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Abstract 

 Congenital and hereditary anomalies (CA) are common in Pakistan and put a 

tremendous impact on the morbidity and mortality of infant, young and adult 

populations. The present study aimed to investigate the epidemiological, clincal and 

molecular genetic characteristics of Pakistani families affected with CA. This 

multitiered study was carried out in order to: 1) estimate the burden of CA in the 

Hazara population of Pakistan by determining their prevalence-pattern and bio-

demographic coorelates; 2) establish the prevalence-pattern, phenotypic manifestation 

and descriptive genetics of congenital limb deficiencies; 3) clinical and molecular 

diagnosis of rare malformations segregating in extended families; and 4) provide 

clinical and functional evidence through animal model that rare variant is causative 

for craniofacial anomalies. First, through a mix of modified random door-to-door and 

convenience sampling approach, 1,189 independent cases/families with CA were 

identified in the Hazara population (Chapter 2). The estimated consanguinity rate in 

this sample was 66%. An estimated 65% cases were sporadic in nature and 35% 

familial; and 70% were isolated and 30% syndromic. CA were categorized into 9 

major phenotypic types. Neurological disorders were the most common (n=486; 

proportion=0.409;% CI=0.381-0.437), followed by limb defects (n=292), 

musculoskeletal defects (n=106), sensorineural/ear defects (n=101), blood disorders 

(n=75), eye/visual impairments (n=39), ectodermal anomalies (n=30), and congenital 

heart defects (n=26). This is the first study of its kind reporting prevalence-pattern of 

CA in Hazara population of Pakistan. Congenital limb deficiencies (CLD) are very 

rare anomalies and cause severe disability. In another study (Chapter 3), 141 

independent subjects involving 166 limbs with CLD were recruited from Khyber 

Pakhtunkhwa (KP) province of Pakistan. Subjects with transverse defects were n=77 

(55%), longitudinal defects n=61 (43%), and intercalary defects n=3 (2%). Upper 

limb deficiencies were 86% compared to lower limb deficiencies, i.e., 14%. There 

was a high preponderance of unilateral cases (83%), sporadic nature (92%), low 

parental consanguinity rate (33%), and syndromic appearance in 21% of cases, which 

may be indicative of the substantial role of non-genetic factors in the etiology of 

CLD. This is the first study reporting phenotypic pattern of CLD from Pakistan. 

Increased inbreeding is a common cause of the recessive mutations that lead to the 

appearance of rare disorders in Pakistani families. Another aim of the current research 
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was to locate the causal mutations in Pakistani families associated with autosomal 

recessive malformations. Here, four families with rare hereditary skeletal, 

neurological and ophthalmological disorders were recruited. DNA of the available 

affected and unaffected subjects was extracted from peripheral blood for molecular 

study. Whole genome SNP genotyping and/or exome sequencing were carried to in 

order to find the candidate chromosomal region/variant. (i) In the first family (Chapter 

4), the patients were presented with intellectual disability, developmental delay, 

orofacial defects and a range of behavioral anomalies. In this family, SNP based 

homozygosity mapping led to the discovery of 12 homozygous intervals >1Mb, the 

largest (54Mb) on chromosome 5p15.2-q12.3, followed by 39Mb stretch on 3q23-

q26.32 and 22Mb on 4q31.22-q32.3. Several potential candidate genes related to the 

phenotype were present on these regions. These findings would be very helpful in a 

prospective gene hunt through exome sequencing. (ii) In the second family (Chapter 

5), a 13-year old boy was presented with cryptophthalmia, midface hypoplasia, 

agenesis of right kidney, and cutaneous syndactyly in fingers and toes but no 

symptoms in any other organ including lungs, anorectal system, genitalia or umbilical 

system were observed. Exome sequencing in this family led to the discovery of 

homozygous truncating variant c.1774C>T (p.Gln592Ter) in GRIP1 gene which is 

known to cause Fraser syndrome 3 (FRASRS3). This case is also the oldest reported 

individual with FRASRS3, to our knowledge, and shows that FRASRS3 case may be 

milder than known and live into at least adolescence. (iii) In family 3 (Chapter 6), the 

patients were presented with rhizomelia, short trunk dwarfism, scoliosis, 

microcephaly, intellectual disability, and other clinically diverse symptoms. Exome 

