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ABSTRACT 

 

In rare diseases, parallel studies of consanguineous and non-consanguineous populations 

facilitate elucidating not only genetic origin of individual conditions, but also their 

pathophysiology and disease mechanisms. The aim of the dissertation is to compare findings 

in three pediatric endocrine conditions – congenital hyperinsulinism, monogenic diabetes, 

and short stature – conducted in a unique cohort of children from a highly consanguineous 

region of Sulaimani, Kurdistan, Iraq (consanguinity rate 44%) with a non-consanguineous 

cohort from Prague, Czech Republic. With informed consent, DNA of all probands were 

primarily analyzed by NGS methods followed by variant selection and verification by a 

bioinformatic pipeline. In consanguineous individuals, the genetic cause of congenital 

hyperinsulinism was elucidated in 100%, monogenic diabetes in 74% and short stature in 

65% of patients. Homozygous variants were the most prevalent, with the spectrum of 

causative genes and thus disease mechanisms differing considerably from non-

consanguineous individuals. In studies of non-consanguineous patients with growth 

hormone deficiency and those born small for gestational age, the rate of positive findings 

were 29% and 42% respectively with largely prevailing monoallelic (dominant) genetic 

conditions. In addition, this research produced the first ever papers describing large cohorts 

of children from consanguineous populations with diabetes and short stature. A statistical 

significance of consanguinity and the occurrence of syndromic diabetes was described. This 

research highlights the fundamental contribution of studies in consanguineous families to 

novel insights into disease origin and mechanisms. 
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1. Introduction 
 

Five percent of all live births have genetic disorders recognizable until 25 years of age 

(Baird, 1988). These genetic disorders and their mechanisms of disease are being 

increasingly elucidated in the human population; this is partly impacted by the progress of 

genetic analysis methods in the recent past. Even so, the most paediatric endocrine 

conditions are classified as “rare disorders” with a prevalence lower than 1 in 2000 live-born 

children (Danese et al, 2018). Nevertheless, due to their total count (several hundreds of 

different conditions) and their serious impact on a child`s growth, development, metabolism, 

water-and-electrolyte balance, and general well-being, they represent a substantial part of 

paediatric morbidity and mortality. 

 

Despite being widely described in literature, the precise pathophysiological, genetic and 

molecular mechanisms of many paediatric endocrine conditions including congenital 

hyperinsulinism, monogenic diabetes and short stature are still being elucidated. With 

increasing advancements in genetic testing technology and the development of tools such as 

next generation sequencing (NGS), elucidation of the aetiology of complex disorders is more 

accessible now than ever before. Therefore, genetic testing is becoming an increasingly more 

common part of a comprehensive diagnostic workup.  

 

The decision on carrying out genetic examination is not only based on potential therapeutic 

benefit for the patient and their family, but on the feasibility, availability, cost-effectiveness 

as well (Eggermann et al, 2020).  The latter is highly influenced by the country or region. 

Prior to the indication of genetic testing, comprehensive medical history should be obtained; 

this should include the patients’ clinical data, laboratory tests, and family data including the 

presence of consanguinity in the family.  

 

The knowledge on the genetic cause of disease allows precise and individualized clinical 

management, faster diagnosis without the need of invasive diagnostic tests in some cases, 

prediction of long-term outcome and genetic counselling in the family. Even though many 

gene variants causing short stature, monogenic diabetes and short stature have already been 

described, positive genetic findings in every additional patient continue to contribute in a 

significant way toward elucidating the specific pathophysiological mechanisms of disease 

in complex phenotypes and clarifying genotype – phenotype relationships. Consanguineous 
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families have especially played a role in the discovery of novel genes (publication in 7.1). 

Thus, genetics trigger novel advancements in understanding physiological principles and 

mechanisms.  

 

This dissertation embarks on a journey to explore novel insights into the pathophysiology of 

these conditions, drawing lessons from both consanguineous and non-consanguineous 

families. It will feature seven articles published in impacted journals and one manuscript 

ready for submission. By examining these two distinct population types, this project aimed 

to contribute to our understanding of the pathophysiology of complex paediatric endocrine 

conditions, shed light on diverse genetic determinants and potential shared mechanisms that 

underlie growth disorders, monogenic diabetes and congenital hyperinsulinism, with the 

ultimate goal of advancing diagnostic and therapeutic strategies for affected individuals. 

 

1.1 Consanguinity 

 

“Consanguinity”, otherwise called “inbreeding” in population genetics refers to non-random 

mating where humans mate with others who are more genetically similar, rather than mating 

at random in the population. Consanguineous matings are linked to demographic, cultural 

and religious practises, which served many purposes from ancient times. They are more 

common in some areas around the world than others, especially in Asia, Africa and the 

Middle-East (Bittles, 2001). Currently, despite increased awareness on the possible health 

consequences for children of consanguineous families, it has been estimated that over 20% 

of the world population live in communities having a preference to such marriages, and that 

over 8.5% of all children worldwide have consanguineous parents (Shawky et al, 2013). 

 

In a large genetic study done in Egypt, recessive disorders were found mainly among 

families with consanguinity (78.8%). Consanguinity was present in 100% of cases of mental 

retardation and in 92.6% of patients with limb anomalies. Child deaths and stillbirths were 

more prevalent among children from consanguineous parents when compared to non-

consanguineous families as well (Shawky et al, 2013). The higher frequency of recessive 

genetic conditions in descendants of consanguineous parents than those of unrelated parents 

can be attributed to the increased frequency of homozygous genotypes in children from such 

marriages allows less common alleles to manifest as homozygous. For instance, first cousins 

are predicted to share 12.5% (1/8) of their genes. Therefore, their progeny will be 
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homozygous at 6.25% (1/16) of gene loci. This means that they will have identical gene 

copies from each parent at these sites in their genome, called “runs of homozygosity” 

(Bennett et al, 2002). This shows how consanguinity represents a substantial genetic burden 

for offspring.  

  

DNA analysis can help calculate the frequency of carriers of pathogenic autosomal recessive 

variants (for certain disorders in specific populations). This frequency can be estimated by 

the Hardy–Weinberg equation as well. This equation is p2 + 2pq+ q2, where p2 is normal 

allele frequency (AA), 2pq is the frequency of carriers (Aa) and q2 is the frequency of 

affected individuals (aa). However, consanguinity means that there is non-random mating, 

which contradicts the main assumption of the Hardy–Weinberg equilibrium (Antonarakis, 

2019). If a variant with a heterozygosity frequency of 1 in 100 is considered, there is a 1 in 

10,000 chance that both unrelated spouses are carriers (1/100 x 1/100 = 1/10000 ). However, 

if they are first cousins, the chance of both being carriers of this pathogenic variant is 12.5 

times higher, thereby the chance is 1 in 800 (1/100 x 1/8= 1/800). In families with multiple 

consanguinity, this risk would be even higher (Antonarakis, 2019). 

 

Due to the high homozygosity in the genome, consanguineous families provide the best 

chances for novel gene discovery when a monogenic condition is suspected, even in rare and 

complex disorders. In the conditions that are the focus of this dissertation, many novel genes 

have been described for the first time thanks to consanguinity. The discovery of each new 

gene came with new pathophysiological insights helping us to understand the condition 

further (publication in 7.1).  

 

In contrast, the study of non-consanguineous families allows for the exploration of genetic 

heterogeneity and specific environmental influences in studied conditions.  

 

1.2 Next Generation Sequencing (NGS): Targeted panels (t-NGS), Whole Exome 

Sequencing (WES) and Whole Genome Sequencing (WGS) 

 

Within the past decade, NGS has become a golden standard when genetically examining 

patients with complex phenotypes. However, a vital factor is the selection of the library to 

be adopted. The library refers to the extent of the human genome, which is examined, some 
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types of libraries are custom targeted panels (t-NGS), Whole Exome Sequencing (WES) or 

Whole Exome Sequencing (WGS). 

 

WGS looks at the entire genome and makes it possible to analyse all possible mutation types 

– single nucleotide variants (SNVs), insertions or deletions (indels), structural variants and 

copy number variants (CNVs). WES is focused on the detection of SNVs and indels in the 

1% protein-coding region in the human genome (Persani et al, 2018). T-NGS is a suitable, 

affordable tool to analyse patients with a specific diagnosis, which is caused by a group of 

known genes, at a greater quantity if a suitable gene panel has been created and tested. Due 

to the smaller tested region and thereby, lower number of possible variants, WES and target 

NGS remain more cost-effective and easier to interpret at the current level of knowledge.  

 

The data obtained by these NGS methods need to be analysed by a process called a 

bioinformatic pipeline. This pipeline encompasses steps such as sequence generation, 

sequence alignment, variant calling, variant filtering and variant annotation (Roy, 2018). 

Technical advancements of the Internet have facilitated the storage and rapid exchange of 

this data, allowing more efficient analysis, consulting of variants and international 

collaboration. Other developments as the complete sequencing of the human genome was 

followed by the creation of expansive databases such as the 1000 genome project, and the 

ExAc and GnomAD databases. These databases contain WES and WGS data from thousands 

of patients, therefore helping in the “variant filtering” process or analysis of possibly 

causative variants. 

 

In-silico analysis tools and prediction programs of variant analysis such as MutationTaster, 

SIFT and Polyphen-2 are useful in variant filtering and annotation as well, however, it is 

recommended to use many for the sake of comparison (Roy, 2018). Many online databases 

such as those containing information on genes and their functions (OMIM), modes of 

transmission of disorders and their clinical features are available as well. Newly developed 

bioinformatic analysis software are capable of gathering all of the above mentioned 

information about a single variant, and give an overview to the viewer to enable faster 

filtering and annotation of variants. The gold standard in variant classification are the 

American College of Medical Genetics and Genomics (ACMG) guidelines which aids the 



  

11 

 

 

classification of possible variants in a range from benign to pathogenic (Richards et al, 

2015). 

