abnormal copy numbers of these genes may impair this 

pathway and thus normal linear growth. The 12q14 deletion identified in Patient 23 includes WIF1 

and HMGA2, which is thought to be the most crucial gene regulating growth in this region. However, 

it is possible both genes contribute important regulatory effects on growth. 

 

CLOCK regulates the transcription of GALNT11, CHRNA7 and KLF13 genes residing within the CNV 

regions identified in the unexplained short stature subjects. This is particularly interesting as IGF-1 

regulates clock gene expression and function as a zeitgeber for cellular hypothalamic circadian 

rhythms (274). In addition to its central functional role in the regulation of circadian rhythm, CLOCK 

modulates G2-to-M cell cycle transition facilitating cell cycle progression and proliferation (275).  
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Whilst genome wide association studies have successfully identified numerous loci associated with 

height, most SNPs have regulatory roles often on genes other than those in closest proximity. This 

is an important limitation of using GWAS data and SNP-to-gene linking strategies are being 

developed to help establish the gene(s) regulated by each identified SNP (276). Experimental 

evidence is required to validate the candidate growth genes, interactions and biological pathway 

enriched in our cohort.  

 

Following CNV identification and bioinformatic analysis of our cohort, I identified CHD1L and 

HMGA2 as the strongest candidate growth genes. In addition to patient deletions of regions 

containing these genes, I identified several other patients in our cohort with point mutations 

occurring within these candidate genes. Further details of these patients, their genetic changes and 

my functional analysis of these variants are provided in Chapter 5.  
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Chapter 5. Novel candidate genes identified following CNV analysis  

 

5.1 Chromodomain-helicase-DNA-binding protein 1-like (CHD1L) 

 

5.1.1 Introduction 

Copy number variant analysis (Chapter 4) identified 3 patients with 1q21 deletion in our 

undiagnosed cohort, suggesting this region may harbour gene(s) with important roles in growth. 

Patients with 1q21 syndrome show a variable phenotype, with short stature observed in around 

50% of patients (158). Interrogating the genes harboured within the common genomic region 

deleted in all 3 of these patients, I identified 4 further patients in our cohort with short stature and 

heterozygous exonic missense variants in CHD1L, Chromodomain Helicase DNA Binding Protein 1 

Like. CHD1L is within the region deleted in 1q21 syndrome, so the hypothesis would be that only 

one functional copy or haploinsufficiency is sufficient to impair normal growth. Heterozygous 

mutations of the CHD1L gene may render one copy of the gene non-functional and thus explain the 

similar phenotype observed in all 7 patients (3 individuals with a 1q21 deletion and the 4 patients 

with heterozygous exonic missense variants in CHD1L). 

 

CHD1L was considered a good candidate growth gene due to its recognised ubiquitous role in DNA 

replication, repair and transcription and expression. It has been shown to have a key role in G1/S 

cell cycle progression in glioma cells, with 50% knockdown of CHD1L significantly inhibited cell 

growth (259). The role of CHD1L in cell growth and prevention of apoptosis is shown in Figure 5.1. 

Overexpression of CHD1L in a transgenic mouse model has been shown to promote cell proliferation 

(277). A CHD1L knockout mouse model is not reported. CHD1L is named due to its similarity to CHD1. 

Heterozygous CHD1 mouse models show growth restriction and homozygous mutations are lethal.  



227 
 

Figure 5.1 The role of CHD1L in cell growth and prevention of apoptosis  

 
Poly (ADP-ribose) polymerase 1 (PARP1) regulates gene expression and activates CHD1L(278,279). 
Heterozygous missense variants in the macro domain impair interaction of CHD1L and PARP1 (280). 
The macro domain also interacts with Nuclear receptor 4A1 (Nur77) to inhibit apoptosis (281). 
Whilst CHD1L has been shown to affect cell growth and cell cycle progression, the genes responsible 
are not well established. Regulation of both Testican-1 (encoded by the SPOCK1 gene) and 
Translationally controlled tumour protein (TCTP) by CHD1L was identified by studies looking directly 
for these interaction in cancer cell lines(282,283). Original diagram.
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5.1.2 Details of variants in the patients 
 
The phenotypic details and biochemistry for these patients is shown in Table 5.1 and Table 5.2, respectively. The details of the genetic variants are 

described in Table 5.3.  

Table 5.1 Phenotypic details of the 7 patients with variants affecting CHD1L  

Patient Bp position/base 

change (Grch37) 

BW 

SDS 

Height 

SDS 

BMI 

SDS 

Age 

(years) 

Phenotype 

 

20* 

Chr1: (146564742-

147735011)x1 

 

-1.59 -3.64 

 

-1.02 

 

3.8 

Small triangular face and high arched palate. Slender frame with clinodactly. 

Feeding difficulties, food refusal, gastrostomy, recurrent infections in early 

childhood, hypoglycaemic episodes. On autistic spectrum. 

 

21* 

Chr1: (146641600-

147735011)x1 

 

-1.68 
-1.58 

 

NK 

 

1.1 

Feeding difficulties, recurrent infections and poor weight gain/growth. 

Dyslexia and language delay, recurrent ear infections. 

 

22 

Chr1: (145987155-

147735011)x1 

 

-0.38 
-3.74 

 

-1.33 

 

9.1 

No notable dysmorphic features. 

31 146757987, G>C -0.76 -2.63 +0.16 6.1 Dental caries. No notable dysmorphic features. 

32^ 146759326, A>G +1.38 -2.84 -1.23 13.7 No notable dysmorphic features. 

33^ 146759326, A>G +1.07 -1.56 -3.13 11.2 No notable dysmorphic features. 

 

34 

 

146765379, A>G 

 

+0.14 -4.43 

 

+1.00 

 

4.0 

Born at 28/40 gestation. Mild delay in gross motor skills but fine motor skills 

and speech very good for age. Large head circumference, small hands and 

feet, protuberant abdomen and convergent squint. 

Patients indicated by * and ^ are siblings. Bp, base pair; BW, Birth weight; SDS, Standard Deviation Score; BMI, Body Mass Index; HC, Head 
circumference; NR, Normal range; NK, not known. 
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Table 5.2 Biochemical details of the 7 patients with variants affecting CHD1L 

Patient Bp position/base 

change (Grch37) 

Basal GH 

(ug/L) 

GH peak (ug/L) Basal IGF-1 

(ng/ml) 

IGF-1 SDS Bone age 

20* Chr1: (146564742-

147735011)x1 

12.7 98 34.3 -1.9 1.5 years (at 2.3 years) 

21* Chr1: (146641600-

147735011)x1 

NK 18 NK -2.4 NK 

22 Chr1: (145987155-

147735011)x1 

15.8 20.8 48 -2.3 6.6 years (at 9.1 years) 

31 146757987, G>C 44.8 18.8 25 -2.4 5.0 years (at 5.5 years) 

32^ 146759326, A>G 9.4 21.2 98 -2.9 10.5 years (at 12.8 years) 

33^ 146759326, A>G NK NK NK NK NK 

34 146765379, A>G 1.72 9.21 <25 -2.5 2.2 years (at 3.10 years) 

Patients indicated by * and ^ are siblings. Bp, base pair; GH, growth hormone; NK, not known. 
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Table 5.3 Details of the genetic variants affecting CHD1L identified in our cohort 

Patient 

number 

Genetic change Bp position/base change 

(GRCh37) 

Region Amino acid 

change 

Protein 

change 

Frequency CADD score 

20* 

1q21 deletion, 

including CHD1L 

 

Chr1: (146564742-

147735011)x1 

- - - ~240 cases reported 

worldwide 

 

N/A 

21* Chr1: (146641600-

147735011)x1 

- - - 

22 Chr1: (145987155-

147735011)x1 

- - - 

31 

Heterozygous 

exonic missense 

CHD1L mutation 

146757987, G>C Exon 18 c.1731G>C p.W577C 0.00001% allele frequency 

in gnomAD 

32 

32^ 146759326, A>G Exon 19 c.1934A>G p.H645R 0.00004% allele frequency 

in gnomAD 

<10 

33^ 146759326, A>G Exon 19 c.1934A>G p.H645R 0.00004% allele frequency 

in gnomAD 

<10 

34 146765379, A>G Exon 21 c.2179A>G p.I727V 0.00254% allele frequency 

in gnomAD 

14.34. Predicted by 

HSF3 to create a 

new exonic donor 

site 

Patients indicated by * and ^ are siblings. Bp, base pair; CADD score, Combined Annotation Dependent Depletion Score 
(https://cadd.gs.washington.edu/) (167); HSF3, Human Splicing Finder (http://umd.be/HSF3/)  

http://umd.be/HSF3/
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CHD1L has not previously been reported to cause growth problems in humans. The 3 different 

missense variants in our patients all occur in the macro domain (Figure 5.2). In vitro studies show 

this key domain binds poly(ADP-ribose) (PAR) and interacts with chromatin associated PARP1. 

PARP1 regulates gene expression and activates CHD1L. An intact macrodomain is therefore essential 

for CHD1L function. 