sequencing in this family led to the discovery of a novel homozygous missense 

mutation c.1072C>T (p.Q358*) in  DYMECLIN gene. This mutation was predicted to 

form a truncated DYMECLIN (DYM) protein which may profoundly impair its 

normal function. The mutation in this gene is known to cause Dyggve-Melchior-

Clausen disease (DMC). The current molecular analysis described a putative DMC 

phenotype associated with a DYM gene and also confirmed the clinical condition that 

segregate in the family. This study findings provide a start point  for future studies on 

the function of DYMECLIN protein. (iv) In family 4 (Chapter 7), three affected 

subjects were presented with short neck, disproportionately short trunk, and 

protruding abdomen (secondary to lordosis). Other common characteristics included 

kyphoscoliosis, winged scapulae, crowded ribs, and pectus carinatum, while 
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clinodactyly was present in one of the affected individuals. Exome analysis revealed 

homozygous missense mutation c.220C>T (p.Glu74*) in the coding region of  FLNB 

gene segregating with the malformation. Conclusively, the study described the 

expanded clinical spectrum of spondylocarpotarsal synostosis  (SCT) syndrome. The 

scientific findings of this study might be helpful to establish genotype-phenotype 

correlation of SCT. Lastly (Chapter 8),  a family with a single female patient was 

presented with syndromic condition along craniofacial anomalies like, cupid’s bow, 

small jaw, and narrow palate. Exome sequencing in this subject led to the discovery of 

de novo compound heterozygous mutations p.L605P and p.M319V in the CFAP46 

gene. In order to get an insight into the molecular function of this gene, the disease 

was modeled in vivo using CRISPR/Cas9-mediated genome editing in frog tadpoles, 

and the functional effects of the detected variant on candidate protein function were 

evaluated. The whole mount in situ hybridization technique was adapted to explore 

the role of the CFAP46 protein in embryonic development. The craniofacial 

anomalies induced by the CRISPR/Cas9-mediated genome editing of CFAP46 

mimicked the patient's condition. Since the non-overlapping CRISPRs were so 

effective, it is likely that CFAP46 is crucial to development. Further evidence from 

whole-mount in situ hybridization indicated that CFAP46 is essential for neural crest 

development and that abnormalities of the face can result from CFAP46 protein 

deficiency. This work presents the first evidence of human craniofacial anomalies 

caused by CFAP46 mutations and provides clinical and functional support for this 

hypothesis. In conclusion, the findings of this study may be helpful for understanding 

the puzzling nature of the rare genetic disorders. This knowledge could result in 

cutting-edge methods for quickly diagnosing, treating or preventing rare diseases. 

Clinicians might benefit from the study, and it would be equally useful for other 

medical institutes and organizations as well as for setting up centers for genetic 

counseling. 
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1. Introduction 

1.1: Congenital anomalies 

Congenital anomalies (CA), also known as birth defects, are any anatomical or   

functional abnomalities changes from expected norm, including physiological and 

metabolic illnesses, that appearing at birth. These birth defects are brought on by 

genetic, epigenetic, environmental, or additional causes such as maternal factors and 

consanguinity. CA are a significant contributor to newborn and infant morbidity and 

mortality, whether they are present alone or as part of a syndrome (Aloui et al., 2017; 

Oliveira and Fett-Conte, 2013). 

As reported that each year, 7.9  million infants born with major  CA (Ndibazza 

et al., 2011). Worldwide studies have revealed that there are significant regional 

differences in the occurrence of CA at birth demonstrating the complicated 

relationships between genetic and environmental factors. It has been estimated that 

CA occur in 2-3% of newborns in the US (Sarkar et al., 2013; Ajao and Adeoye, 

2019). According to reports, it can range from 1.07% in Japan to 4.3% in Taiwan. CA 

account for 2% of births in England and 1.49% in South Africa, respectively. In 

Southern Beirut, Lebanon, there are 1.64% serious CA per 1,000 live births. Different 

social, economic, and racial factors can explain differences in the CA rates (Francine  

et al., 2014; Ameen et al., 2018; ). Congenital heart problems, Down syndrome, and 

neural tube defects are examples of CA that frequently occur (De Vrueh et al., 2014).  

Known causes of CA included genetic (30–40%) and environmental (5–10%) 

factors, but the origins of  nearly 50% of CA are still unknown (Abebe et al., 2021). 