 

Sanger sequencing is then used to analysis the segregation of variants in the family, thereby 

differentiating between autosomal recessive, dominant and de-novo variants (Sanger, 1977). 

Sanger sequencing can be used in the candidate gene approach as well, using Polymerase 

Chain Reaction (PCR) analysis of a few specific genes known to cause the condition.  

2. Congenital hyperinsulinism (CHI) 
 

CHI is a heterogeneous genetic condition caused by a primary genetic defect of the 

pancreatic β-cell resulting in uncontrolled insulin secretion. The incidence of CHI has been 

estimated to be around 1 in 2500 in communities with a higher rate of consanguinity, this is 

significantly higher than the 1 in 50,000 incidence in non-consanguineous populations 

(Matthew, 1988). Similar to some other conditions, it has been clearly shown that not only 

the incidence and genetic causes of CHI, but also the mode of inheritance differs between 

high- and low-consanguineous areas, with recessive (biallelic) transmission prevailing in 

high-consanguineous, and monoallelic (dominant / uniparental isodisomy) transmission 

prevailing in low-consanguineous areas (publication in 7.2). The mode of inheritance may 

directly impact the disease severity (diffuse versus focal lesions) as well, with biallelic or 

recessive mutations commonly causing diffuse CHI (Snider et al, 2013). 
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Fig.1. Functional components of pancreatic β-cell as the basis for understanding the 

molecular (patho)-physiology of congenital hyperinsulinism 

The process begins with the uptake of glucose, which is phosphorylated to glucose-6-

phosphate (G6P). Elevated G6P levels lead to increased ATP production, closing KATP 

channels. This closure results in membrane depolarization, activating voltage-gated Ca2+ 

channels. The influx of calcium triggers insulin release. Mutations in any one of these 

parameters could cause CHI. 

 

The pancreatic β-cell is one of the most sophisticated cells in the human body – because each 

beta-cell works independently with no upstream regulation. It has the capability to detect the 

current blood glucose level, to produce and store insulin in large amounts, and to release 

insulin to the bloodstream to maintain, or to achieve, blood glucose levels within the normal 

range, without the risk of hypoglycaemia (Shah et al, 2017). The pathophysiology of CHI is 

based around genetic defects of β-cell function in a vast majority of cases, with a limited 

number of genes involved. At this time, pathogenic variants causing CHI have been found 

in over 15 genes but the most common genes are ABCC8 and KCNJ11, each encoding the 

SUR1 and Kir6.2 proteins of the ATP-sensitive K+ (KATP) channel in the pancreatic β-cell 
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respectively (Fig.1). This channel plays a pivotal role in the regulation of insulin secretion. 

Loss of KATP channel activity due to such gene variants lead to persistent membrane 

depolarization and continuous insulin release, regardless of the glucose level, thereby 

causing hyperinsulinism (Shah et al, 2017). In addition, some genetic syndromes such as 

Beckwith-Wiedemann, Kabuki and Turner syndromes are associated with hyperinsulinism 

as well (Stanley, 2016).  

 

Candidate gene methods (using Sanger sequencing) can be applied in a majority of cases as 

85% of all cases of CHI in non-consanguineous populations are due to pathogenic variants 

of either ABCC8, KCNJ11 or HNF1A, a hepatocyte nuclear transcription factor (Rozenkova 

et al, 2015). In addition, a t-NGS or WES can be used in patients who are negative for initial 

testing or patients coming from consanguineous areas where the most common genes are not 

clearly mapped out.  

 

Diazoxide treatment represents the first-line option in children with focal types of CHI 

(Aynsley-Green et al, 2000). Based on histological form of CHI and non-responsiveness to 

pharmacological treatment, partial, subtotal, or near-total pancreatectomy might be 

necessary (Cretolle et al, 2002). In certain areas of the world, there is still a high risk of 

sudden death at neonatal age, epilepsy, and severe psychomotor delay due to repeated 

unrecognized hypoglycemia. However, in more developed countries in the Western world, 

tailored treatment of patients with genetically confirmed CHI has tremendously improved 

their perspective and these children have normal development and quality of life. Genetic 

testing in children with CHI is therefore crucial for confirming diagnosis and tailoring 

therapy; it may play an important role in genetic counselling, or to explain fatal outcomes in 

previous offspring as well (publication in 7.2). 

3. Diabetes Mellitus (DM) 
  

DM is a complex condition that is caused by an absolute or relative insulin deficiency, with 

or without insulin resistance, which results in hyperglycemia (Patterson C, et al, 2017). Type 

1 diabetes mellitus (T1DM) is the most common form of paediatric diabetes worldwide, 

even in among consanguineous families (publication in 7.3). T1DM is a polygenic disease 

which is heritable (30–70% identical twin concordance and a 1–9% risk in children with a 
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diabetic parent) but has a significant environmental component as well (candidate factors 

being viral infections, diet in the first few months of life, vitamin D levels, and gut 

microbiota) (Pociot, 2016). Two HLA haplotypes have been discovered which are linked to 

antigen presentation and 50% disease heritability (Pociot, 2016). There are other haplotypes 

which reduce the risk of T1DM but the mechanisms in which these haplotypes function is 

currently unknown. Previous studies have shown that the prevalence of T1DM is not 

influenced by consanguinity, however there is a higher risk of its development if there is a 

history of diabetes in first-cousin parents (Albishi et al, 2022).  The other types of diabetes 

are much less common in children, these types include type 2 diabetes mellitus (T2DM) and 

monogenic diabetes (Pacaud et al, 2016).  

 

3.1 Monogenic diabetes 

 

 

Monogenic diabetes can be divided into 4 partially overlapping subtypes, which are neonatal 

diabetes mellitus (NDM), syndromic diabetes, autoimmune monogenic diabetes and 

Maturity Onset Diabetes of the Young (MODY). The genetic causes of monogenic diabetes 

are mostly based on pathophysiological pathways in and around the pancreatic β-cell, or 

rarely on impaired insulin action (Fig. 2). The prevalence of monogenic diabetes in the UK 

paediatric population (low rate of consanguinity) was found to be 2.5% in a cohort of 808 

children with diabetes with a positive urinary C-peptide creatinine ratio (UCPCR) and 

negative islet cell-antibodies (GAD and IA-2) (Shepherd et al, 2016). A similar study carried 

out in Turkey showed a prevalence of 6% but the incidence in other countries where 

consanguinity is prevalent is not known (Haliloğlu, 2018). However, the genetic aetiology 

of monogenic diabetes has been shown to significantly differ between areas of low and high 

rates of consanguinity (publication in 7.3).  

 

3.1.1. Neonatal diabetes mellitus (NDM) 

NDM, which is diabetes with onset within the first 6 months of age, is clearly defined by the 

age, whereas other subtypes of monogenic diabetes may remain underdiagnosed or 

misdiagnosed due to unspecific phenotypic features, especially in resource-limited countries 

where testing of pancreatic autoantibodies is rarely done. The most common cause of NDM 

represents activating variants in the genes ABCC8 and KCNJ11 encoding ATP-sensitive 

potassium channel at the membrane of the pancreatic β-cells.  
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In a study showing the different structure of genetic causes of permanent neonatal diabetes 

mellitus (PNDM) in consanguineous and non-consanguineous populations, it was shown 

that in consanguineous regions, the most common gene causing neonatal diabetes was 

EIF2AK3 causing Wolcott-Rallison syndromes and genes KCNJ11 and ABCC8 accounted 

only for 12% of cases, whereas in the non-consanguineous areas – these genes prevailed 

(46%) (De Franco et al, 2015).  

  

3.1.2. Syndromic diabetes  

Syndromic diabetes is typically characterized by the negativity of beta-cell autoantibodies 

and additional non-diabetic (usually extra-pancreatic) phenotypic features. Consanguinity 

shows statistically significant association with syndromic diabetes (publication in 7.3). It is 

rarer in non-consanguineous populations as it is commonly caused by recessive variants.  

 

Therefore, many forms of syndromic diabetes have been discovered thanks to research and 

genetic testing done on consanguineous families or in populations with prevalent 

consanguinity. Such was the observance of children with diabetes mellitus, diabetes 

insipidus and optic atrophy in consanguineous families with healthy parents and other 

healthy siblings, suggesting a condition with autosomal recessive inheritance (Fraser, 1977). 

This syndrome was named Wolfram syndrome (or DIDMOAD) caused by homozygous 

pathogenic variants and the causative gene was later mapped to the WFS1 gene that encodes 

protein wolframin (Strom et al, 1998). In non-consanguineous pedigrees, syndromic diabetes 

can have different (more rare) disease mechanism – e.g. maternally inherited mitochondrial 

diabetes presenting with sensorineural hearing loss or myopathy, encephalopathy, lactic 

acidosis and stroke (Goto et al, 1990). The early diagnosis of syndromic forms of diabetes 

is crucial because of accurate management of possible comorbidities that might be present 

or further develop in time and assessment of correct treatment. For example, patients with 

mitochondrial diabetes should avoid metformin interfering with mitochondrial functions. 
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Fig. 2. Overview of pathways essential for the molecular (patho)-physiology of 

monogenic diabetes 

The figure shows the stages of pancreatic development including pancreatic endocrine 

differenciation and intricate functioning of the β-cell. The β-cell has close relations with all 

cells in the body (via insulin) with regard the glucose uptake and storage. In addition, this 

entire axis can be disrupted by mechanisms of autoimmune mediated destruction as shown 

above. Monogenic diabetes can result from variants in genes of all stages of the pancreatic 

beta-cell development and function, insulin action, and genes affecting immune tolerance as 

well, leading to autoimmune mediated destruction of β-cells. 