 

Figure 5.2 Schematic showing the location of the novel missense CHD1L variants  
 

 

Locations of novel heterozygous missense CHD1L variants are shown in the blue boxes, with arrows 
highlighting their location within the gene. Helic_C, Helicase superfamily C-terminal domain. 
Vertical lines represent exons in the gene.  
 

 

5.1.3 Functional analysis of patient variants  

Given the location of the variants and the recognised interaction between PARP1 and CHD1L at this 

region, I hypothesised that the variants seen in our patients would impair their  interaction. To test 

this hypothesis, I recreated mutant CHD1L vector constructs by site-directed mutagenesis (Figure 

5.3) and performed co-immunoprecipitation assays with PARP. 
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5.1.3.1 Site-directed mutagenesis  

Figure 5.3 CHD1L variants created by site-directed mutagenesis    

 

Sanger sequencing across the region of interest demonstrates the single base change created in 
each vector using site-directed mutagenesis, highlighted by the blue arrows. Mutant sequencing is 
shown in the top row compared to the wild-type in the bottom row. These mutations mimic the 3 
missense CHD1L variants identified in patients in our cohort: 146757987G>C exon 18 variant 
identified in Patient 31; 146759326 A>G exon 19 variant identified in Patients 32 and 33 (siblings); 
146765379 A>G exon 21 variant identified in Patient 34. 
 
 
5.1.3.2 Co-immunoprecipitation 

To determine if the interaction between PARP and CHD1L was impaired due to these variants in the 

macrodomain, I performed co-immunoprecipitation. The CHD1L constructs were FLAG tagged at the 

N terminal so the key output was the PARP signal of the isolated constructs. The CHD1L-PARP 

complexes were pulled down using FLAG beads. Western blot analysis of the whole cell lysates used 

as input for my co-immunoprecpitation are shown in Figure 5.4 and the IP product are shown in 

Figure 5.5.  
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Figure 5.4 Input for co-immunoprecipitation  

 

Western blots of whole cell lysates from HEK293T cells transfected with CHD1L and PARP1 
constructs as described. No signal is seen in lane 5 as the CHD1L antibody epitope recognises the 
macrodomain and the macrodomain is missing in this construct. 
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Figure 5.5 Western blot of PARP and CHD1L constructs immunoprecipitated using FLAG beads 

 
 

Western blot of constructs immunoprecipitated using FLAG beads. No signal is seen in lane 5 as the 
CHD1L antibody epitope recognises the macrodomain and the macrodomain is missing in this 
construct. Similar amounts of PARP protein appear to have been pulled down for the wild-type 
CHD1L construct and the 3 mutants, suggesting the interaction between PARP and CHD1L was not 
affected by these mutants.  
 

The experiment successfully isolated constructs containing CHD1L and PARP. Overall, the interaction 

between PARP1 and the 3 mutant CHD1L constructs did not appear reduced compared to WT. The 

antibody for CHD1L recognised the macrodomain so did not detect the CHD1L construct missing the 

macrodomain (lane 5 in Figure 5.4 and Figure 5.5). Unfortunately, the membrane was torn so the 

PARP transfer may have been suboptimal for the whole cell lysate in lane 5 for Figure 5.4 but it was 

decided on balance not to repeat the experiment given the findings of my later experiments.  
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5.1.3.3 In vitro splicing assay  
 
 
To assess whether the novel exon 21 variant identified in Patient 34 affected CHD1L splicing, I 

performed an in vitro splicing assay (as described previously in methods Section 2.8). I designed 

primers to amplify an 800bp DNA fragment of interest from Patient 34 and from a control sample 

with a wild-type sequence for this region. The cDNA PCR of the spliced products revealed bands of 

a similar size for both the control and patient sample (Figure 5.6). Sanger sequencing of the cDNA 

products confirmed a normal exon 21 sequence for both the patient and control sample, suggesting 

that this novel variant does not affect splicing of the CHD1L gene.  

 

Figure 5.6 cDNA PCR of spliced CHD1L product 

 

Gel electrophoresis of cDNA splicing products following the splicing assay using an exon trap vector 
(MoBiTec-Exontrap cloning vector pET01). Empty vector represents the sample with pET01 alone; 
WT e21 CHD1L, pET01 with 800bp of wild-type CHD1L exon 21 sequence inserted; MUT e21, pET01 
with 800bp of Patient 34 sequence inserted (including the c.2179A>G variant in exon 21). The 
spliced products were amplified by PCR and visualized on a 2% agarose gel. Lane 1: A 250bp band is 
seen in empty vector sequence, as expected, representing the two exons of the exon trap vector. 
Lanes 2 and 3:  A 370bp band is seen, which was confirmed by Sanger sequencing to contain the 
wild-type exon 21 sequence and the two flanking exons of the exontrap vector. BP, base pair; WT, 
wild-type; MUT, mutant.  
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5.1.4 Segregation 

To help assess the likely pathogenicity of these novel CHD1L variants, I requested DNA samples from 

family members to assess if the phenotypes segregated with the variants of interest. It took some 

time to acquire these samples. After assessing these samples, the missense variants did not 

segregate with the growth phenotype. For example, Patients 32 and 33 inherited the CHD1L variant 

from their father, who was tall with a height SDS of +3.50.   

 

5.1.5 Conclusions and discussion 

Given the preliminary findings of my co-immunoprecipitation, splicing and segregation studies, I 

did not investigate these novel variants further. However, it should be noted that 1q21 deletion 

syndrome which affects this same region is recognised to have variable penetrance and often the 

parent from whom the deletion was inherited is of normal height. The reason for this is not well 

understood. It is possible that the 1q21 deletion/CHD1L mutation may only be one component of 

an oligogenic growth picture in these patients.   

 

The macro domain of CHD1L also has several other important interactions, such as with Nur77 to 

inhibit apoptosis (281).  It is therefore possible that these variants are impacting interactions not 

assessed by my co-immunoprecipitation experiments which focused specifically on CHD1L and 

PARP1 interaction.  
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5.2 High-mobility group AT-hook 2 (HMGA2) 

 

5.2.1 Introduction  

From my copy number variant analysis described in Chapter 4, a previously undiagnosed patient 

in our cohort (Patient 23) was diagnosed with 12q14 deletion syndrome which led to 

interrogation of the genes in this region. The clear candidate growth gene in this region is High 

mobility Group AT-hook 2, HMGA2. This is a gene newly recognised to cause growth failure and 

a Silver Russell -like phenotype. Silver Russell Syndrome is a genetically heterogenous disorder 

and 30% of patients with clinical SRS have no genetic diagnosis (244). Previous research at our 

centre has recognised the clinical and biochemical overlap between SRS and patients with 

defects in the GH/IGF-1 pathway (109).  

HMGA2 deficiency in mouse models causes a pygmy phenotype. HMGA2 is completely deleted in 

the transgenic insertional mutant pgT"N4oAcha (A/A), whereas in the spontaneous mutant pg the 5' 

sequences and the first two exons of HMGA2 are absent. These pygmy mice show growth failure 

despite sufficient growth hormone levels (284,285).  This is especially interesting as our patient 

cohort show growth failure despite having sufficient growth hormone levels.  

A non-synonymous HMGA2 variant affecting the first AT-hook domain (c.83G>A; P.G28E) has 

recently been identified in Shetland ponies. This mutant was found to impair DNA binding in an 

electrophoretic mobility shift assay, suggesting impaired DNA binding in vivo due to this variant may 

be responsible for the reduced growth and small stature in these ponies. Interestingly, height 

measurements were taken of 110 genotyped Shetland ponies and the height difference between 

the 3 genotypes (heterozygous, homozygous and wild-type) was statistically significant (p<2.5 x 10-

4). The generated correlation plot suggested a mean reduction of height of 9.5cm per copy of the 
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mutant c.83G>A allele. Upon testing several horse and pony breeds, this c.83G>A variant occurred 

exclusively in small pony breeds supporting its critical role in growth (204). 

HMGA2 is an important regulator of cell growth, apoptosis, differentiation and malignant 

transformation (286). The HMGA2 protein contains 3 AT-hooks which are DNA binding domains that 

bind to AT rich sequences in the minor groove of the DNA helix (287). By binding to the DNA, they 

are able to modify the DNA conformation and facilitate the binding of transcription factors. The 

HMGA proteins are able to alter chromatin structure and interact directly through protein-protein 

interactions with transcription factors, influencing gene transcription. HMGA2 is highly expressed in 

embryonic tissue, but expression is not detectable in most adult tissues (286). Overexpression of 

HMGA2 is found in a variety of human cancers (288,289). Common variants in proximity to the 3’UTR 

region of HMGA2 have been strongly associated (<10−10) with childhood and final height in several 

genome wide association studies (290–293). HMGA2 polymorphisms have also been shown to 

contribute to idiopathic short stature (294).  

Despite the strong evidence of the crucial growth role of HMGA2 across the species, there is no clear 

experimental data on the mechanism of action of HMGA2 in human linear growth.  