Additional predisposing factors include chromosomal anomalies (6%), single gene 

abnormalities (25%) and multifactorial (20–30%) causes (Francine  et al., 2014). The 



Chapter 01  Introduction 

2 
 

most common cause of CA has been identified as consanguineous unions. CA is more 

common in the offspring of consanguineous couples (Francine et al., 2014). 

Since CA have a long-lasting impact on health and survival, CA are becoming 

a major worldwide health concern (WHO, 2010; WHO, 2016). In low- and middle-

income countries, CA are playing a more important role in determining children's 

survival and health as infections and other causes of early mortality are being 

controlled (WHO, 2010). CA affects 1/33 of infants and is linked to 3.2 million birth-

related disabilities and about 300,000 annual deaths during the first month of life 

(Kurdi et al., 2019). The WHO has consequently emphasized the urgent need for 

actions to support in prevention, diagnosis, and implementation of early interventions 

(WHO, 2010). Many low- and middle-income countries lack access to data on the 

prevalence and mortality of CA. While the majority of reports concerning CA 

statistics coming from high-income regions. For  example, the UK report 20-year 

survival rate of 86% in the population-based study of live births in the UK with CA 

(Tennant et al., 2010). In the same way, in New York state, the 25-year survival rate 

for live births with CA was 83% (Wang et al., 2011), showing a consistent increase 

from the 1980s (78% from 1983 to 1988) to the early 2000s (89% from 2001 to 

2006). Cardiovascular malformations (51%) and chromosomal anomalies (33%) were 

the main causes of mortality in children born with CA. In Korea, the foetal mortality 

rate was 13.5/10 000 live births, and the newborn mortality rate among infants with 

CA was 6.8/10 000 live births (Ko et al., 2017). 

Interactions between genetic, epigenetic, environmental, sociocultural, 

socioeconomic, racial and ethnic factors seem to be involved in the geographical 

patterns of CA occurrence. Patterns and prevalence may change with time and 

geographic location due to these complex interaction between known and unknown 
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genetic and environmental factors (Aloui et al., 2017) which should be addressed to 

decrease the incidence and severity of conditions seen. 

1.2: Genetic Basis of Disease     

A substantial proportion of morbidities are influenced by genetics to some 

extent. Variations in our deoxyribonucleic acid (DNA) and differences in how that 

DNA works (individually or in combination), as well as the environment (which 

includes lifestyle) contribute to the disease process (Jackson et al., 2018). 

The majority of these illnesses are monogenic/Mendelian and account for 

about 80% of all rare diseases. Mendelian/monogenic disorders are the term used to 

describe diseases that segregate according to the Mendelian pattern of inheritance. 

There are almost 400 million people throughout the world with affected by 7000 

different rare genetic disorders (OMIM) making these conditions a significant health 

burden as a group. Despite being monogenic, more than half of all inherited 

mendelian disorders still lack a genetic basis (Boycott et al., 2017). The phenotype is 

still variable even when the causal gene is known and in patients with identical 

causative variant (such as siblings; Kose et al., 2019), which makes diagnosis and 

patient management challenging (Missaglia et al., 2015). On the other hand, by 

analyzing extensive genome-wide sequencing studies researchers have found 

evidence of a genetic predisposition to disease in individuals who have not yet 

manifested the disease (Tarailo-Graovac et al., 2017). Thanks to the massive genome-

wide sequencing research, we now know more about the penetrance and expressivity 

of rare disorders as well as the potential role of genetic modifiers (Rahit et al., 2020). 
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1.3: Genetic Factors and Rare Mendelian Disease: Role of whole genome 

sequencing in the identification of causative variants  

Even though we have relatively little understanding of Mendelian modifiers 

for rare diseases, it is clear that phenotypic diversity brought on by modifiers needs to 

be taken into consideration and addressed (Maroilley and Tarailo-Graovac, 2019; 

Aubart et al., 2018). For instance, the rare Mendelian illnesses Gaucher disease (GD; 

OMIM 230800), caused by alterations in the Glucosylceramidase Beta 1 (GBA1) 

gene, was first identified about 150 years ago, in 1882 (Davidson et al., 2018). GD is 

known to have a wide spectrum of presentations even among siblings. There are 

significant gaps in the identification and understanding of genetic modifiers in GD as 

well as in other single-gene disorders, despite decades of research efforts. For GD and 

other rare disorders, it is crucial to fill in these gaps for diagnosistic, prognosticis,  

therapeutic, and overall general patient care processes. To achieve this, it is important 

to look at each complete genome to completely understand this rare disorder's the 

variable phenotypesic manifestation observed. Whole-Genome Sequencing (WGS) 

gives access to all the genetic variants in an individual for exploration and analysis. 