 

3.1.3. Autoimmune monogenic diabetes  

Autoimmune monogenic diabetes represents an overlap between classical T1DM and 

syndromic monogenic diabetes which typically manifests at an early age. Two monogenic 

syndromes of polyglandular autoimmunity that may include monogenic autoimmune 

diabetes as one of disease components were described over 20 years ago: autoimmune 

polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) syndrome caused by 

variants in the AIRE gene and the X-linked syndrome of immune polyendocrinology on the 

X-chromosome (IPEX) caused by variants in the FOXP3 gene (Nagamine et al, 1997, 

Bennett, 2001). These are rare diseases but for example, APECED syndrome with an overall 

incidence of about 1:100,000 has been detected at higher rates among certain populations 
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such as the Finnish (1:25000), Sardinian (1:14000) and Iranian Jewish (1:6500 - 1:9000) as 

a result of founder mutations (Björses et al, 1996, Zlotogora, 1992). The comparatively 

higher frequency among the Iranian Jewish population can be attributed to prevalent 

consanguinity in this population.  

 

3.1.4. Maturity Onset Diabetes of the Young (MODY) 

MODY can be defined as non-insulin-dependent diabetes presenting at childhood or early 

adulthood caused by heterozygous variants in the genes related to pancreatic beta cell 

development or function. It represents the most common subtype of monogenic diabetes in 

non-consanguineous populations. Pathogenic variants in three genes (GCK, HNF1A, 

HNF4A) accounts for more than 80% of cases (Dusatkova et al, 2022). Persistent mild 

hyperglycemia, caused by loss of function variants in the GCK gene, does not require 

treatment outside pregnancy (Stride, 2014). Patients having causal variants in the genes 

HNF1A and HNF4A are more sensitive to low-dose sulfonylurea treatment compared to 

insulin, even more sensitive than patients with Type-2 diabetes (Dusatkova et al, 2022). 

Timely diagnosis of these conditions are important to provide adequate treatment. 

4. Short stature 
 

Statuary growth in humans is regulated by genetic and environmental factors. Genetic factors 

determine ~80% of individual adult height whereas environmental factors are responsible 

for the additional ~20% (Silventoinen et al, 2003). Environmental factors influencing height 

include nutrition, general health and well-being, and may reflect social-economic status of 

the family, of the community and of the whole society, respectively. Since genetic factors 

play such a key role, this is an area of extensive research interest especially over the last 

decade. 

 

Short stature is a commonly investigated condition in paediatric endocrine clinics (Fig.3). It 

is clinically defined as height <-2 standard deviations (SD) for the mean height of given age, 

sex and population (Jee et al, 2017, Fig.3). It can be caused by a variety of factors such as 

genetic variants, endocrine diseases, chronic non-endocrine conditions (e.g. renal disease) 

and nutritional deficiencies (Baron, 2015). 
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Fig. 3. Gaussian Curve of Height Distribution 

 

Recent strides in the understanding of the regulation of human growth highlight that a few 

major pathways regulate longitudinal bone growth. Namely, the GH-IGF-1 axis, the intricate 

regulation of the growth plate involving the paracrine and autocrine regulation of 

chondrocytes and the extracellular cartilaginous matrix, as well as fundamental intracellular 

processes such as signal transduction, DNA expression, transcription, replication, and repair 

in all body cells (Dauber, 2014). Short stature can arise from any disturbance or malfunction 

within these critical components (Fig.4). 

 

Short stature can manifest as the primary and sole phenotype, referred to as isolated or 'non-

syndromic' short stature. Alternatively, it may present alongside various clinical 

abnormalities such as craniofacial dysmorphism, skeletal disproportionality, overt skeletal 

dysplasia, developmental delay, and/or internal organ anomalies, categorizing it as 

'syndromic' short stature. Noteworthy examples of well-known causes of syndromic short 

stature include conditions like Noonan, Turner, and Prader-Willi syndromes. 
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Fig.4. Novel Model of Growth Regulation (Diagram partially adapted from Baron, 

2015) 

 GH is secreted by the pituitary gland, which stimulates the liver to produce IGF-1. This, in 

turn, promotes the growth and development of various tissues, particularly in the growth 

plates of long bones, by influencing cell division, proliferation, and differentiation. 

Chondrocytes in the growth plate play a vital role in longitudinal bone growth, secreting an 

extracellular matrix rich in collagens and proteoglycans, regulated by many factors as 

shown in the figure 

 

1.1.GH-IGF-1 axis 

 

The GH-IGF-1 axis plays a pivotal role in regulating human growth. GH is secreted by the 

pituitary gland and stimulates the liver to produce IGF-1. IGF-1, in turn, promotes the growth 

and development of various tissues and organs by stimulating cell division, proliferation, 

and differentiation, particularly in the growth plates of long bones. This intricate hormonal 

cascade is crucial for the normal growth and development of individuals.  

 

The development of the pituitary gland occurs in parallel with the development of the 

midbrain and facial structures through the interplay of a network of transcription factors 

(Dauber, 2014). Disturbances in these transcription factors lead to impaired pituitary 

morphogenesis and/or function. Deficiency of growth hormone is usually associated with a 
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deficiency of other pituitary hormones (combined pituitary hormone deficiency, or overt 

panhypopituitarism in some cases) and disorders of midline structures (e.g. hypotelorism, 

cyclopia, cleft palate, thinning of the corpus callosum or ectopic neurohypophysis) (Mullis, 

2007). 

 

During differentiation of the anterior lobe of the pituitary gland, five cell lineages gradually 

develop cells that subsequently produce growth hormone, thyroid stimulating hormone 

(TSH), adrenocorticotropic hormone (ACTH), gonadotropins (FSH and LH) and prolactin. 

Pituitary differentiation disorders are characterised by a combined deficiency of hormones 

pituitary gland without the presence of associated midline structure anomalies (Mullis, 

2007). The most common genetic cause of this condition in Western Europe are variants in 

gene POU1F1, previously known as PIT1. In 1992, two sisters from a consanguineous 

family with cretinism were reported as the first documented cases of this genetic defect 

(publication in 7.1). Their condition encompassed deficiencies in TSH, GH, and prolactin. 

This breakthrough marked the first instance of a transcript activator defect causing 

deficiencies in multiple target genes. Interestingly, in Eastern Europe, the most prevalent 

cause of impaired differentiation of pituitary cell lines are PROP1 (prophet of PIT1) gene 

defects, due to founder effect (Dusatkova et al, 2015). 

 

Isolated growth hormone deficiency (IGHD) is a distinct condition with an incidence ranging 

from 1 in 4,000 to 1 in 10,000 live births. Children affected by IGHD typically exhibit 

proportionate short stature, characterized by reduced growth velocity, low IGF-1 levels, and 

an inadequate response during GH provocative tests (Phillips, 1981). The primary genes 

associated with IGHD are the growth hormone gene (GH1) and the growth hormone 

releasing hormone receptor (GHRHR). Interestingly, there have been no reported cases of 

GH deficiency resulting from mutations in the gene encoding growth hormone-releasing 

hormone (GHRH) itself, emphasizing the multifaceted genetic factors influencing this 

endocrine disorder (publication in 7.1). 

 

GHD is diagnosed by a combination of auxological, biochemical and radiological data. 

Children with clinically suspected GHD will undergo targeted testing to assess GH secretion. 

GH is secreted from the anterior lobe of the pituitary gland in a pulsatile manner. Therefore, 

a random GH value cannot therefore be used to diagnose GHD (Murray, 2016). Instead IGF-
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1, whose serum concentrations are significantly more stable compared to GH, are used. 

Serum IGF-1 concentrations <-2 SD compared to the mean for age and sex strongly support 

the diagnosis of GHD (Growth Hormone Research Society 2000). Thereafter, a GH 

stimulation test is carried out. This is the gold standard for the diagnosis of GHD. These tests 

are based on the administration of a substance that causes marked stimulation of GH 

secretion in the pituitary gland. Thus, the maximum capacity of GH secretion is assessed 

(maximum stimulated GH concentration <10 ug/l in two different tests is diagnostic for 

GHD). 

 

The development of our understanding of the GH-IGF1 axis and its genetic underpinnings 

dates back to 1966, when Dr. Laron observed a distinctive disorder characterized by severe 

growth retardation, obesity, and small genitalia in three siblings from a consanguineous 

Jewish family (Laron et al, 1966). This condition was subsequently named Laron syndrome 

causing GH resistance (inability of GH to bind to its respective receptor). Tthe causative 

gene, the growth hormone receptor gene (GHR), was discovered through gene linkage 

methods in two consanguineous families hailing from the Mediterranean region 

(publication in 7.1). 

 

Impaired IGF-1 production caused by biallelic mutations in the IGF-1 gene is another known 

cause of short stature. Because IGF-1 secretion during intrauterine development is 

independent to the action of GH, children with primary GHD or growth hormone resistance 

have normal birth parameters and their growth disorder typically begins postnatally. In 

extremely rare cases of primary impairment of IGF-1 production due to IGF1 gene defects, 

affected children are born small for gestational age (SGA). IGF-1 also plays an essential role 

in the development of the central nervous system: therefore, these children have 

microcephaly, psychomotor retardation and hearing impairment as well (Dauber et al. 2014). 

 

Variants in the gene coding for the IGF-1 receptor (IGF1R) also lead to milder growth 

impairment, which is distinguished from the previous disorder by high serum IGF-1 

concentrations (Baron et al, 2015). 
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1.2. Extracellular matrix cartilage protein defects 

 

Chondrocytes in the growth plate secrete an extracellular matrix rich in collagens and 

proteoglycans. This is important for the structure and function of the growth plate. Therefore, 

the ACAN gene, which encodes the protein fraction of the aggrecan proteoglycan, is one of 

the genes that cause growth disruption. Other causes of short stature with impaired 

extracellular matrix structure include collagen regulating genes such as COL1A2, COL2A1, 

COL11A1, fibrillin genes such as FBN1 and matrilin genes such as MATN3 (Jee at al, 2017). 