To date, four point mutations in HMGA2 have been reported in the literature. The location of these 

and our patient variants are shown in Figure 5.7. 
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Figure 5.7 Reported HMGA2 variants and our patient variants  

 
 

The basic structure of HMGA2 is shown, with 3 AT hook domains and an acidic C-terminus. Novel 
variants identified in our cohort and collaborators are shown in red above the HMGA2 structure. 
Variants reported in the literature are shown in black below the HMGA2 structure. c.111+1G>T and 
Homozygous c.239C>T variants are reported in Meyer et al. (295). c.189delA, p.(Ala64Leufs*102) 
and c.193C>T, p.(Gln65*) variants are reported in Abi Habib et al. (188).  

 

5.2.2 Details of patient variants 
 
We identified four novel heterozygous variants in HMGA2; two from our own undiagnosed short 

stature cohort and two referrals which were identified by our collaborators in The Netherlands. I 

identified the variant in Patient 15 upon assessing our custom gene panel data, and the variant in 

Patient 35 upon assessing whole exome sequencing data. The variants in Patients 36 and 37 were 

identified on whole exome sequencing data by our collaborators. The phenotypic details and NH-

CSS for these patients and those with previously reported point mutations in HMGA2 are shown in 

Table 5.4 and Table 5.5, respectively. The biochemistry and the genetic details of the novel HMGA2 

variants identified are described in Table 5.6 and Table 5.7 respectively. All previously reported 

variants are heterozygous except for the homozygous missense c.239C>T mutation identified in two 

siblings by Mayer et al. (295). These siblings had a much more severe growth phenotype than the 

patients with heterozygous mutations, with severe pre- and postnatal growth failure, low BMI and 

microcephaly.  
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Table 5.4 Phenotypic details of patients with HMGA2 variants  

Patient Heterozygous 
HMGA2 variant 

Sex BW 
SDS 

Height 
SDS 

BMI 
SDS 

HC 
SDS 

Age 
(years) 

Phenotype Segregation 

Novel HMGA2 variants 

15 c.145delA, 
p.(Arg49Glyfs*117) 

F -3.48 -3.71 -1.21 NK 0.5 Relative macrocephaly, puffy 
hands and feet noted at 

birth. 

Not known – no parental 
samples 

35 c.166A>G, 
p.(Lys56Glu) 

F -3.78 -3.9 -3.02 -4.9 5.8 Triangular face, nasal, high-
pitched voice. High arched 
palate. Very petite looking. 

Precocious puberty, Feeding 
problems, mild 

developmental problems 
(inattention and poor 
writing/reading skills). 

Inherited from mother who has 
short stature (height SDS -3.52) 

36 c.52C>T, 
p.(Gln18*) 

F -2.7 -3.4 NK NK 3.0 Triangular face, relatively big 
forehead. Ophthalmic issues: 

hypermetropic and 
astigmatism 

Inherited from affected mother 
and maternal grandfather. 
Mother has short stature 

(height SDS -3.7) and similar 
facial features. 

37 c.144delC 
p.(Arg49Glyfs*117) 

F NK NK NK NK NK IUGR and SRS like facial 
features. 

Adopted 

Previously reported HMGA2 variants 

38 c.111+1G>T  M -2.6 -3.2 -3.1 -3.3 
(at 

birth) 

3.7 IUGR, protruding forehead, 
microcephaly, feeding 

difficulties.  

De novo variant 

39 c.189delA, 
p.(Ala64Leufs*102)  

M -3.1 -3.0 -1.1 -2.3 
(at 

birth) 

4.0 Clinical features of Silver 
Russell Syndrome.  

De novo variant 

40 c.193C>T, 
p.(Gln65*) 

F -2.5 -3.4 -0.6 -1.2 2.0 IUGR, protruding forehead, 
feeding difficulties.  

De novo variant 



241 
 

41* Hom c.239C>T, 
p.(Pro80Leu) 

F -4.7 -6.7 -3.5 -7.4 3.0 Severe pre and postnatal 
growth failure, protruding 

forehead, feeding 
difficulties  

Inherited one mutant copy 
from each parent 

42* Hom c.239C>T,  
p.(Pro80Leu) 

M -5.2 -6.2 -5.3 -6.1 1.1 Severe pre and postnatal 
growth failure, protruding 

forehead, feeding 
difficulties  

Inherited one mutant copy 
from each parent 

 
BW, Birth weight; SDS, Standard Deviation Score; BMI, Body Mass Index; HC, Head circumference; NK, not known. *Patients 41 and 42 are siblings 
with homozygous HMGA2 mutations. c.111+1G>T and Homozygous c.239C>T variants are reported in Meyer et al. (295). c.189delA, 
p.(Ala64Leufs*102) and c.193C>T, p.(Gln65*) variants are reported in Abi Habib et al. (188). 
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Table 5.5 Patient scores for Netchine-Harbison SRS Clinical Scoring System  
 

Patient Heterozygous 
HMGA2 variant 

Birth weight 
(SDS) 

Gestation Head 
circumference 
at birth (SDS) 

Protruding 
forehead? 

Body 
asymmetry? 

Feeding 
difficulties? 

NH-CSS 

Novel HMGA2 variants 

15 c.145delA, 
p.(Arg49Glyfs*117) 

2100g (-3.5) 40/40 ‘Normal, not 
relative to BW’ 

No No No 3/6 

35 c.166A>G, 
p.(Lys56Glu) 

2000g (-3.8) 40/40 NK NK No  Yes 3/6 

36 c.52C>T, 
p.(Gln18*) 

(-2.7) NK -2.0 Yes Yes No 4/6 

37 c.144delC 
p.(Arg49Glyfs*117) 

(-1.9) NK -1.4 Yes No Yes 4/6 

Previously reported HMGA2 variants 

38 c.111+1G>T  2360g (-2.6) 39/40 31cm (-3.31) Yes No Yes 4/6 

39 c.189delA, 
p.(Ala64Leufs*102)  

1720g (-3.1) 37/40 31cm (-2.3) Yes No Yes 5/6 

40 c.193C>T, 
p.(Gln65*) 

2300g (-2.5) 39/40 32.5cm (-2.0) Yes No Yes 5/6 

41* Hom c.239C>T, 
p.(Pro80Leu) 

1400g (-4.7) 39/40 NK Yes NK Yes 4/6 

42* Hom c.239C>T,  
p.(Pro80Leu) 

1050g (-5.2) 38/40 NK Yes NK Yes 4/6 

 
NH-CSS, Netchine-Harbison SRS (Silver Russell Syndrome) Clinical Scoring System: diagnosis of SRS requires fulfilment of 4/6 (including both prominent 
forehead and relative macrocephaly, termed ‘Clinical SRS’) or 3/6 in addition to a genetic diagnosis associated with SRS. The  criteria are: a. SGA (Birth 
weight and/or birth length ≤−2 SDS for gestational age) b. Postnatal growth failure (Height at 24 ± 1 months ≤−2 SDS or height ≤−2 SDS below mid-
parental target height) c. Relative macrocephaly at birth (Head circumference at birth ≥1.5 SDS above birth weight and/or length SDS) d. Protruding 
forehead (Forehead projecting beyond the facial plane on a side view at 1–3 years) e. Body asymmetry (Leg length discrepancy (LLD) of ≥0.5 cm or arm 
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asymmetry or LLD <0.5 cm with at least two other asymmetrical body parts, one non-face) f. Feeding difficulties and/or low BMI (BMI ≤−2 SDS at 24 
months or use of feeding tube or cyproheptadine as appetite stimulant)  (130,131). *Patients 41 and 42 are siblings with homozygous HMGA2 
mutations. c.111+1G>T and Homozygous c.239C>T variants are reported in Meyer et al. (295). c.189delA, p.(Ala64Leufs*102) and c.193C>T, p.(Gln65*) 
variants are reported in Abi Habib et al. (188). 
 
 

Table 5.6 Biochemistry of patients with novel HMGA2 variants 

Patient Heterozygous HMGA2 
variant 

Basal GH 
(ug/L) 

GH peak 
(ug/L) 

Basal IGF-1 
(ng/ml) 

IGF-1 SDS Bone age 

15 c.145delA, 
p.(Arg49Glyfs*117) 

NK NK 18 (NR 14-192) -1.91 NK 

35 c.166A>G, p.(Lys56Glu) 0.3 mg/l Not tested 33 (NR 4.4-22.3) +4.4 Bone age 5 years at chronological age of 6 years 

36 c.52C>T, p.(Gln18*) NK NK NK NK NK 

37 c.144delC 
p.(Arg49Glyfs*117) 

NK NK NK NK NK 

NR, Normal range; SDS, Standard Deviation Score; NK, not known 
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Table 5.7 Genetic details of novel HMGA2 variants  

Pt Heterozygous 
HMGA2 variant 

Pathogenicity 
scores 

GnomAD 
frequency 

Mutant amino acid sequence Effect of variant on amino 
acid sequence 

15 c.145delA, 
p.(Arg49Glyfs*117) 

Mutation 
Taster: disease 

causing 

Novel – 
not listed 

MSARGEGAGQPSTSAQGQPAAPAPQKRGRGRPRKQQQEPTGEPSP 
KRPGEDPKAAKTRVPLKQLKRKQKPLEKNGQEADLGNGHNKLFRRS 
LLRRKLKRHPHKSLPKRTRGRQRSISTSAAVGSFEGRRHCSDHLFCIA 

MVFPLSSGVGWGGVGEGGVGWGEIT* 
 

Changes 49th amino acid 
from Arginine to Glycine 
and causes frameshift. 