With significantly decreasing costs, WGS makes it feasible to get an almost complete 

genomic view (~98–99%) of an individual and to identify potential disease-causing 

variations.  With advancedments in bioinformatics tools, it is now possible to identify 

causative variants for phenotypes more precisely and correctly than ever before 

(Lappalainen et al., 2019; Salgado et al., 2016), which also creates the possibility to 

examine modifier variants in the same individuals.  

Two important periods in the history of gene discovery can be identified. Prior 

to the turn of the millennium, positional cloning was used to identify 1,300 disease-

related genes during the first era of linkage analysis. The second era began with the 
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completion of the human genome and the discovery of next generation sequencing 

(NGS), accelerating the rate of disease gene discovery from years of research, 

required previously, to genes now identified within a week (McInerney-Leo and 

Duncan, 2021).  

 The focus in human genetics research has shifted from identifying genetic 

variations to the extensive characterization of associations between genetic variation 

and phenotypes, and, more recently, of the general mechanisms by which genetic 

variation influences human biology and health. This shift began about 20 years ago 

(Lappalainen and MacArthur, 2021), with the completion and publication of the 

complete human genome. The majority mechanism of action of the more than 

200,000 genetic variants, identified by  that genome-wide association studies 

(GWAS), have conclusively linked to human complex traits are still mechanistically 

unknown (Claussnitzer et al., 2020). Furthermore, it's sometimes unclear which gene 

is responsible for the biological impacts of these variants because the majority of 

them occur in non-coding regions of the genome (Maurano et al., 2012). Similarly, to 

this, 47% of the nearly 1 million entries in the ClinVar database (Landrum et al., 

2018) of variants found in people with severe genetic diseases are labeled as having 

either uncertain or conflicting annotations, indicating a lack of clear understanding 

about the impact of variants on their molecular mechanisms function and disease 

(ClinVar). To tackle this persistent uncertainty, more accurate and efficient tools to 

understand the molecular pathways by which mechanisms of genetic variations affects 

phenotype will be necessary.  

By improving understanding of the direct inference mechanisms of variation 

and their likely disruptive effects on the normal gene function of key genes, such 

approaches will increase the accuracy of genetic diagnosis and prediction, especially 
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for rare/or novel disease-causing variants. These methods will help to accelerate the 

development of new therapeutics by highlighting not only the gene products directly 

responsible for illness pathogenesis but also the direction of impact, the relevant 

target cell types affected, and the broader biological pathways through which a gene 

influences involved in disease risk (Lappalainen and MacArthur, 2021). 

Sequencing Genetic analysis of the parent-child trio allows for the discovery 

of de novo  mutations that were previously not found by linkage analysis.  NGS 

allows for the discovery of recessive disease genes in even a single affected person. In 

addition, both the number and size of the affected families required to locate a causal 

gene have decreased. Each NGS technology, including whole exome sequencing 

(WES) and panel sequencing, has its advantages. The majority of genes have been 

discovered through NGS using WES, while WGS is better at spotting copy number 

variations, chromosomal rearrangements, and repeat-rich regions. Panels, on the other 

hand, produce manageable amounts of data with no chance of unexpected results and 

are incredibly cost-effective, so they are frequently utilized for diagnostic purposes.  

However, when there is diagnostic uncertainty, selecting the right panel can be 

quite difficult. Therefore, Under these conditions, WES has a greater diagnostic yield. 