These gene mutations always cause milder forms of short stature in heterozygous form (seen 

in non-consanguineous families) and more severe forms in homozygous / recessive form 

(seen in consanguineous families. Consanguineous families have helped extend the disease 

phenotype and genotype-phenotype relationship such as in the case gene MATN3 where a 

novel form of autosomal recessive spondylo-epi-metaphyseal dysplasia was described in a 

large consanguineous family with 5 affected individuals (Borochowitz et al, 2004). 

 

1.3.Disorders of paracrine regulation 

 

Paracrine factors in the growth place coordinate changes in chondrocyte morphology, 

proliferation, differentiation and matrix assembly. Fibroblast growth factors (FGFs) play an 

important role in paracrine regulation (Jee et al, 2017). Pathogenic variants in the FGFR3 

gene affect bone growth and lead to a wide range of phenotypes – from hypochondroplasia 

to achondroplasia to the most severe form, thanatophoric dysplasia, a perinatally lethal form 

of skeletal dysplasia. Another important paracrine regulator is type C natriuretic peptide 

(CNP), which binds to the NPR2 receptor. Homozygous inactivating mutations in the NPR2 

gene cause severe acromesomelic Maroteaux dysplasia whereas heterozygous inactivating 

mutations cause milder forms of isolated short stature (Bartels et al, 2004).  

 

1.4.Defects in intracellular pathways 

 

Defects in intracellular signalling cause a wide heterogenic spectrum of growth failure 

disorders. Among them are “RASopathies” which include Coffin-Lowry syndrome, Noonan 

syndrome, Costello syndrome, LEOPARD syndrome, and others. RASopathies are caused 

by defects in the Ras / MAPK signalling cascade which plays a role in information transfer 
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between the growth factor membrane receptor and the cell nucleus (Lebl, et al, 2020). In the 

cell nucleus, it regulates the transcription of several genes responsible for cell proliferation, 

migration, differentiation and apoptosis. Abnormal activation of this cascade leads to the 

above-mentioned syndromes (Lebl, et al, 2020). Genes such as PTPN11, KRAS, SOS1, 

BRAF and others have been published as causing RASopathies and in 60% cases the 

inheritance is de novo heterozygous (Jee et al, 2017). 

 

Mutations in transcriptional factor genes which are involved in transcription repression can 

cause short stature as well. Short stature homeobox-containing gene (SHOX) mutations 

influence a transcription factor important for growth plate chondrocyte function. These 

mutations cause severe skeletal dysplasia in homozygous form, these patients 

characteristically have severe short stature, mesomelia and the Madelung deformity, whereas 

heterozygous mutations cause a milder form of skeletal dysplasia or with idiopathic short 

stature (Shears, et al, 1998).  

 

1.5.DNA repair defects 

 

Impairment of DNA repair can result in forms of very severe short stature such as primordial 

dwarfism. One example is the gene PCNT which encodes pericentrin, a centrosomal protein. 

This gene was discovered as causing microcephalic osteodysplastic primordial dwarfism 

type II (MOPD II) in 2008 by linkage analysis studies in 3 consanguineous families (Rauch 

et al, 2008). This is a very rare autosomal recessive disorder which causes patients to have a 

birth weight typically less than 1500 g at term and an adult height of less than 100 cm.  
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5. Hypotheses and aims of the dissertation project 
 

5.1. Project Hypothesis 

 

In children from consanguineous families with apparent phenotypes, it may be possible to 

find novel variants of known causative genes, or even novel genes (due to a higher risk of 

recessive mutations), thereby elucidating novel mechanisms and pathophysiological 

pathways causing endocrine conditions in children. In addition, the spectrum of causative 

genes will be varied when comparing consanguineous and non-consanguineous populations.  

 

5.2. Research aims and objectives 

 

1) Use NGS methods to identify the genetic causes of short stature, monogenic diabetes 

and congenital hyperinsulinism in children from a highly consanguineous region  

2)  Use NGS methods to identify the genetic causes of short stature in offspring of non-

consanguineous families from a region with a low rate of consanguinity  

3)  Compare causative genes among consanguineous and non-consanguineous 

populations 

4) Shed light on pathophysiological mechanisms of growth retardation, monogenic 

diabetes and congenital hyperinsulinism 

5)  Analyse paediatric diabetes subtypes in a selected consanguineous population and 

evaluate the effect of consanguinity on the prevalence of specific diabetes subtypes 

6) Potentially discover novel gene(s) associated with studied diseases by NGS methods 

7) Help elucidate phenotypic features with the aim of contributing to human phenotype 

ontology that would help identify patients with similar conditions  

8) Improve diagnosis and treatment of paediatric patients with endocrine conditions 
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6. Methods 
 

6.1. Data collection including cohort selection (see 7.2 – 7.8 for further information) 

 

Patients in the primary consanguineous cohort were selected from the endocrine clinic at the 

Dr. Jamal Ahmad Rashed hospital, Sulaimani in Kurdistan, Iraq. The region has a 

consanguinity rate of 44%. The patients from the other cohort came from a non-

consanguineous region and were seen at the Paediatric Clinic, 2nd Faculty of Medicine, 

Charles University in Prague. 

 

6.1.1. Congenital hyperinsulinism 

We examined three children with CHI who were diagnosed on the 6th day, 3rd week and 

3rd year of life respectively with recurrent hypoglycaemia often combined with convulsions 

and unconsciousness. There was a notable history of unexplained neonatal deaths in siblings 

within two of these families.  

 

6.1.2. Monogenic diabetes 

Data from 754 patients registered at the diabetic clinic, Dr. Jamal Ahmad Rashed hospital, 

Sulaimani, Kurdistan, Iraq were obtained. Consanguineous and non-consanguineous 

patients with neonatal diabetes and syndromic diabetes were offered genetic testing. Finally, 

DNA from nineteen children from 17 families (12 with neonatal diabetes and 7 with 

syndromic diabetes, including two sibling pairs) was available for genetic testing with 

informed consent. 

 

6.1.3. Short stature 

6.1.3.1. Consanguineous study (further details can be found in 7.4) 

Out of 1124 children examined with short stature of uncertain aetiology at the endocrine 

clinic, Dr. Jamal Ahmad Rashed hospital in Sulaimani, Kurdistan, Iraq between January 

2018 and February 2020. Sixty-eight children fulfilled our inclusion criteria (offspring of 

consanguineous families with body height for given age and sex ≤ -2.25SD). Thereafter, 51 

probands (30 females) with short stature from consanguineous families were enrolled into 

the study with informed consent.  
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6.1.3.2. Non-consanguineous studies (further details can be found in 7.5, 7.6 and 7.7) 

For this first part of the study, a cohort of children born SGA with persistent short stature 

(SGA-SS) were selected from over 800 children treated with GH at our centre between May 

2008 and December 2018. Extremely preterm children (gestational age <28 weeks) were 

excluded due to missing relevant normative values for their size at birth. After the excluding 

causes of secondary GHD and children with a life-minimum height >−2.5 SD), 256 children 

with SGA-SS (birth weight or length <−2 SD and body height <−2.5 SD after 3 years of life) 

remained for further evaluation. Out of them, 176/256 (69%) families agreed to genetic 

testing to elucidate the genetic background of short stature in SGA. 

 

The second part of the study cohort was selected from a similar pool of children treated with 

GH at our centre until December 2021. Out of these, 70 had primary GHD and vertically 

transmitted short stature defined as height SDS ≤-2 SD in both the child and his/her shorter 

parent. Out of them, 52/70 (74%) families agreed to genetic testing. 

 

6.2. Genetic examination 

 

6.2.1. Whole Exome Sequencing (WES)  

Genomic DNA was extracted from peripheral blood using the QIAmp DNA Blood Mini 

system (Qiagen, Hilden, Germany). DNA was analysed using whole-exome sequencing 

(WES). WES was performed using SureSelect Human All Exon Kit V6 + UTRs (Agilent 

Technologies, Santa Clara, CA), and the indexed products were sequenced by synthesis in 

an Illumina NextSeq 500 analyser (San Diego, CA). Our bioinformatic pipeline is based on 

the Genome Analysis Toolkit version 4.1.9.0 developed by Broad Institute (Van der Auwera, 

2020). First step of the protocol is performed by the Burrows-Wheeler Aligner (Li, 2009) 

with Maximal Exact Match that maps the sequence reads from input FASTQ files to the 

human reference genome to produce a mapping file in SAM/BAM format sorted by 

coordinate. In order to call germline variants, the HaplotypeCaller tool is used (Van der 

Auwera, 2020). Two more tools are integrated into our pipeline: SavvyCNV that detects 

copy number variants using a bin size of 2 kbp (Laver, 2022) and SavvyHomozygosity that 

determines runs of homozygosity/autozygosity in the genome. 
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Detected variants were filtered using software Variant Annotation and Filter Tool. Copy 

number variants subanalysis from raw WES data was done using program Decon (Fowler, 

2022). Prioritized variants were then further evaluated using the American College of 

Medical Genetics and Genomics (ACMG) standards and guidelines implemented in the 

VarSome software as pathogenic (P), likely pathogenic (LP), benign (B), likely benign (LB), 

or as variants of uncertain significance (VUS) (Richards et al, 2015). All the variants with 

potential clinical significance were confirmed using Sanger sequencing. In order to evaluate 

the segregation of genetic variants within families, Sanger sequencing was performed in both 

parents, and healthy/affective siblings (when available) with informed consent.  

 

6.2.2. Additional testing methods – congenital hyperinsulinism 

DNA was analyzed primarily using methods of direct Sanger sequencing by sequencer ABI 

3130xl. The complete coding regions and intron-exon boundaries of genes ABCC8 and 

KCNJ11 were analyzed as two of the most common causes of CHI. All possibly pathogenic 

variants were thereafter evaluated according to the American College of Medical Genetics 

and Genomics standards and guidelines (Richards et al, 2015). 