Mutant protein 164 amino 
acids, only first 48 same as 

wild-type sequence. 

35 c.166A>G, 
p.(Lys56Glu) 

CADD score: 

27.2 

Mutation 
Taster: disease 

causing 

Novel – 
not listed 

MSARGEGAGQPSTSAQGQPAAPAPQKRGRGRPRKQQQEPTGEPSP 
KRPRGRPKGSENKSPSKAAQKKAEATGEKRPRGRPRKWPQQVVQKK 

PAQEETEETSSQESAEED* 
 

Missense changing 56th 
amino acid from Lysine to 

Glutamic acid 

36 c.52C>T, 
p.(Gln18*) 

CADD score: 

35 

Mutation 
Taster: disease 

causing 

Novel – 
not listed 

MSARGEGAGQ PSTSAQG* Frameshift, causes 
immediate stop codon 
after 17th amino acid. 

37 c.144delC 
p.(Arg49Glyfs*117) 

Mutation 

Taster: disease 

causing 

PyloPhen: 
pathogenic 

Novel – 
not listed 

MSARGEGAGQPSTSAQGQPAAPAPQKRGRGRPRKQQQEPTGEPSP 
KRPGEDPKAAKTRVPLKQLKRKQKPLEKNGQEADLGNGHNKLFRRS 
LLRRKLKRHPHKSLPKRTRGRQRSISTSAAVGSFEGRRHCSDHLFCIA 

MVFPLSSGVGWGGVGEGGVGWGEIT* 
 

Changes 49th amino acid 
from Arginine to Glycine 
and causes frameshift. 

Mutant protein 164 amino 
acids, only first 48 same as 

wild-type sequence. 

Pt, Patient; CADD score, Combined Annotation Dependent Depletion Score (https://cadd.gs.washington.edu/) (167). HMGA2 transcript 
NM_003483.4 (wild-type sequence is 109 amino acids) 
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Interestingly, Patient 35 harboured the c.166A>G, p.(Lys56Glu), the first missense heterozygous 

variant identified in a patient with short stature and SRS features. This variant occurs in a critically 

important region of HMGA2 next to the 2nd AT hook. The missense variant changes lysine, a 

positively charged amino acid to glutamic acid, a negatively charged amino acid. The positively 

charged amino acids surrounding the consensus AT hook sequence are key to effective binding at 

target sites (296). For this reason, I chose to functionally assess the consequence of this single base 

change to determine if it impaired DNA binding.  

 

5.2.3 Electrophoretic mobility shift assay 

I performed an Electrophoretic mobility shift assay (EMSA) comparing the function of wild-type 

HMGA2 protein binding to the mutant c.166A>G, p.(Lys56Glu) binding. This is the HMGA2 variant 

identified in Patient 35. The principles of the EMSA are demonstrated in Figure 5.8.  
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Figure 5.8 Principles of the Electrophoretic mobility shift assay (EMSA) 

 

To ensure EMSA results were specific for HMGA2 proteins and not for other proteins present in 
abundance in the cell lysate, only proteins contained FLAG tags were isolated from whole cell lysates 
using immunoprecipitation using FLAG beads. An HMGA2 antibody was used to induce supershift. 
Image created using BioRender. 
 
 

The EMSA using FLAG IP product is shown in Figure 5.9 below. This EMSA appeared to show reduced 

shift for the mutant compared to the wild-type HMGA2 when equal volumes of cell lysate were 

loaded. However, no supershift was seen.   

 

Despite quantifying the whole cell lysate with a BCA assay and adding the same volume of FLAG IP 

beads to the cell lysates, the quantification by western blot shown in Figure 5.10 highlighted that 

differences in the amount of HMGA2 protein were still present. Interestingly, Figure 5.10 

demonstrated that the mutant protein was almost twice as abundant as the wild-type protein in the 

same volume of FLAG IP product. This supports the hypothesis of reduced binding, given that the 



247 
 

equal volumes loaded would contain more mutant protein than wild-type yet showed more shift for 

the wild-type protein.  

 

Figure 5.9 Electrophoretic mobility shift assay (EMSA) using FLAG IP product 

 

Red boxes highlight the lanes of interest, comparing the shift seen with 14µl of WT HMGA2 FLAG IP 
product compared to 14µl of mutant HMGA2 protein FLAG IP product. The observed shift is 
indicated by red arrows. No supershift is seen.  
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Figure 5.10 Western blot of FLAG IP product used for EMSA in Figure 5.9. HMGA2 antibody used 

to detect presence of HMGA2 protein 

 

Kda, Kilodaltons; 3.1, pcDNA3.1 empty vector only; WT, wildtype; MUT, c.166A>G, p.(Lys56Glu) 
mutant. Expected size of FLAG tagged HMGA2 protein 19KDa.  
 
 

To overcome the variability of the amount of HMGA2 protein loaded, I performed western blot 

analysis of subsequent FLAG IP lysates prior to EMSA and used the image to quantify my input for 

EMSA. This additional step improved the likelihood of loading equal HMGA2 protein quantities. The 

final EMSA using this method can be seen in Figure 5.11.  
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Figure 5.11 EMSA using FLAG IP input quantified by western blot for HMGA2 

 

Red boxes highlight the lanes of interest, comparing the shift seen with WT HMGA2 FLAG IP product 
compared to mutant HMGA2 protein FLAG IP product. The observed shift is indicated by red arrows. 
Despite the artefact on the image, it is possible to see a reduced shift for the mutant compared to 
the wild-type. No supershift is seen. 
 
 
5.2.4 Creation and detection of the frameshift HMGA2 variants 
 
To assess the expression and localisation of the mutant HMGA2 variants, I recreated the remaining 

3 patient variants in the same HMGA2 vector using site-directed mutagenesis. Following 

transfection into HEK293T cells and whole cell lysis 24 hours later, I assessed expression of HMGA2 

proteins by western blot (Figure 5.12). The c.144delC p.(Arg49Glyfs*117), c.145delA 

p.(Arg49Glyfs*117) and c.166A>G p.(Lys56Glu) mutant proteins were easily detectable by western 

blot using an antibody recognising the N terminal of HMGA2 protein. The two larger proteins 

created by the variants c.144delC p.(Arg49Glyfs*117) and c.145delA p.(Arg49Glyfs*117) appeared 
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to be expressed at higher levels than the wild-type HMGA2 protein. It was not possible to detect 

the c.52C>T p.(Gln18*) mutant protein. As it is very small, it is unlikely to be well detected by the 

HMGA2 antibody epitope (which is N terminal). 

 

Figure 5.12 Western blot of HMGA2 wild-type and mutant proteins 

 

UT, untransfected HEK293T cells; WT, HEK293T cells transfected with the wild-type HMGA2 vector; 
KDa, Kilodalton. Beta actin used as loading control. 
 

 

5.2.5 Subcellular localisation of wild-type and mutant HMGA2 proteins   

To assess whether these mutant HMGA2 proteins were able to translocate to the nucleus, I 

performed immunocytochemistry analysis of HEK293T cells transfected with wild-type and mutant 

constructs. Representative images are shown in Figure 5.13. 
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Figure 5.13 Immunocytochemistry for HMGA2 wild-type and mutants  

 

Images acquired using the Zeiss LSM 880 confocal microscope of HEK293T cells transfected with 

wild-type and mutant HMGA2 constructs. These cells were fixed onto coverslips and incubated with 

FLAG, HMGA2 and DAPI primary antibodies followed by fluorescent secondary antibodies. For 

further details please see methods Section 2.17. The FLAG tagged wild-type HMGA2 protein is able 

to translocate to the nucleus, as demonstrated by the correlation with DAPI nuclear staining. These 

images suggest that the c.52C>T p.(Gln18*) mutant HMGA2 protein is unable to translocate to the 

nucleus, likely due to its lack of nuclear localisation signals. The c.144delC p.(Arg49Glyfs*117), 

c.145delA p.(Arg49Glyfs*117) and c.166A>G p.(Lys56Glu) HMGA2 mutants appear able to 

translocate to the nucleus, but appear to be more densely situated around the nuclear membrane 

rather than distributed evenly throughout the nucleus.  
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The location of the FLAG and HMGA2 signal for the wild-type correlated very closely with the DAPI 

nuclear stain suggesting the FLAG tagged HMGA2 was able to successfully translocate to the 

nucleus. The c.52C>T p.(Gln18*) mutant protein is very small and would not be well detected by the 

HMGA2 antibody due to the antibody epitope. This epitope is located at the N terminal of the 

protein but spans beyond the 52 bases included in this early frameshift protein. However, the FLAG 

signal at the N terminal end should be relatively well detected by the FLAG antibody. The FLAG signal 

for this mutant is very interesting and suggests the small c.52C>T p.(Gln18*) mutant protein is 

unable to localise to the nucleus. This is likely due to the lack of nuclear localisation signals present 

in this protein. There is only background signal detected for the HMGA2 antibody for the c.52C>T 

p.(Gln18*) mutant protein. The c.144delC p.(Arg49Glyfs*117), c.145delA p.(Arg49Glyfs*117) and 

c.166A>G p.(Lys56Glu) HMGA2 mutant proteins appear to be able to translocate to the nucleus, but 

appear more dense around the nuclear membrane rather than distributed evenly throughout the 

nucleus. Further functional assessment is ongoing to characterise this observation in more detail.    