All methods of sequencing follow the same basic principle. There are four major steps 

that are common in all types of NGS (Fig. 1.1).  Many of the social, ethical, and legal 

ramifications of NGS are similar to those of genetic testing in general but are 

magnified by the sheer amount of data (e.g., relationship misattribution, identification 

of variants of uncertain significance, and genetic discrimination); some are specific to 

WES and WGS, (e.g., incidental or secondary findings; (McInerney-Leo and Duncan, 

2021)). 
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Fig 1.1: Generic overview of NGS (Source: https://thebiologynotes.com/next-

generation-sequencing-ngs/) 

 

1.4: Overview of the current study: Scheme of study 

        This was a multitired study in which various levels of sampling, experimental 

and analytical approaches were utilized. Initially, through an epidemiological 

approach the data on subjects with hereditary disorders originating from Hazara 

population of Pakistan were collected. First-hand data on 1,189 subjects from 

independent subjects/families were collected and the prevalence-pattern of 

congenital/hereditary anomalies  were established for Hazara division of Pakistan. 

Secondly, 141 independent subjects with congenital limb deficiencies (CLD) were 

recruited from Khyber Pakhtunkhwa (KP) province of Pakistan and their phenotypic 

pattern was established. Further, blood samples of five families with rare phenotypes 

were collected, with the possibility to carry out molecular genetic analyses and 

functional genomic study.   

https://thebiologynotes.com/next-generation-sequencing-ngs/
https://thebiologynotes.com/next-generation-sequencing-ngs/
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          Five families in which the patients had various presentations like intellectual 

disability, skeletal dysplasia, anophthalmia, scoliosis and blindness and craniofacial 

anomalies were selected for molecular study. The phenotypes in the four families 

were segregating autosomal recessively. Novel mutations in the candidate genes 

GRIP1, DYM1, and FLNB were found through mutation analysis in three  families. 

While a single new gene, CFAP46, linked to craniofacial anomalies, segregated 

within a single family. Finally, in a large family with multiple affected subjects 

exhibiting the symptoms of intellectual disability, SNP based genotyping data were 

generated. Homozygosity mapping approach was adopted in order to detect regions of 

homozygosity shared among the affected subjects. Further, two of the affected 

individuals in this family was subjected to exome sequencing. Analyses of these data 

led to the shortlisting of rare variants which are pathologically relevant to the 

phenotype and also fall in the homozygous intervals detected in the SNP scan. In 

conclusion, a multitired approach was adopted for clinical and genetic elucidation of 

subjects/families with rare disorders. The overall scheme of the study is shown in Fig. 

1.2.  
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Fig 1.2: Flowchart showing the distribution of current study. 
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2. Clinical and genetic attributes of congenital and hereditary 

anomalies prevalent in Haraza population of Khyber Pakhtunkhwa, 

Pakistan 

2.1: Abstract 

In Pakistan, various factors like high rate of consanguinity, extended families 

and marriage at young age contribute to a high prevalence of congenital and 

hereditary anomalies (CA). Epidemiological studies elucidating detailed 

biodemographic correlates of CA, that could serve as a framework for establishing the 

management strategies for these anomalies, are deficient in Pakistan. To this end, the 

current research aimed to characterise the prevalence, clinical and genetic attributes, 

and biodemographic characteristics of CA in the Hazara population for which there 

was no data available. In a retrospective cross-sectional study design, 

subjects/families with CA were identified through district hospitals, community 

centers and through door-to-door surveys in Hazara. Without any previous knowledge 

of a candidate's gender, ethnicity, or caste system, a convenience sampling was used 

to determine their prospects for recruitment. Descriptive and phenotypic information 

was collected, pedigrees were examined, and demographic and parental 

characteristics were documented. In this study 1,189 subjects and families were 

recruited with nine major and at least 97 minor categories of anomalies. The most 

prevalent condition was neurological disorder (n=486; proportion=0.409; % 

Coefficient of inbreeding (CI)=0.381-0.437), which was followed by limb defects 

(n=292), musculoskeletal defects (n=106), sensorineural/ear defects (n=101), blood 

disorders (n=75), eye/visual impairments (n=39), ectodermal anomalies (n=30), and 

congenital heart defects (n=26). There were 64.6% sporadic cases and 35.3% familial 

cases in this cohort. There is significantly higher parental consanguinity in isolated 

and familial cases, compared to syndromic  and   sporadic cases (67% and 72% vs 

65% 63%). Further, speech apraxia (n=48) and epilepsy (n=36) were the commonest 

associations in the syndromic case. Demography, parental consanguinity, paternal 

ages, and pedigree structures showed conspicuous heterogeneity among the major and 

minor categories of CA. In conclusion, the trend in anomalies seen in this cohort, 

along with the high number of sporadic cases, suggest that nongenetic etiological 

factors may play a significant role that may be minimized by improving healthcare as 

well as through genetic counseling. 
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2.2: Introduction 

Congenital anomalies (CA) are a diverse group of conditions that affect 

embryonic and fetal development (Bhatti et al., 2019). CA are categorized into two 

main types: single-gene disorders with Mendelian dominant, X-linked or recessive 

inheritance patterns, and multifactorial disorders involving combinations of neutral 

variants producing a predisposition to disorders including cardiovascular disease and 

asthma/eczema, among others.  