 

6.2.3. Additional testing methods – monogenic diabetes 

All probands with neonatal diabetes without a detected causal variant using WES underwent 

Sanger sequencing of the PTF1A enhancer region and Multiplex-ligation dependent probe 

amplification (MLPA) in order to detect the aberrant methylation and/or gene dosage of 

chromosomal region 6q22, 6q24, and 11p15 linked to transient neonatal diabetes (ME033, 

MRC Holland, Amsterdam, Netherlands).  

 

6.2.4. Additional testing methods – short stature 

In probands without a detected causal variant using WES, we carried out MLPA (probe 

mixes ME030 and ME032 examining regions of 11p15, 7q32, 7p12 and 14q32, respectively 

and subsequent data analyses by software Coffalyser were performed according to 

manufacturer’s instructions, MRC Holland, Amsterdam, The Netherlands). and arrayCGH 

testing to look for Silver-Russell Syndrome and micro-deletions /micro-duplications 

respectively. 
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6.3. Statistical analysis (further details in 7.3. and 7.4) 

 

Statistical significance, where applicable, was calculated using a chi-square test or Fisher’s 

two-sided exact test.  
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7. Publications with an accompanying discussion  
 

7.1. Amaratunga SA, Tayeb TH, Dusatkova P, Pruhova S, Lebl J. Invaluable Role of 

Consanguinity in Providing Insight into Paediatric Endocrine Conditions: Lessons 

Learnt from Congenital Hyperinsulinism, Monogenic Diabetes, and Short Stature. 

Horm Res Paediatr. 2022;95(1):1-11 

 

This review highlights the pivotal role of consanguineous families in gene discovery and 

advancing our understanding of pathophysiological mechanisms. It traces the historical 

journey of discoveries in paediatric endocrinology, such as the discovery of the first KATP 

channel genes (ABCC8 and KCNJ11) responsible for CHI in the 1990s, to more recent 

breakthroughs like mutations in YIPF5 causing monogenic diabetes by disrupting 

endoplasmic reticulum (ER)-to-Golgi trafficking in beta cells and increasing ER stress. 

 

These positive genetic findings in children from consanguineous backgrounds have been 

instrumental in unravelling novel genes and disease mechanisms, significantly advancing 

our knowledge of disease pathophysiology. The review's central aim is to shed light on the 

insights gained from consanguineous pedigrees through three fundamental endocrine 

conditions, each representing varying levels of pathophysiological complexity: from the 

relatively straightforward CHI to monogenic diabetes, which, despite diverse causes, 

manifests with uniform biochemical parameters (hyperglycemia and glycosuria), up to the 

intricate domain of genetic regulation in human growth, one of the most complex 

developmental phenomena. 
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7.2. Amaratunga SA, Hussein Tayeb T, Rozenkova K, Kucerova P, Pruhova S, Lebl J. 

Congenital Hyperinsulinism Caused by Novel Homozygous KATP Channel Gene 

Variants May Be Linked to Unexplained Neonatal Deaths among Kurdish 

Consanguineous Families. Horm Res Paediatr. 2020;93(1):58-65 

 

In this study, we investigated three unrelated children from consanguineous Kurdish families 

with repeated severe neonatal hypoglycemia resulting from CHI. One child was diagnosed 

very late (at 2.8 years of age). She had only frequent feeds and had severe psychomotor delay 

because of repeated hypoglycaemia from a young age. Two families had experienced 

multiple unexplained neonatal deaths with convulsions. 

 

Genetic analysis using Sanger sequencing revealed the presence of three novel pathogenic 

homozygous variants in the ABCC8 and KCNJ11 genes, confirming that KATP channel gene 

variants were responsible for CHI in these cases. This retrospective diagnosis sheds light on 

the potential cause of their deceased siblings' conditions, emphasizing the importance of 

early CHI diagnosis when encountering neonates with unexplained seizures or recurrent 

hypoglycaemia. Prompt genetic testing can save the lives of affected neonates, and improve 

overall outcomes and quality of life, particularly in regions with higher rates of 

consanguinity. 
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7.3. Amaratunga SA, Hussein Tayeb T, Muhamad Sediq RN, Hama Salih FK, Dusatkova 

P, Wakeling MN, De Franco E, Pruhova S, Lebl J. Paediatric diabetes subtypes in a 

consanguineous population: a single-centre cohort study from Kurdistan, Iraq. 

Diabetologia (2023) 

 

The primary objectives of this single-centre study were to identify paediatric diabetes 

subtypes in a highly consanguineous region, assess consanguinity prevalence, and delve into 

the genetic basis of syndromic and neonatal diabetes cases. This is a unique study with the 

tested centre being the sole clinic responsible for paediatric diabetes care in the entire region 

of Sulaimani in Kurdistan, Iraq (population 2.33 million people, 256,000 children under 5 

years of age). 

 

To accomplish these objectives, data was collected on all registered patients (754 individuals 

aged up to 16 years). The majority of patients had clinically defined type 1 diabetes (Fig.5). 

We found that consanguinity was statistically associated with syndromic diabetes, unlike 

other diabetes subtypes. The genetic etiology was successfully determined in 83% of 

participants with neonatal diabetes, and 57% with syndromic diabetes. Notably, one 

participant initially diagnosed with syndromic diabetes was subsequently found to have 

mucolipidosis gamma and potentially concurrent type 2 diabetes. These findings underline 

the complexity of diagnosing syndromic diabetes in consanguineous communities, 

suggesting the potential need for revised diagnostic criteria that consider additional 

phenotypic features, such as short stature and hepatosplenomegaly. In addition, identified 

causative genes differed significantly from those in non-consanguineous populations.  

 

Fig. 5. Distribution of 

pediatric diabetes 

subtypes and genetic 

etiology of syndromic 

and neonatal diabetes in 

a single center in an area 

with high level of 

consanguinity 
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7.4. Amaratunga SA, et al. High yield of monogenic short stature among children from 

consanguineous families: a genetic testing algorithm based on a cohort from 

Kurdistan, Iraq (manuscript prepared for submission) 

 

This research aims to contribute to the evolving field of short stature by focusing on a unique 

cohort of children coming from consanguineous families in Sulaimani, Iraq. A research of 

this nature in a high consanguineous population has not been previously carried out. 

 

A total of 51 children with short stature of unknown etiology were included in the study. 

There was a very high rate of positive findings with 65% of the probands having a pathogenic 

cause of short stature, with genetic variants spanning an array of crucial growth-related genes 

(Fig.6). These findings underscore the power of WES in identifying causative genetic factors 

in predominantly consanguineous populations. If a gene panel of short stature genes was 

used the maximum rate of positive findings would be 33%. The research also highlights the 

notable diversity in the spectrum of causative genes when compared to non-consanguineous 

populations. Moreover, it emphasizes the importance of the timely diagnosis of syndromic 

short stature for proactive screening for potential concomitant conditions and the 

management of these complex conditions.  

 

Fig.6. Distribution of pathogenic gene variants (with gene functions) found in 

the consanguineous short stature cohort  
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Abstract 

 

Introduction:  Linear growth is a complex process. Current knowledge sheds importance to 

the GH-IGF-1 axis, growth plate and fundamental intranuclear processes, however the 

genetics of short stature are not fully understood. This study aims to contribute by 

investigating a unique cohort of children from consanguineous families from Sulaimani, Iraq 

and inspire a genetic testing algorithm for similar populations. 

Methods: Fifty-one children (30 females) from consanguineous families, with body height 

for given age and sex ≤ -2.25 SD, were tested. Their median height was -3.3 SD (IQR -4.2 

SD to -3.0 SD) and median age 8 years (IQR 5-10). DNA was analyzed by Whole Exome 

Sequencing. Prioritized potentially pathogenic variants were evaluated by ACMG standards. 

Probands’ without a detected causal variant further underwent MS-MLPA and arrayCGH 

testing. In addition, a comparative analysis was conducted by juxtaposing our findings with 

hypothetical results that could have been obtained through the utilization of different short 

stature panels.  

Results: A pathogenic cause of short stature was elucidated in 33/51 (65%) children. 

Pathogenic or likely pathogenic variants (17 novel) were found in genes involved in the GH-

IGF-1 axis (GHR, SOX3), the thyroid axis (TSHR), the growth plate extracellular matrix 

(CCDC8, CTSK, COL1A2, COL10A1, FLNA, FN1, LTBP3, MMP13, PCNT), the 

regulation/function of chondrocytes (DYM, NPR2, SHOX), signal transduction (PTPN11), 

DNA/RNA replication (DNAJC21, GZF1, LIG4), transmembrane transport (SLC34A3, 

SLC7A7), enzyme coding (CYP27B1, GALNS, GNPTG)  and ciliogenesis (CFAP410). In 

addition, two patients had Silver-Russell syndrome and one had a large CNV (22q.11.21).  

Two variants of uncertain significance were found in potential candidate genes related to 

growth (ZSWIM6 and NISCH) and one patient had UPD of chr1. If a short stature panel had 

been used on the above cohort the rate of positive results would have been reduced to 18-

48%. 

Conclusion: The genetic cause of short stature was elucidated in 65% of probands. WES 

yielded a much higher percentage of positive results than if a gene panel was used. The 

spectrum of causative genes varied when comparing to non-consanguineous populations. 