 

5.2.6 Limitation of vector design for long mutant HMGA2 proteins  

The HMGA2 vector which contained the entire HMGA2 coding sequence was used for the above 

experiments. It was designed for the EMSA experiment and successfully produced WT and missense 

HMGA2 variant proteins when expressed in HEK293T cells (Figure 5.10). The same vector was used 

to create the two HMGA2 variants, c.144delC p.(Arg49Glyfs*117) and c.145delA 

p.(Arg49Glyfs*117). These are the mutations seen in Patient 15 and Patient 37 respectively, both of 

which cause a frameshift and the translation occurs beyond the normal stop codon, meaning that 

the 3’UTR is also translated into the mutant protein. These differences are shown below in Figure 

5.14. For both variants, there is a significant difference to the mutant sequence when the 3’UTR 

section is included. This could affect how well the protein is able to translocate to the nucleus or 

any other function of the mutant protein. For this reason, functional analysis will be repeated for 
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these variants by performing site-directed mutagenesis to a new HMGA2 vector which includes a 

section of the 3’UTR region.  

 

Figure 5.14 Amino acid sequences for HMGA2 variants c.144delC and c.145delA: translation 

differences to HMGA2 vector

 

The similarities (highlighted in blue) and differences (highlighted in red) between the sequence 
generated using my HMGA2 vector and the true sequence of the variants when the 3’UTR region is 
included.  
 

 
5.2.7 HMGA2 protein expression in patient fibroblasts 
 
I obtained dermal fibroblast samples from Patient 37  (c.144delC mutation) and the mother of 

Patient 36 (c.52C>T mutation), from whom the child inherited the variant. This mother has the 

heterozygous c.52C>T mutation, has short stature (SDS -3.7) and a triangular shaped face. After 

culturing the fibroblasts to a similar passage, I assessed levels of HMGA2 protein expression by 

western blot (shown in Figure 5.15). HMGA2 expression was strongest in the neonatal healthy 

control, which is in keeping with the recognised high expression in utero and in early life. 

Interestingly, some HMGA2 protein was detectable in the adult healthy control sample. However, 

HMGA2 was not detectable in either the child or the adult patient with HMGA2 mutations. It was 

surprising that so little HMGA2 was detectable in the patient samples, especially as they had 
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heterozygous mutations so you would expect some wild-type HMGA2 to be present. These are not 

thought to be dominant negative mutations and are thought to cause the phenotype due to 

haploinsufficiency for HMGA2, in keeping with patients with postnatal growth failure and 12q14 

deletion syndrome, who are missing one copy of the HMGA2 gene. It is possible that this could be 

an imprinted region, although this is not currently recognised, or that other genes/proteins are 

playing important regulatory roles in their expression. Further work is required to fully characterise 

this.  

 

Figure 5.15 Western blot analysis of HMGA2 expression in patient fibroblasts

 

HC, Healthy control; KDa, Kilodaltons. Beta actin used as a loading control. 

 

5.2.8 Creation of transgenic mouse model  

The preliminary findings of the EMSA assessing the c.166A>G p.(Lys56Glu) HMGA2 mutant protein 

suggests that this amino acid plays a critical role in HMGA2 function. Our collaborators at The 

University of Mannitoba, Winnepeg generated novel transgenic mice with heterozygous and 

homozygous c.166A>G p.(Lys56Glu) mutations (Hmga2K56E) to further assess this region. Mice with 
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homozygous mutations displayed dysmorphic facial features similar to the phenotypes observed in 

SRS children. 3D reconstructed serial micro-CT images showed an overall shortening of the 

viscerocranium and asymmetry of the skull bones. Hmga2K56E transgenic mice with homozygous 

mutations were fertile but small for gestational age and showed SRS-like dwarfism compared to 

heterozygous age- and sex-matched littermates. This team have isolated the mouse embryonic 

fibroblasts, which stably express the mutant Hmga2 protein. This will enable further functional 

characterisation of this interesting variant and help develop our understanding of the role of 

HMGA2 in growth. 

 

5.2.9 Conclusions and discussion  

I identified several novel HMGA2 mutations in patients with short stature and SRS features. The 

novel c.166A>G mutation is the first heterozygous missense HMGA2 mutation identified in a patient 

with growth failure and SRS features. The mutant c.166A>G HMGA2 protein could translocate to 

the nucleus but my EMSA findings suggest that binding to DNA target sites is impaired. No supershift 

was observed in my EMSA, which is usually required to prove the binding seen is specific for the 

protein of interest. The lack of supershift may be because the binding site of the HMGA2 antibody 

was similar to the binding site of the protein to the labelled probes. It would be pertinent to repeat 

this experiment using an HMGA2 antibody with a different binding epitope to see if it possible to 

induce supershift and therefore confirm that the reducing binding seen in my EMSA is specific for 

HMGA2. However, as IP FLAG products were used as the input in this experiment and no protein 

was precipitated from the empty vector whole cell lysates, I am reasonably confident that these are 

FLAG tagged HMGA2 proteins rather than non-specific proteins. Endogenous proteins in the cell 

should not be present in the FLAG IP product. 
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It is an exciting finding that the Hmga2K56E transgenic mouse recapitulates the patient phenotype 

and the team have isolated the mouse embryonic fibroblasts, which stably express the mutant 

Hmga2 protein. This will enable further functional characterisation of this interesting variant and 

help develop our understanding of the role of HMGA2 in growth. 
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Chapter 6. Overall conclusions and future direction 

 

The custom gene panel included whole genomic sequences for each gene of interest, including the 

intronic regions, 2kb upstream and 500bp downstream of the gene. This enabled detailed 

exploration and assessment of non-coding regions in known genes as well as looking for mutations 

in selected potential candidate growth genes. This generated a wealth of data for the non-coding 

regions for the genes of interest, given that the classically examined exonic regions of the gene make 

up only 1-2% of the gene itself. One challenge was interpreting this data, given that a relatively small 

amount is known about the vast non-coding landscape between exons in a gene and the 3 and 5’UTR 

regions. After filtering for very rare variants, I relied on in silico software to help predict the changes 

that were most likely to be of interest and then pursued these functionally in my lab experiments. 

At present, making these novel diagnoses is far more labour intense than identifying a classic exonic 

mutation. Whilst the exonic mutation would require confirmatory Sanger sequencing, the novel 

diagnoses would require splicing assays, fibroblast analysis, cell models and so on to fully 

characterise the effect of the novel change. However, as our knowledge and understanding of these 

novel mutations develops this may become less labour intense.  

 

I selected the strongest candidates for functional analysis, but it is likely there are still several more 

diagnoses to be made from this genetic data. I have not assessed any variants that disrupt splicing 

silencer or enhance splice enhancer elements, affect non-coding regulatory regions or non-coding 

RNA. As our recognition of disease-causing non-coding variants improves, so will the in silico 

prediction models and tools available. Each new genetic discovery helps our understanding of the 

mechanisms of disease and the vast genetic landscape that we are still exploring at a rapid pace.  

Combining genetic sequencing data with studies assessing the mRNA produced in affected patient 

tissue is key in determining the pathogenicity of deep intronic mutations. This can be done by 
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conventional RT-PCR analysis and sequencing of cDNA products or by direct RNA-seq analysis 

(297,298).  

 

When compared to candidate gene sequencing, the custom gene panel enables rapid testing of the 

64 genes of interest. This is particularly helpful in patients without strong phenotypic features, such 

as Patients 7 and 8 with the dominant negative GHR variants. As they do not have classic GHI 

phenotypes, it is possible the GHR may not have been selected as a candidate gene to sequence and 

thus the diagnosis could have been missed. Similarly, heterozygous SHOX gene defects are being 

increasingly recognised in patients who had previously been labelled as having idiopathic short 

stature (299). As we appreciate an increasing overlap between short stature phenotypes, it is helpful 

to cast the net wider in our search for genetic diagnoses.  

 

When the human genome was sequenced, far fewer genes were identified than expected. This may 

be in part explained by the high frequency of alternative splicing, seen for example in both the GHR 

and IGF1 genes, but it also suggests a complex interplay of other key genetic regulatory mechanisms 

that may have been underestimated (300). For many years, genomic interrogation has focused 

heavily on the protein-coding regions of the gene, i.e. the exons, and the non-coding regions have 

been simply labelled as ‘junk DNA.’ However, there are several reasons to consider whether non-

coding regions have been unfairly overlooked (298).  