The prevalence of CA ranges from 4 to 5% worldwide, with the actual 

numbers differring significantly between different countries and geographic areas 

(EUROCAT, 2015). CA management is difficult and necessitates a more 

comprehensive understanding of the problem (Zahra et al., 2016). The prevalence of 

CA across different sub-populations, linguistic and ethnic groups, and socioeconomic 

strata within the population is variable (Cosme et al., 2017). 

CA are common among many populations and they cause lifelong illness 

(physical or mental) or early death. CA can be severe when affecting vital organ-

systems and causing major disabilities, i.e., malformations of the central nervous 

system, heart, kidneys, etc., or can be milder when they do not seriously affect the 

normal life functions of the subject, i.e., polydactyly, syndactyly, albinism, etc. CA 

may occur as isolated abnormalities or as a part of a syndrome and involve multiple 

organ-systems (Leppig et al., 1987; Temtamy and McKusick, 1978). CA may be 

found at an early age in life as soon after birth or appear later in life.  

 Consanguinity has relatively little effect on the prevalence of dominant and 

X-linked disorders, but has a large effect on recessive disorders. The impact of 

relatedness in the predisposition of multifactorial disorders is still unclear. Most 
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people carry one or two gene variants, that have no effect on their health but these can 

cause a recessive disorder in specific individuals (Vogel and Motulsky, 2013). 

Children have a 25% chance of inheriting it from both parents and suffering 

from the homozygous recessive illness when the parents are heterozygous for a 

recessive variant. Hundreds of recessive disease variants are present in most 

populations and a range of disorders occurs occaionally, apparently sporadically when 

both parents carry the same variants. Some diseases are common, e.g. cystic fibrosis 

or haemoglobin disorders, but most are rare sinse the chance of both partners carrying 

the same variant is small. In typical Northern European populations, ~4% of all 

congenital/genetic disorders and 17% of single-gene disorders are recessive (Baird et 

al., 1988). Still, they severely impact the disease spectrum and cause long-term 

disability as well as child mortality. The chance of both parents carrying the same 

recessive disease variant and having affected children increases due to consanguinity. 

This effect is particularly marked for rare disorders where a partner who carries the 

same disorder is unlikely unless they are related. Consequently, the prevalence of 

many rare recessive conditions  and of congenital and genetic disorders is highest in 

communities in which consanguineous marriage is common. Still, some widespread 

congenital anomalies like cerebral palsy (CP), Down syndrome and neural tubes 

defects are not inherited in recessive patterns and are not common in consanguineous 

families (Modell and Darr, 2002). 

According to a cross-sectional study carried out in Khyber teaching hospital in 

Peshawar, CA mostly affected the brain (10/1,000), heart (8/1,000), kidneys 

(4/1,000), and limbs. Among 1062 deliveries, 3% of newborns were born with certain 

types of CA, with hydrocephalus (23%), anencephaly (13%), and spina bifida (10%) 

as major anomalies (Khan et al., 2015). Zahra et al., (2016) recruited a total of 246 
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independent subjects with CA during an observational study on the epidemiology of 

CA in Kurram Tribal Agency in northwest Pakistan. which is a population badly 

affected by war and political instability.  In those data, the sporadic and isolated 

occurrence of CA were more abundant than familial and syndromic occurrences.  

Further, neurological disorders were the most frequent, followed by musculoskeletal 

defects, limb anomalies, sensorineural/ear defects, ectodermal anomalies, congenital 

heart defects, and eye/visual impairments. Nevertheless, in-depth studies relative to 

the risk factors, epidemiology and distribution pattern of CA are essential for the 

implementation of intervention measurements (Zahra  et al., 2016).  