Many cases of syndromic short stature were diagnosed, enabling active screening for 

possible concomitant conditions and timely management. 
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Introduction 

 

Linear growth is a multifaceted process influenced by the interaction of genetic, epigenetic, 

and environmental factors. Traditionally, the growth hormone (GH) and insulin-like growth 

factor (IGF)-1 axis was regarded as the main regulator of linear growth in children. However, 

over the last decade the understanding has shifted. It has been showed that growth is 

primarily overseen by several major hierarchical pathways: the GH-IGF-1 axis, the complex 

regulation of the growth plate including chondrocytes and the extracellular cartilaginous 

matrix, and fundamental intracellular processes of all body cells such signal transduction, 

and processes of DNA expression, transcription, replication, and repair [1, 2]. Any disruption 

or malfunction within these crucial components can give rise to the condition of short stature. 

 

Short stature is a common diagnosis seen at the paediatric endocrinologist worldwide [1]. It 

is commonly defined as height below 2 standard deviations (SD) however, other cut-offs can 

be used in certain indications such as a -2.25 SD in the US in the case of idiopathic short 

stature [3, 4]. Short stature can be the major sign and a sole phenotype (isolated or “non-

syndromic“ short stature) or occur alongside other clinical abnormalities such as craniofacial 

dysmorphism, skeletal disproportionality or even overt skeletal dysplasia, developmental 

delay, and/or internal organ anomalies (“syndromic” short stature). Some of the well-known 

and relatively prevalent causes of syndromic short stature include Noonan, Turner and 

Prader-Willi syndromes [5]. Advances in next-generation sequencing (NGS) have led to the 

discovery of numerous genes associated with short stature in the recent past [3, 6]. There has 

been a significant impact of testing in consanguineous families on the success of gene 

discovery [7]. Nevertheless, majority of current studies on the genetics of short stature have 

been done in primarily non-consanguineous populations [8-12].  

 

Numerous studies have shown that consanguineous families provide the best opportunity for 

the discovery of novel gene variants and pathogenic mechanisms. This is due to the increased 

occurrence of recessive genetic disorders in offspring of closely related parents compared to 

those of unrelated parents because of a higher chance of rare gene variants being expressed 

as homozygous [13]. For instance, when first cousins reproduce, they are expected to share 

one-eighth of their genetic material.  
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Thus, this study aims to contribute to current knowledge by investigating a unique cohort of 

children from consanguineous families from Sulaimani, Iraq. 

 

Methods 

 

Cohort selection 

 

A total number of 1124 children with short stature were seen at the Pediatric Endocrinology 

outpatient clinic at the Dr. Jamal Ahmad Rashed hospital in the region of Sulaimani in 

Kurdistan between January 2018 and February 2020. This region has a reported 

consanguinity rate of 44% [14]. 

 

Out of them 68 children fulfilled our inclusion criteria (offspring of consanguineous families 

with body height for given age and sex ≤-2.25SD). Consanguinity was defined as children 

coming from 1st, 2nd or 3rd cousin matings. Thereafter, 51 probands (30 females) with short 

stature of unknown origin from unrelated consanguineous families were enrolled into the 

study with informed consent. All participants underwent physical examination including 

phenotype description and basic laboratory testing including the evaluation of GH secretion 

by IGF-1 and GH stimulation tests, when applicable. 

 

The probands were categorized as follows:  (1) Probands with short stature (with/ without 

GH deficiency) and no other phenotypic features – isolated short stature, (2) Probands with 

short stature (with/ without GH deficiency) and one or more phenotypic features such as – 

craniofacial dysmorphy including micro/macrocephaly, apparent statural dysproportionality 

or signs of overt skeletal dysplasia, scoliosis, kyphosis, dental anomalies, cardiac anomalies, 

developmental delay - syndromic short stature. 

 

This study was approved by the Ethics Committee of Motol University Hospital and 2nd 

Faculty of Medicine, Charles University in Prague, approval number EK-1263.1.1/19. 
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Genetic examination 

 

Genomic DNA was extracted from peripheral blood using the QIAmp DNA Blood Mini 

system (Qiagen, Hilden, Germany). DNA was analysed using whole-exome sequencing 

(WES). WES was performed using SureSelect Human All Exon Kit V6 + UTRs (Agilent 

Technologies, Santa Clara, CA), and the indexed products were sequenced by synthesis in 

an Illumina NextSeq 500 analyser (San Diego, CA). Detected variants were filtered using 

software Variant Annotation and Filter Tool [15]. Copy number variants subanalysis from 

raw WES data was done using program Decon [16]. Prioritized variants were then further 

evaluated using the American College of Medical Genetics and Genomics (ACMG) 

standards and guidelines implemented in the Franklin software as pathogenic (P), likely 

pathogenic (LP), benign (B), likely benign (LB), or as variants of uncertain significance 

(VUS) [17, 18]. All the variants with potential clinical significance were confirmed using 

Sanger sequencing as described previously [19]. In order to evaluate the segregation of 

genetic variants within families, Sanger sequencing was performed in both parents, and 

healthy/affective siblings (when available) with informed consent.  

 

In probands without a detected causal variant using WES, we carried out Methylation-

specific Multiplex-ligation dependent probe amplification (MS-MLPA, probe mixes ME030 

and ME032, MRC Holland, Amsterdam, The Netherlands) examining regions of 11p15, 

7q32, 7p12 and 14q32, respectively associated with Silver-Russell Syndrome. ). Moreover, 

array comparative genomic hybridization (aCGH) testing  was performed in order to reveal 

deletions and duplications across the human genome. 

 

In addition, a comparative analysis was conducted by juxtaposing our findings with 

hypothetical results that could have been obtained through the utilization of different short 

stature panels, including our custom gene panel, which was developed primarily non-

consanguineous populations [8, 10, 11]. Statistical significance of difference, where 

applicable, was calculated using a chi-square test. 
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Results 

 

Cohort characteristics 

The median height of the 51 probands was -3.3 SD (Interquartile Range, IQR -4.2 - -3.0 SD) 

and median age at diagnosis was 8 years (IQR 5-10). All probands were children of 1st cousin 

matings. Thirty-three probands were classified as syndromic short stature (33/51) whereas 

the remainder (18/51) had isolated short stature associated with no other phenotypic features 

(Table 1). Fifteen probands (30% of families) had an affected sibling who shared the same 

phenotype. GH deficiency was diagnosed in 12 probands.  

Genetic results 

A pathogenic cause of short stature was elucidated in 33/51 (65%) probands (Table 1). Thirty 

probands had a bi-allelic or monoallelic variant in a single gene causing monogenic short 

stature. Two probands had Silver-Russell syndrome and one had a large CNV variant 

(22q.11.21) typically known to cause DiGeorge syndrome.  

 

Pathogenic or likely pathogenic variants verified by ACMG standards were found in genes 

involved in the GH-IGF-1 axis (GHR, SOX3), the thyroid axis (TSHR), the growth plate 

extracellular matrix (CCDC8, CTSK, COL1A2, COL10A1, FLNA, FN1, LTBP3, MMP13, 

PCNT) including genes involved in the regulation and function of chondrocytes (DYM, 

NPR2, SHOX). In addition, we found variants in genes involving key cell functions as signal 

transduction (PTPN11), DNA or RNA replication (DNAJC21, GZF1, LIG4) and 

transmembrane transport (SLC34A3, SLC7A7). Followed by enzyme coding genes 

(CYP27B1, GALNS, GNPTG) and one ciliogenic gene (CFAP410) (Table 1).  

 

Seventeen variants are novel and have not been previously published. Majority of variants 

(24) are homozygous, while 6 were monoallelic (NPR2, COL1A2, FN1, SHOX), including 

de-novo variants (FLNA, PTPN11).  Three variants of uncertain significance (VUS) were 

found in two candidate genes related to growth (ZSWIM6 and NISCH). and one patient had 

uniparental isodisomy (UPD) of chromosome 1. 

 

Among the patients with syndromic short stature, the rate of a positive finding was 88% 

whereas in the isolated short stature group it was only 22%. Therefore the presence of other 

phenotypic features was statistically significant to finding a genetic cause. 
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Comparison with gene panels 

Patient data was analysed using three gene panels primarily used for non-consanguineous 

populations and yielded only 12, 22, and 33% positive results respectively depending on the 

genes present in each panel.  

 

Discussion 

 

Using NGS methods, a pathogenic gene variant causing short stature was found in 33/51 

probands from Sulaimani, Kurdistan, Iraq. To our knowledge, this is the first ever study 

analysing the genetic background of short stature in a population of children with short 

stature in a highly consanguineous region. Genetic testing was done in a step-wise manner. 

Majority of variants (30/51; 59%) were found by the first step which was WES. The 

remaining diagnoses of Silver Russell and DiGeorge syndromes were found by MS-MLPA 

and aCGH methods carried out subsequently. 

 

Overall, the spectrum of genes found in this highly consanguineous population was highly 

varied from genes found in short stature cohorts from non-consanguineous regions where 

the most common genes variants are of autosomal dominant inheritance [8, 9, 20]. Most 

variants in our cohort were bi-allelic (47%) and in genes such as CFAP410, CTSK, 

CYP27B1, GNPTG and PCNT which are not usually found in non-consanguineous 

populations. Studies on short stature genetics from consanguineous populations are 

extraordinary, they are mostly limited to single case reports or small series of preselected 

subjects. Nevertheless, from available data, it could be speculated that the common causative 

genes are varied even between consanguineous populations [21, 22].  

 

Only two individuals from the cohort who were diagnosed as having GH deficiency had 

variants in the GH-IGF1 axis, thereby having true genetic GH deficiency whereas the others 

had variants in other genes not linked to GH. This supports the current shift in the paradigm 

of growth showing the important of mechanisms other than the GH-IGF1 axis in growth 

regulation and a tendency of over-diagnosing GH deficiency by currently used diagnostic 

procedures [23].  
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Participants with syndromic short stature had the highest rate of positive genetic diagnosis 

(30/33; 91%). The most common syndromic features were microcephaly, developmental 

delay and intellectual impairment. Therefore, the presence of short stature below -2.25 SD 

and other phenotypic features such as those mentioned above, could be a strong indicator for 

physicians when considering a genetic testing algorithm for patients from consanguineous 

families. However, it is important to mention that in consanguineous families, due to the 

increase percentage of shared genome, concomitant genetic conditions could be present. This 

could complicate the genetic confirmation of syndromic short stature as diverse clinical and 

phenotypic features could be attributed to multiple gene conditions in a single patient. 