 

Firstly, many intronic sequences are remarkably conserved across species, suggesting at least some 

intronic features are subject to evolutionary constraints (301,302). Well conserved regions include 

the consensus splice site sequences, the sequences of non-coding RNA genes and the binding sites 

for regulatory proteins (303). Intronic regions have also been shown to increase transcriptional 

efficiency. Intron-containing genes have been shown to present higher levels of transcription when 
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compared to genes lacking introns in yeast, drosophila and mammalian cells (304–307). For 

transcription to occur in mammalian genes, a complex communication must occur between 

promoters and enhancers that are often located vast distances from each other in the genome. 

Recent studies suggest that regulatory sequences located within the introns may work together with 

promoters to aid transcriptional processes (308). For example, expression of the type II collagen α1 

(Col2a1) gene is dependent on SOX9, a master transcription factor required for chondrogenesis that 

binds to key regulatory regions located in Col2a1 introns 1 and 6 (309).  

 

Furthermore, recent advancement in transcriptome sequencing and analysis has revealed a 

surprising prevalence of non-canonical splicing mechanisms, ranging from changes in the usual 

order of splicing to the recognition of atypical splice sites (310).  Base sequences resembling the 

consensus splice sequences can be found in abundance within the introns, and these are referred 

to as cryptic, non-canonical or pseudo splice sites. The complex process of recognition of a splice 

site boundary by the spliceosome is not fully understood, especially as more than 9000 sequence 

variants have been identified in the -3 to +6 region of human 5’ splice sites (311).  This makes it 

unlikely that the sequence alone is responsible for splice site boundary recognition. It is likely 

influenced by other factors such as SR and hnRNP proteins that bind the pre-mRNA and either inhibit 

recruitment of spliceosomal components or stabilise spliceosome interactions (312,313). 

 

Pseudoexon inclusions are likely an under recognised cause of human disease (314,315). This mis-

splicing event is due to intronic mutations, most commonly point mutations but sometimes small 

intronic deletions, that activate non-canonical splice sites within the intron (316). The commonest 

mechanism for pseudoexon inclusion involves a mutation that creates a new donor splice site and 

activates a dormant acceptor splice site (298). This is the mechanism seen in the creation of both 

GHR pseudoexons, which utilise the same dormant acceptor splice site deep within intron 6. 
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Pseudoexon inclusions can also result from mutations that create a novel acceptor splice site or that 

disrupt or create splicing silencer or enhancer elements, respectively (298).  My findings highlight 

the importance of studying variation in non-coding regions as a cause of monogenic disorders.  

 

Genomic discovery is advancing at such a pace that new candidate growth genes are frequently 

being proposed. One limitation of the custom short stature gene panel is that it covers a pre-agreed 

list of genes. It is possible to amend the gene panel list as new discoveries are made by adding more 

probes, but for patients that have already been assessed on the original panel this would require 

more DNA, more expense, etc. Whilst the ‘whole gene’ panel should enable exploration of UTRs and 

non-coding RNAs nearby or within the genes of interest, analysis of potential distal genetic 

regulatory mechanisms is not possible due to the focused nature of the panel. For example, it 

wouldn’t be possible to identify genetic alterations to transcriptional enhancers that control the 

spatiotemporal regulation of genes. These may play an under-recognised role in Mendelian disease 

and are reported in several different diseases (317). Gain-of-function point mutations in distal 

enhancers have been shown to affect protein expression and lead to conditions such as preaxial 

polydactly (318). Loss-of-function mutations in a single enhancer close to PTF1A have been shown 

to impair the entire PTF1A enhancer cluster and lead to pancreas agenesis and neonatal diabetes 

(317).    

 

To overcome these limitations of the gene panel, one option would be to assess the patients using 

whole genome sequencing and apply a virtual gene panel list in the filtering pipeline of this data. 

This would mean as new candidate growth genes were discovered, they could be easily added to 

the virtual gene panel list without the need for repeat testing or expense. Combining whole genome 

sequencing data with enhancer maps may enable recognition of changes to distal enhancer regions. 



261 
 

However, it is unlikely that whole genome sequencing would cover the regions of interest with such 

a depth of coverage that is possible with the gene panel. Recent innovations combining gene-

engineering technology with computer aided technology such as Oxford Nanopore Technologies 

(ONT) can provide rapid analysis and offer the possibility of real-time sequencing at a relatively low 

cost. Long read lengths enable simpler assembly and more comprehensive analysis of repetitive 

regions. ONT determines base sequences by monitoring voltage changes as the nucleotides pass 

through biological nanopores. Other similar innovations include NabSys, which uses a solid-state 

nanopore for sequencing, and Sequenom, which involves simultaneous optical probing by multiple 

nanopores (319). However, a current limitation of this technology is the read accuracy, with error 

rates of 5-15% compared to <1% for third generation sequencing technology (320,321). With 

ongoing optimisation of nanopore structure, machine algorithms of basecalling and library 

preparation methods, nanopore sequencing technology offers broad application prospects in 

epigenetics research, gene modifications, cancer genetics and may eventually replace earlier 

sequencing methods (322).     

 

Identifying a genetic alteration is an important first step, but key to contextualising this change is 

determining its effect on the complex interactions within the human body. Initiatives such as the 

Genotype-Tissue Espression (GTEx) project help to characterise how different genetic variants affect 

gene regulation. GTEx studies the effects of genetic changes on the transcriptome across human 

tissues, and links these regulatory mechanisms to Mendelian trait and disease associations (323).  

 

Another challenge is interpreting variants where pathogenicity is uncertain, such as the CUL7 

variants identified in Patients 11 and 12 and in the class 3 CNVs identified in Patients 25, 28 and 29. 

This problem may become increasingly frequent as we explore further into the genome, but 

reporting of variants and accumulation of pathogenicity evidence and patients with the same 
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variants and similar phenotypes will help develop the tools to assess these novel regions. In cases 

where pathogenicity is uncertain, assessing segregation of the phenotype and variant within the 

wider family pedigree is helpful but still may not provide a conclusive answer. Referral to a clinical 

geneticist for their expert input may also be beneficial.  

 

The mutant GHR missing the first 26 bases of exon 9 seen in Patients 7 and 8 may play an important 

regulatory role in normal physiology and is found in a significant percentage of GHR transcripts in 

healthy people. 1-10% of all GHR transcripts were homologous to the mutant GHR transcript missing 

the first 26bp of exon 9 (82). This mutant GHR was proposed to modulate the function of the full 

length receptor, inhibit signalling and generate large amounts of GHBP (82). The regulation of GHR 

expression and GHBP generation is not well understood. Leading on from my genomic discoveries, 

our research group has been exploring the function and interaction of this mutant GHR protein to 

help provide insights into these crucially important interactions. They are using NanoBiT 

complementation and flow cytometry to look at the cell surface expression of variant GHR 

homo/heterodimers compared to wild-type (WT) homodimers. They are also investigating rhGH 

binding to variant GHR homo/heterodimers and GH binding protein (GHBP) cleaved from the variant 

GHRs to determine if increased GH sequestration occurs.  

 

Assessing patients for copy number variants could be considered a less biased approach to the 

targeted gene panel as this is assessing for duplications or deletions of genetic material across the 

entire genome. Although the pathogenicity algorithm does rely on whether the CNV is associated 

with disease or phenotypic features in other reported patients. My CNV analysis shown in results 

Chapter 4 was the first study investigating CNVs in subjects with growth failure associated with GHI 

and unexplained short stature. In our cohort, rare CNVs are a relatively common cause of milder 

non-classical phenotypes. The discovery of CNVs in this cohort expands the known phenotypes of 
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rare CNVs, potentially identifies new candidate growth genes and expands the spectrum of GHI/IGF-

1 insensitivity and the overlapping short stature disorders such as SRS. CNV analysis should be 

considered in all short patients where no monogenic cause has been identified, particularly those 

with features of GHI and concomitant subtle features of SRS.  

 

As increasingly sophisticated techniques allow the collection of vast amounts of genetic data, large 

collaborative studies enable thorough and powered analysis to identify key candidate genes or 

regions responsible for a phenotype. A recent meta-analysis using CNV data from almost one million 

individuals enabled construction of a dosage sensitivity map of the human genome for 54 Mendelian 

disorders. They used an ensemble machine learning model to predict dosage sensitivity probabilities 

for all autosomal genes. This identified 2,987 haploinsufficient and 1,559 triplosensitive genes and 

has vast potential applications for future research in Mendelian disease (324). 

 

My initial results from the missense HMGA2 variant are promising but significant further work is 

required to fully characterise the role of HMGA2 in growth. It would be pertinent to repeat the 

EMSA experiment using an HMGA2 antibody with a different binding epitope to see if it possible to 

induce supershift and therefore confirm that the reducing binding seen in my EMSA is specific for 

HMGA2. Immunocytochemistry could be performed on patient fibroblasts using the HMGA2 

antibody to compare levels of expression and site of expression between the adult and child patient 

samples and the adult and neonatal healthy control. In the patient with c.52C>T mutation, detection 

of mutant HMGA2 protein would be limited due to the antibody epitope and the small size of the 

protein. However, the results would still provide valuable information about wild-type expression 

of the protein, given that these patients have heterozygous mutations.  
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Site-directed mutagenesis to accurately recreate the c.145delA and c.144delC mutants could be 

performed on a custom HMGA2 vector which includes a section of the 3’ UTR immediately after the 

HMGA2 coding sequence. This would enable translation to occur into the 3’UTR and accurately 

represent the mutant proteins. Functional analysis by western blot and immunocytochemistry could 

then ascertain if these mutant proteins were detectable in the cell and if their localisation differed 

to the wild-type HMGA2 protein. 

 

Preliminary data confirm that the homozygous transgenic Hmga2K56E mouse model recapitulated 

the Silver Russell Like phenotype seen in our patient. This is very promising, as it confirms the critical 

functional importance of this HMGA2 amino acid residue and validates my preliminary data showing 

that this region plays a critical role in the function of HMGA2 and the regulation of growth.  Our 

collaborators have cultured mouse embryonic fibroblasts from these transgenic mice and have 

shown that the mutant HMGA2 protein is stable and has robust expression. This provides a wealth 

of possibilities for functional characterisation in the future.  
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Appendix 1: Composition of buffers and reagents utilised from commercially available kits 

 

GE Healthcare Nucleon™ BACC2 Genomic DNA Extraction Kit (catalogue number 10637265, 

Fisher Scientific, UK): 

Reagent A (lysis agent): 10 mM Tris-HC1; 320 M sucrose; 5 mM MgCl2; 1% (v/v) Triton X-100; pH 

8.0 (pH adjusted using 40%(w/v) NaOH).  

Reagent B: (precise composition is not disclosed by the company). 5 M Sodium perchlorate.   

Nucleon resin: includes potassium hydroxide (precise composition is not disclosed by the 

company).  

 

QIAprep Spin Miniprep Kit (catalogue number 27106, Qiagen, Crawley, UK): 

Buffer P1 (resuspension buffer): 50 mM Tris·Cl; 10 mM EDTA; 100 μg/ml RNase A  

Buffer P2 (lysis buffer): 200 mM NaOH; 1% SDS (w/v)  

Buffer N3 (neutralisation buffer): 4.2 M Guanidinium hydrochloride, 0.9M potassium acetate, pH 

4.8 Buffer PB (wash buffer): 5 M Guanidinium hydrochloride; 30% isopropanol Buffer PE (wash 

buffer): 10 mM Tris-HCl pH 7.5; 80% ethanol Buffer EB (elution buffer): 10 mM Tris-Cl, pH 8.5  

Other components of the kit: QIAprep Spin Columns, Collection Tubes (2 ml) 

 

Qiagen HI SPEED Plasmid Midi Kit (catalogue number 12643, Qiagen, Crawley, UK):  

Buffer P1 (resuspension buffer): 50 mM Tris·Cl; 10 mM EDTA; 100 μg/ml RNase A  

Buffer P2 (lysis buffer): 200 mM NaOH; 1% SDS (w/v)  

Buffer P3 (neutralisation buffer): 3.0 M potassium acetate, pH 5.5  

Buffer QBT (equilibration buffer): 750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol (v/v); 

0.15% Triton® X-100 (v/v)  
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Buffer QC (wash buffer): 1.0 M NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol (v/v) Buffer QF 

(elution buffer): 1.25 M NaCl; 50 mM Tris·Cl, pH 8.5; 15% isopropanol (v/v)  

Other components of the kit: QIAfilter Cartridge; QIAGEN-tip Qiagen 

 

QIAquick® Gel Extraction Kit (catalogue number 28704, Qiagen, Crawley, UK):  

Buffer QG (solubilization and binding buffer, with pH indicator): 5.5 M guanidine thiocyanate, 20 

M Tris Hcl pH 6.6.  

Buffer PE (wash buffer): 10 mM Tris-HCl pH 7.5; 80% ethanol  

Other components of the kit: QIAquick spin column; Collection tube (2 ml) 

 

QuikChange II XL Site-Directed Mutagenesis Kit Instruction (catalogue number 200522, Agilent, 

UK): 

PfuUltra High-Fidelity DNA polymerase (2.5 U/ µl)  

10× reaction buffer  

DpnI restriction enzyme (10 U/µl)  

Oligonucleotide control primer 1, 5´ CCA TGA TTA CGC CAA GCG CGC AAT TAA CCC TCA C 3´  

Oligonucleotide control primer 2, 5´ GTG AGG GTT AAT TGC GCG CTT GGC GTA ATC ATG G 3´  

pWhitescript 4.5-kb control plasmid (5 ng/ µl)  

dNTP mix  

XL1-Blue supercompetent cells  

pUC18 control plasmid (0.1 ng/µl in TE buffer) 

 

NEBuffer r1.1 (catalogue number B7030S, New England Biolabs, USA) 

1X Buffer Components 

10 mM Bis-Tris-Propane-HCl 
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10 mM MgCl2 

100 μg/ml Recombinant Albumin 

pH 7.0@25°C 

 

NEBuffer r2.1 (catalogue number B7030S, New England Biolabs, USA) 

1X Buffer Components 

50 mM NaCl 

10 mM Tris-HCl 

10 mM MgCl2 

100 μg/ml Recombinant Albumin 

pH 7.9@25°C 

 

RNeasy Plus Mini kit (catalogue number 74134, Qiagen, Crawley, UK): 

Buffer RLT (lysis buffer): contains a guanidine salt (precise composition is not disclosed by the 

company). 

Buffer RW1 (stringent wash buffer): contains a guanidine salt, as well as ethanol (precise 

composition is not disclosed by the company).  

Buffer RPE (mild wash buffer): Ethanol containing (precise composition is not disclosed by the 

company.  
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Appendix 2. Primers to confirm variants identified in genomic DNA 

Primers Sequence 

GHR intron 6 (Forward) 5’- GGTTTCAGAAGGATGTTTTG 

GHR intron 6 (Reverse) 5’- ATTGCTTTTGTGCCATTAAG 

GHR intron 2  (Forward) 5’-AACCAGTGCCCATAGGTG 

GHR intron 2 (Reverse) 5’-CTGGAACTAGAGGCAGAAGG 

GHR exon 10 (Forward) 5’-AGGTGAACACAATCTTAGCC 

GHR exon 10 (Reverse) 5’-TCACCTGGGCATAAAAGTC 

CUL7 exon 4 (Forward) 5’-GAGGAGTTGAGTGGGGAG 

CUL7 exon 4 (Reverse) 5’-ACACACAGGATGCCTTCTC 

CUL7 exon 13 (Forward) 5’-ACCCTACCTGACCGTGAC 

CUL7 exon 13 (Reverse) 5’-CAGAGAAAGCTGTCACCTCC 

CUL7 exon 17 (Forward) 5’-AGGCGTAAACCACCCTACTCCTTGTATCAT TCCGTCC 

CUL7 exon 19 (Forward) 5’-CATCCATGAACATCATTTTGGTGGTGGAGA AGCAGG 

CUL7 exon 19 (Reverse) 5’-GATGATCTGCCTGCCTCGAATGGGAATG GAAGGG 

CUL7 exon 17 (Reverse) 5’-AAGGAGCTCCAGTCGTGGGCAGGAGCA TGAAGAC 

CCDC8 exon 1 (Forward) 5’-ACGTACGACAGCAGCAACTCTCGAGAAAAGCCACG 

CCDC8 exon 1 (Reverse) 5’- CTCTGATTACCTGCAGCCCCCAGGTTGTC CTCAAAC 

OBSL1 splice (Forward) 5’-GATGTGCAGGTATACGACG 

OBSL1 splice (Reverse) 5’-CAGAGAATTGGGATATGATGC 

HMGA2 exon 2 (Forward) 5’-TCAGGGTCAATTTCTTTCAG 

HMGA2 exon 2 (Reverse) 5’-GGCTCCTGTAGTCAGTCATTG 

CHD1L exon 18 (Forward) 5’-GATATTGTTTGTGAACAGCAG 

CHD1L exon 18 (Reverse) 5’-ACACTGGGACCACCACC 

CHD1L exon 19 (Forward) 5’-TGTGCACTGGACTTCACC 

CHD1L exon 19 (Reverse) 5’-GCTGTGTAACCCTCACGATAC 

CHD1L exon 21 (Forward) 5’-CCCAAGTGACCCATCAAG 

CHD1L exon 21 (Reverse) 5’-GTCGTATCACATGCCTAGAAAC 
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Appendix 3. Antibodies used and applications 

 