 

Identical CNV variants in two genes were seen in 5 unrelated probands (three with a variant 

in SLC7A7 and two with DYM, causing lysinuric protein intolerance and Smith-McCort 

dysplasia respectively), suggesting a founder effect in this population. In addition, we found 

two potential novel candidate genes for short stature among our cohort (ZSWIM6 and 

NISCH). These patients had no other gene variants via MLPA or arrayCGH. ZSWIM6 has 

been previously published as causing short stature as part of acromelic frontonasal dysostosis 

and neurodevelopmental disorder syndromes but its specific mechanism with relation to 

growth failure is unknown [24]. NISCH is not yet known to cause disease in humans, 

however it has been shown to influence cell-signaling cascades triggering to cell survival, 

growth and migration and found to stunt growth in mice [25]. All the above methods factors 

support the pathogenicity of the variant however further investigation is necessary to prove 

causality with short stature. One patient had a UPD of chromosome 1, which has currently 

been a topic of debate with regard to its association with short stature [26, 27].  

 

It was found that if a short stature panel was used on this cohort of consanguineous patients 

only 6-17/51 patients (11-33%) would obtained a positive result. This is a significant 

reduction of the positivity rate if only WES (59%). That brings up an important point about 

the use of universal gene panels and their reliability in all populations. Most short stature 

panels are developed for non-consanguineous populations where mono-allelic / 

heterozygous variants are most probable. Within our consanguineous cohort from Sulaimani, 

Iraq, 73% of variants were homozygous and over half were in genes not present in common 

gene panels. This highlights the necessity for a tailored approach to genetic testing, 

particularly in populations with a high rate of consanguinity. Our study contributes to a more 
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comprehensive understanding of the genetic landscape of short stature in this specific 

population of Kurdistan, Iraq and provides a starting point for the customization in genetic 

testing strategies (in-house panels for specific populations) to ensure accurate and effective 

diagnoses. 

 

The main limitations of our study were limited access to detailed laboratory results and 

limited standardization in certain laboratories in Sulaimani. Response to GH treatment could 

not be systematically evaluated due to intermittent availability of treatment for most patients. 

In addition, whole genome sequencing or trio analysis was not carried out.  

 

Conclusion 

 

In a unique cohort from a primarily consanguineous area, the genetic cause of short stature 

was elucidated in 65% of individuals with short stature using of WES, MS-MLPA or aCGH. 

If a gene panel was used, this yield would be reduced to 11 - 33%. When compared to regions 

with less consanguinity and other regions with high consanguinity, the range of genes 

responsible for short stature varied. As anticipated, the majority of identified genetic 

variations were of a recessive nature. Interestingly, several instances of syndromic short 

stature were diagnosed, even though they had initially been referred to as idiopathic short 

stature, often with mild or unrecorded phenotypic characteristics. This enabled proactive 

screening for potential concurrent conditions and timely intervention. 

 

 

 

 

 

 

 

 

 

Table 1: Patient characteristics and their detected pathogenic variants. Abbreviations 

GH: growth hormone, HOM: homozygous variant, HEM: hemizygous variant, HET: 

heterozygous variant, ACMG: American College of Medical Genetics classification, LP: 

Likely Pathogenic, P: Pathogenic, SD: Standard Deviation, VUS: Variant of Uncertain 

Significance, NA: not applicable 
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7.5.Toni L, Plachy L, Dusatkova P, Amaratunga SA, Elblova L, Sumnik Z, Kolouskova S, 

Snajderova M, Obermannova B, Pruhova S, Lebl J. The genetic landscape of children 

born small for gestational age with persistent short stature (SGA-SS). Horm Res 

Paediatr (2023) 

 

SGA-SS, affecting 10-15 % of SGA children, remains enigmatic in terms of its underlying 

mechanisms. This study examines the genetic cause of short stature among children who 

were born small for gestational age (SGA) and failed to catch up in growth (SGA-SS) from 

a single center in Prague, Czech Republic (a non-consanguineous population).  

 

Within a cohort of 820 patients who received GH treatment, 256 individuals were classified 

as SGA-SS based on stringent criteria. Among these, 176 patients had available DNA data 

from both the child and their parents, and were included in the study.  

 

The research revealed a high diagnostic yield, with 42% of the children having an elucidated 

genetic aetiology. This study uncovers the complex genetic landscape underlying SGA-SS, 

emphasizing the pivotal role of the growth plate and implicating various axes, signalling 

pathways, and intracellular regulatory mechanisms. These findings provide fresh insights 

into the genetic factors contributing to SGA-SS in a non-consanguineous cohort, shedding 

light on its intricate pathophysiology. 
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7.6. Plachy L, Amaratunga SA, Dusatkova P, Maratova K, Neuman V, Petruzelkova L, 

Zemkova D, Obermannova B, Snajderova M, Kolouskova S, Sumnik Z, Lebl J, 

Pruhova S. Isolated growth hormone deficiency in children with vertically transmitted 

short stature: What do the genes tell us? Front Endocrinol (Lausanne). 

2023;13:1102968 

 

This study delves into the intricate diagnostic landscape of GHD in children from a non-

consanguineous population. GHD is a diagnosis often shrouded in controversy, particularly 

due to the limited specificity of GH stimulation tests.  

 

The cohort encompassed 52 children diagnosed with primary GHD and familial short stature. 

The diagnosis of GHD was established based on multiple criteria, including growth data 

indicative of GHD, IGF-1 levels below age and sex-specific standards, and peak GH 

concentrations below a defined threshold in two stimulation tests.  

 

The results of this study (pathogenic variants found in 15/52 participants, 29%) revealed an 

intriguing discrepancy between clinical diagnoses of GH deficiency and genetic findings. 

While a minor subset of children did indeed possess genetic variants influencing GH 

secretion or function, a significant proportion had variants causing primary growth plate 

disorders, impairing IGF-1 action, or miscellaneous genetic variants. These findings raise 

questions about the reliability of conventional methods for diagnosing GH deficiency and 

emphasize the intricate and multifactorial nature of growth disorders in these children. This 

research highlights the complexities of diagnosing GHD and underscores the importance of 

considering broader genetic factors in understanding short stature aetiology. 
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7.7. Kodytková A, Amaratunga SA, Zemková D, Maratová K, Dušátková P, Plachý L, 

Průhová Š, Koloušková S, Lebl J. SALL4 phenotype in four generations of one family: 

An interplay of the upper limb, kidneys, and the pituitary. Horm Res Paediatr (2023) 

 

This case report centres on a non-consanguineous family with a vertically transmitted 

pathogenic variant in the SALL4 gene, a crucial transcription factor implicated in early 

embryonic development. This genetic variant led to radial hypoplasia and kidney dystopia, 

affecting multiple generations within the family. In the proband, this SALL4 variant also 

coincided with an additional condition: GHD. 

 

The proband was born small for gestational age (SGA) at birth and exhibited bilateral 

asymmetrical radial ray malformation, including radial hypoplasia, ulnar flexure, and 

bilateral thumb aplasia. However, he did not present with other characteristic anomalies 

associated with SALL4 variants, such as cardiac malformations, clubfoot, ocular coloboma, 

or Duane anomaly. Notably, he also had a dental anomaly - a central mandibular ectopic 

canine, suggestive of a mild developmental midline anomaly. He was diagnosed with 

isolated GH deficiency and the subsequent GH therapy resulted in catch-up growth.  

 

Furthermore, the proband's successful response to GH therapy highlights the potential for 

targeted interventions in such cases. This case is unique in demonstrating the coexistence of 

a SALL4 variant-induced upper limb defect and isolated GHD without major apparent 

cerebral or facial midline anomalies. 
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7.8. Kodytková A, Dusatkova P, Amaratunga SA, Plachy L, Pruhova S, Lebl J. Integrative 

role of the SALL4 gene: From thalidomide embryopathy to genetic defects of the upper 

limb, internal organs, cerebral midline, and pituitary. Horm Res Paediatr (2023) 

 

This review delves into the aftermath of the thalidomide disaster, which resulted in severe 

congenital malformations in thousands of children in the late 1950s and early 1960s. Despite 

numerous proposed mechanisms, it has only recently been confirmed that thalidomide and 

its derivative, 5-hydroxythalidomide (5HT), in conjunction with the cereblon protein, disrupt 

early embryonic transcriptional regulation. Specifically, 5HT triggers the selective 

degradation of SALL4, a crucial transcription factor in early embryogenesis. Notably, genetic 

syndromes arising from pathogenic variants in the SALL4 gene exhibit striking similarities 

to thalidomide embryopathy, with congenital malformations ranging from limb defects to 

heart, kidney, ear, eye, and potentially cerebral midline and pituitary abnormalities. 

 

SALL4's role extends beyond embryogenesis, as it interacts with other transcriptional 

regulators, including TBX5, and modulates the sonic hedgehog signaling pathway. This 

review further explores the implications of SALL4 pathogenic variants, occasionally leading 

to cranial midline defects, microcephaly, and short stature due to growth hormone deficiency 

(shown in 7.7). These findings position SALL4 as a potential candidate gene contributing to 

monogenic syndromic pituitary insufficiency especially in non-consanguineous families.  
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8. Discussion 

 

This project provides a rare and unique insight into endocrine disease in consanguineous 

families looking into the genetic aetiology of three endocrine conditions, chosen based on 

their position on the gradient of pathophysiological complexity, the relatively 

straightforward CHI, monogenic diabetes, which manifests with uniform biochemical 

parameters despite diverse causes and short stature or growth failure, one of the most 

complex developmental phenomena. Genetic findings were analyzed in non-consanguineous 

families as well to allow for comparison. 