Name of 

antibody 

Manufacturer, 

catalogue no 

Species raised in, 

monoclonal or 

polyclonal 

Application Dilution used 

Primary antibodies 

Beta actin Protein Tech, 

66009-1-1g 

Mouse, monoclonal Western blot 1 in 5000 

p-STAT5 

(Y694) 

Cell Signalling 

Technology, 

D47E7 

Rabbit, monoclonal Western blot 1 in 750 

STAT5B Boster 

Biological 

Technology, 

PA1841 

Rabbit, polyclonal Western blot 1 in 1000 

HMGA2 Cell Signalling 

Technology, 

D1A7 

Rabbit, monoclonal Western blot, 

Immunocytochemistry 

1 in 1000 for WB, 

1 in 100 for ICC 

CHD1L Abcam, 

ab197019 

Rabbit, monoclonal Western blot 1 in 1000 

mCherry Abcam, 

ab125096 

Mouse, monoclonal Western blot 1 in 1000 

IGF-1 Abcam, 

ab176523 

Mouse, monoclonal Western blot 1 in 1000 

GHBP BioVision, 

6660-100 

Rabbit, polyclonal Western blot 1 in 1000 

GHR N 

terminal 

Origene, 

TA334654 

Rabbit, polyclonal Western blot 1 in 1000 

HA Sigma, H6908 Rabbit, polyclonal Immunocytochemistry, 

western blot 

1 in 1000 for WB, 

1 in 100 for ICC 

FLAG Sigma, F1804 Mouse, monoclonal Immunocytochemistry, 

western blot 

1 in 1000 for WB, 

1 in 100 for ICC 
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His Sigma, H1029 Mouse, monoclonal Western blot 1 in 1000 

6 x His Abcam, 

ab18184 

Mouse, monoclonal Western blot 1 in 1000 

Strep tag II Abcam, 

ab76949 

Rabbit, polyclonal Western blot 1 in 1000 

Secondary antibodies 

Donkey 

anti-Rabbit 

IRDye 

800CW 

Li-Cor,  

926-32213 

Donkey Western blotting 1 in 10000 

Donkey 

anti-Mouse 

IRDye 

680CW 

Li-Cor,  

926-68072 

Donkey Western blotting 1 in 10000 

Goat Anti-

Rabbit IgG 

(Alexa 

Fluor®488) 

Abcam, 

ab150081 

Goat Immunocytochemistry 1 in 500 

Goat anti-

Mouse IgG 

(Alexa 

Fluor®647) 

Invitrogen, 

A-21235 

Goat Immunocytochemistry 1 in 500 

WB, western blotting; ICC, immunocytochemistry
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Appendix 4. Primer sequences for In vitro splicing assay, site-directed mutagenesis, Gibson assembly and cDNA synthesis 

 

Primers Sequence 

Splicing assays  

Intron 6 GHR XbaI (Forward) 5’- AGCTATATCTAGATTGTCTCTTAGAGGTTTCAG    

Intron 6 GHR XbaI (Reverse) 5’- AGCTATATCTAGACAGTGCCTTCTGCATAGTAG 

Intron 2 GHR XbaI (Forward) 5’- AGCTATATCTAGAAACCAGTGCCCATAGGTG 

Intron 2 GHR XbaI (Reverse) 5’- AGCTATATCTAGACTGGAACTAGAGGCAGAAGG 

 

Exon 9 GHR Xbal (Forward) 5’- AGCTATATCTAGACTTTCAAATACTAAATCTGGC  

Exon 9 GHR Xbal (Reverse) 5’- AGCTATATCTAGAGTTCAGAGATTAATTATGGTTACAATAAG 

ET PRIM 06 (Forward) 5’- GCGAAGTGGAGGATCCACAAG 

ET PRIM 07 (Reverse) 5’- ACCCGGATCCAGTTGTGCCA 

ET PRIM 02 (Forward) 5’- GAGGGATCCGCTTCCTGGCCC 

ET PRIM 03 (Reverse) 5’- CTCCCGGGCCACCTCCAGTGCC 

Gibson assembly  

pcDNA1 hGHR FL FWD (1) 5’- ATTTTGTCATTAGAGGAAAGATGGACCCTATATTGACAACA 

pcDNA1 hGHR FL REV (1) 5’- GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGG 

pcDNA1 hGHR FL FWD (2) 5’- CCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTC 

pcDNA1 hGHR FL REV (2) 5’- GGCTGTGGCTGTGGCTGTGGCATTTTCCATTTAGTTTCATTTACTTC 
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6Ω pseudoexon for cloning FWD (3)  5’- ATGAAACTAAATGGAAAATGCCACAGCCACAGCCACAGCC 

6Ω pseudoexon for cloning REV (3) 5’- GTTGTCAATATAGGGTCCATCTTTCCTCTAATGACAAAATTGGCATCTTTTTC 

pcDNA1 hGHR P7 FWD (1) 5’- TCTTTTCGAAACAGCAAAGGTCCAGTTCCAAAGATTAAAGGA 

pcDNA1 hGHR P7 REV (1) 5’- GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGG 

pcDNA1 hGHR P7 FWD (2) 5’- CCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTC 

pcDNA1 hGHR P7 REV (2) 5’- TTTAATCTTTGGAACTGGACCTTTGCTGTTTCGAAAAGAGA 

pcDNA1 hGHR P8 FWD (1) 5’- CTCTTTTCGAAACAGCAAAGTTCCAGTTCCAAAGATTAAAGG 

pcDNA1 hGHR P8 REV (1) 5’- GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGG 

pcDNA1 hGHR P8 FWD (2) 5’- CCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTC 

pcDNA1 hGHR P8 REV (2) 5’- TTTAATCTTTGGAACTGGAACTTTGCTGTTTCGAAAAGAGA 

RT-PCR  

GHR cDNA pseudo F1 (Forward) 5’- GGAAAATGCCACAGCC 

GHR cDNA Exon 4F (Forward) 5’- TCTAAGGAGCCTAAATTCACC 

GHR cDNA Exon 8R (Reverse) 5’-TAGCATCACTGTTAGCC 

Site-directed mutagenesis  

HMGA2 52C>T  SDM (Forward) 5’-TCAGCCCAGGGATAACCTGCCGCCC 

HMGA2 52C>T  SDM (Reverse) 5’-GGGCGGCAGGTTATCCCTGGGCTGA 

HMGA2 144delC  SDM (Forward) 5’-CCTCTCCTAAGAGACCAGGGGAAGACCCAAAG 

HMGA2 144delC  SDM (Reverse) 5’-CTTTGGGTCTTCCCCTGGTCTCTTAGGAGAGG 

HMGA2 145delA  SDM (Forward) 5’-TCTCCTAAGAGACCCGGGGAAGACCCAAAG 



295 
 

HMGA2 145delA SDM (Reverse) 5’-CTTTGGGTCTTCCCCGGGTCTCTTAGGAGA 

CHD1L Exon 18  SDM (Forward) 5’-TGGTAATTGTTGGATTCGCACCAGGCCATCCTTTA 

CHD1L Exon 18  SDM (Reverse) 5’-TAAAGGATGGCCTGGTGCGAATCCAACAATTACCA 

CHD1L Exon 19  SDM (Forward) 5’-ACCTCTGCCCCAGCGGCCAGAGTCATC 

CHD1L Exon 19  SDM (Reverse) 5’-GATCACTCTGGCCGCTGGGGCAGAGGT 

CHD1L Exon 21  SDM (Forward) 5’-TCTTTTTTGCTGCTAAAAATACCTTCTTCAGGCCCTCTTCTAG 

CHD1L Exon 21  SDM (Reverse) 5’-CTAGAAGAGGGCCTGAAGAAGGTATTTTTAGCAGCAAAAAAGA 

GHR vector sequencing   

GHR vector F 5’-GGTTACTCATCATCATATTCGG 

GHR vector F1 5’-ATACTCAATGCGACTGCC 

GHR vector F2 5’-GCCATACCACATTTGTAGAGG 

GHR vector F3 5’-ATTGTAGAGGCTTCCAGAGG 

GHR vector F4 5’-GCCACCTCTGACTTGAGC 

GHR vector F5 5’-GTGGGTTACATCGAACTGG 

GHR vector R1 5’-ACCTCCTCTAATTTTCCTTCC 

GHR vector R2 5’-CTTGAGGAGATCTGGATCG 

GHR XbaI primers amplified target sequence of interest for the splicing assay and incorporated XbaI restriction enzyme target sites (highlighted 
in bold); ET primers amplified regions of interest in the MoBiTec-Exontrap cloning vector pET01 to confirm splicing products; pcDNA1 and 6Ω 
pseudoexon primers amplified the 3 target regions for Gibson assembly of 6Ω pseudoexon GHR vector; GHR cDNA primers amplified regions of 
interest in fibroblast cDNA from kindred 2 and a healthy control.  
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Appendix 6. Awards arising from this work  

June 2021 2nd best oral case presentation National award at the BES National Clinical 
Cases 2021 meeting for my presentation ‘A rare heterozygous IGF1 variant 

causing postnatal growth failure and offering novel insights into IGF-1 
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