 

The primary test centre in Kurdistan, Iraq was chosen due to the high consanguinity rate of 

the region (44%) and previous collaboration. This region has a high percentage of neonatal 

deaths as well. There was a notable history of unexplained neonatal deaths in siblings within 

two of the three families examined with CHI (publication in 7.2.). By elucidating the genetic 

diagnosis, we shed light on the potential cause of their deceased siblings' conditions, 

emphasizing the importance of early CHI diagnosis when encountering neonates with 

unexplained seizures or recurrent hypoglycaemia especially in consanguineous families. 

 

Our unique single centre study (publication in 7.3.) on monogenic diabetes from the same 

centre using data from 754 paediatric diabetes patients confirmed that even in a highly 

consanguineous population, clinically defined type 1 diabetes represents the prevailing 

paediatric diabetes subtype. We found that syndromic diabetes is strongly associated with 

consanguinity. The rates of pathogenic findings were high with 83% of genes causing 

neonatal diabetes and 57% of syndromic diabetes being confirmed. Causative genes (PTF1A, 

SLC29A3, INSR, WFS1, INS, ABCC8, GLIS3) were markedly different when comparing with 

non-consanguineous and other consanguineous populations as well with recessive variants 

being more common in the consanguineous group. One participant initially diagnosed with 

syndromic diabetes was subsequently found to have mucolipidosis gamma and potentially 

concurrent type 2 diabetes. These findings underline the complexity of diagnosing 

syndromic diabetes in consanguineous communities, suggesting the potential need for 

revised diagnostic criteria that consider additional phenotypic features, such as short stature 

and hepatosplenomegaly which were recurring features in our cohort. 
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In short stature cohort from the primary test centre in Iraq (publication in 7.4.), there was a 

very high rate of positive findings with 65% of the probands having a pathogenic cause of 

short stature. Notably, 52% of causative genes were genes influencing the growth plate 

including chondrocytes and the extracellular matrix (CCDC8, CTSK, COL1A2, COL10A1, 

DYM, FLNA, FN1, LTBP3, MMP13, NPR2, PCNT, SHOX) with only 4% being genes of the 

GH-IGF1 axis (GHR, SOX3). The rate of positive variants was higher than other analyzed 

cohorts with SGA and GHD from the centre in Prague with a low rate of consanguinity (29% 

/42%). In addition, these findings underscore the power of WES in identifying causative 

genes in predominantly consanguineous populations as the rate of positive results would be 

reduced using common t-NGS panels (maximum rate of positive findings would be 33%). 

Moreover, these findings emphasize the importance of the timely diagnosis of syndromic 

short stature for proactive screening of potential concomitant conditions and the 

management of these complex conditions.  

 

Interesting, results across consanguineous / non-consanguineous populations’ further 

strength the concept, that genes influencing the growth plate play a crucial role in growth 

regulation (publications in 7.5. and 7.6.). The stark difference, however, was in the 

percentage of recessive or biallelic variants with 75% of variants in the consanguineous 

cohort being recessive. Even among non-consanguineous families, there can be new 

important pathophysiological insights such as GHD being caused by a heterozygous variant 

in SALL4, making the gene a potential candidate gene monogenic syndromic pituitary 

insufficiency (publications in 7.7. and 7.8.). 

 

Relationship of the work to the tested hypothesis 

Main scientific hypothesis: In children from consanguineous families with apparent 

phenotypes, it may be possible to find novel variants of known causative genes, or even 

novel genes (due to a higher risk of recessive mutations), thereby elucidating novel 

mechanisms and pathophysiological pathways causing endocrine conditions in children. In 

addition, the spectrum of causative genes will be varied when comparing consanguineous 

and non-consanguineous populations.  

 

In our study, we chose three diagnoses namely congenital hyperinsulinism, monogenic 

diabetes and short stature based on their representation of three levels of pathophysiological 
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complexity. In each diagnosis, we found a pathogenic variant in over 50% of patients with 

most variants being recessive. We successfully compared incidence and causative genes 

between consanguineous and non-consanguineous populations and described the differences 

among populations. These findings helped strengthen novel mechanisms and gave insight 

into pathophysiological pathways in each diagnosis. 
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9. Conclusion 

 

The publications presented in this dissertation collectively offer a profound insight into the 

world of genetic research, with a primary focus on paediatric endocrine conditions in both 

consanguineous and non-consanguineous families. These studies demonstrate how 

consanguineous families, which constitute a significant portion of the global population, 

have played a pivotal role in the discovery of crucial pathophysiological mechanisms via 

novel genes, particularly in the realm of paediatric endocrinology. 

 

As part of her PhD studies, the PhD student coordinated the examination of the entire 

consanguineous cohort, participated in the molecular genetic examination of all patients, 

analyzed data obtained by NGS methods and statistically processed and evaluated the results 

of the project. She wrote all research papers where the PhD student is the first author. In the 

other studies from non-consanguineous cohorts, she participated in the molecular genetic 

examination by analysing NGS data, and provided insight into each research paper. 

 

The conditions that are included in this dissertation were chosen due to their positions on the 

gradient of pathophysiological complexity and represent three levels of intricacy, with short 

stature being the most complex and congenital hyperinsulinism the most straightforward. 

There was a very high rate of positive findings in the consanguineous cohort with biallelic 

variants being most common as hypothesized. In all conditions, it was made clear how the 

genetic background, and therefore the pathophysiological mechanism are varied between 

consanguineous and non-consanguineous populations. In CHI, a pathogenic variant was 

found in all patients explaining premature neonatal deaths in two families, all variants with 

homozygous as expected in consanguineous families. 

 

In monogenic diabetes, we published the first-ever single centre study from a 

consanguineous region looking at paediatric diabetes subtypes and the prevalence of 

consanguinity. The study revealed that consanguinity was significantly associated with the 

presence of syndromic short stature and provided insights into the complex diagnosis of this 

condition. The rates of pathogenic findings were high with 83% of genes causing neonatal 

diabetes and 57% of syndromic diabetes being confirmed. 
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Majority of new insights were in the field of short stature research. A unique study looking 

at the largest cohort of patients with short stature of unknown aetiology from consanguineous 

families had a very high rate of positive findings via WES (65%). If a panel of genes for 

short stature was used the rate of positive results would have been reduced. These results 

highlighted the importance of considering different genetic testing methods in such 

populations. Notably, 52% of causative genes were genes influencing the growth plate 

(chondrocytes and the extracellular matrix) with only 4% being genes of the GH-IGF1 axis. 

 

This dissertation provided comparison of the genetic findings in non-consanguineous 

families with findings from a GHD and SGA cohort. It was shown how causative genes 

among both populations are varied with the mechanism of inheritance differing as well. All 

results further strength the concept, that genes affecting the growth plate (chondrocytes and 

the extracellular matrix) play a crucial role in growth regulation. The stark difference 

however was in the percentage of recessive or biallelic variants with 75% of variants in the 

consanguineous cohort being recessive. 

 

Moreover, these studies highlight the complex interplay between genetics and endocrine 

function, providing valuable insights into disease pathophysiology in both consanguineous 

and non-consanguineous families. Such research can help pave the way for targeted 

interventions and personalized medical management, ultimately enhancing our capacity to 

address these disorders and improve patient outcomes. 
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10.  Summary 

 

As part of this dissertation project, genetic testing was done in individuals with three 

pediatric endocrine conditions (congenital hyperinsulinism, monogenic diabetes and short 

stature). We are the first study group to study large cohorts of patients from a region with a 

consanguinity rate as high as 44%. We studied diabetic children from single centre serving 

a population of 2.33 million people and found that T1DM was the most common diabetes 

subtype. Types of monogenic diabetes such as syndromic and neonatal diabetes were more 

prevalent than in a non-consanguineous population. We found that syndromic diabetes was 

significantly associated to consanguinity and described how the diagnoses of syndromic 

diabetes is more complex in consanguineous families due to the potential of multiple 

recessive conditions. Overall, the causative genes of syndromic and neonatal diabetes 

(PTF1A, SLC29A3, INSR, WFS1, INS, ABCC8, GLIS3) were highly varied when comparing 

with patients from non-consanguineous populations. 

In congenital hyperinsulinism, we elucidated the genetic cause in three children from three 

families, thereby explaining the probable cause of unexplained neonatal deaths in these 

families. Recessive forms of CHI are more common in such consanguineous families and 

cause more severe disease (diffuse CHI), thereby timely diagnosis is crucial. The final 

analyzed diagnosis was short stature, we analyzed a large cohort of 51 consanguineous 

children from the same single centre. Two children had Silver-Russell and one had DiGeorge 

syndromes. Pathogenic variants were found in another 30 individuals in genes involved in 

the GH-IGF-1 axis (GHR, SOX3), the thyroid axis (TSHR), the growth plate extracellular 

matrix (CCDC8, CTSK, COL1A2, COL10A1, FLNA, FN1, LTBP3, MMP13, PCNT), the 

regulation/function of chondrocytes (DYM, NPR2, SHOX), signal transduction (PTPN11), 

DNA/RNA replication (DNAJC21, GZF1, LIG4), transmembrane transport (SLC34A3, 

SLC7A7) , enzyme coding (CYP27B1, GALNS, GNPTG)  and ciliogenesis (CFAP410). The 

rate of positive variants was high (65%) compared to other analyzed cohorts from a centre 

with low consanguinity (29% / 42%). As expected there was a very high proportion of 

homozygous variants in the consanguineous region. Interesting, results across populations 

further strength the concept, that genes influencing the growth plate play a crucial role in 

growth regulation.  
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