In Pakistan, CA caused approximately 6-10% of perinatal deaths (Korejo et 

al., 2007). According to the reports, the etiology of CA is unknown in 40-60% of CA, 

20% have genetic and non-genetic factors, 8% are due to single-gene mutations, 6% 

are the result of chromosomal abnormalities, and 5% are due to maternal influences 

and pregnancy outcomes (Blue et al., 2019). The scope of socio-demographic factors 

linked with CA differs in various populations, for example Costa et al., (2006) 

observed that rate of CA was significantly associated with poor literacy and low 

socio-economic status. 

The children from consanguineous unions have a significantly high risk of 

recessively inherited disorders  (Shawky et al., 2013). Ethnicity, language, religion, 

and geographic distribution, combined with a high prevalence of consanguinity, result 

in a genetically isolated community. In such populations, a limited, comprehensive, 

long, and multigenerational pedigree is expected (Hamamy, 2012), which give 

geneticists opportunities for linkage analysis and mapping of monogenic autosomal 

recessive diseases. Many isolated populations, such as in Pakistan, and certain other 
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communities, have played an important role in identifying novel mutations in 

autosomal recessive genetic disorders (Ali, 2010).  

In consanguineous unions, every partner shares the genes of a common 

grandparent (Hamamy, 2012).  In the Middle East and South Asian countries, almost 

40% of all marriages are consanguineous (Abdalla and Zaher, 2013).  While in 

Pakistan approximately 65% of marriages are commenced among blood relatives due 

to economic, social, and cultural reasons in different regions of Pakistan (Iqbal et al., 

2022). More than a few studies have been conducted in different areas of Pakistan 

including Rahim Yar Khan, Sargodha, Bhimber district of Mirpur division (AJK), 

Khyber Pakhtunkhwa and Federally Administered Tribal Areas (FATA) showed 

58.46%, 56.72%, 62%, 58.3% and 22.34% consanguineous marriages respectively 

(Umair et al., 2018). At present new interventions and better control reduce the 

burden of communicable diseases but meanwhile hereditary and genetic disorders 

appear as a major problem in healthcare systems. Most of the monogenic diseases are 

rare when appearing separately but as a group becomes quite common (Biesecker et 

al., 2012).  

Pakistan has major populations living in rural areas where health care is 

present but poorly maintained, lacking access to trained professional as well as 

modern equipment. In these situations, the healthcare system of Pakistan is unable to 

deliver proper support to the communities (Kumar and Bano, 2017). Even though 

considerable advancements over the last twenty years in Pakistan, infant and neonatal 

death rates are increasing. Shockingly, Pakistan was rated 149th among 179 countries 

on the Maternal Mortality Ratio Index in 2015 (Hall and Taylor, 2003). Healthcare 

resources, including finance and transport, are not distributed in a need-based manner 

in Pakistan. Moreover, the current number of healthcare professionals does not meet 
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the high rate of population growth. In addition, available medical staff is 

inexperienced, poorly paid, and deprived of the most recent skills for medical 

practice. However, mostly the health-care system depends upon private organizations 

for more advanced medical facilities, these services are very expensive, and most 

people cannot afford them. There are huge inequities in the availability of health-care 

services to the deprived population (Desa, 2015; Kumar and Bano, 2017). Recent 

assessment represents that 2.3% of total deaths in Pakistan occur due to CA. At this 

point, certain factors such as low socioeconomic status, insufficient prenatal care, 

maternal malnutrition and consanguinity are significantly associated with the high rate 

of CA. According to a study conducted in the Combined Military Hospital, Kharian, 

CA affected 7% of the 3,210 cases. In-depth study of the literature represents that 

majority of the reports on CA were hospital-based (Arfaksad and Wajahat, 2016; 

Hussain  et al., 2014).  Such studies do not completely cover the subjects from remote 

areas, where usually birth takes place in the home with the help of local attendants 

(Shah  et al., 2010). A countrywide picture on the epidemiology of CA is fragmented 

due to a lack of proper surveillance and reporting. 

CA are more prevalent in Pakistan compared to the rest of the world, due in 

part, to consanguineous marriages, overlapping generations, marriage at young ages, 

large families, and well-adapted communities presenting multigenerational family 

trees with many rare hereditary disorders (Peltonen  et al., 2000; Wahab and Ahmad, 

1996). In Pakistan, the basic focus of the national health surveillance system is a 

traumatic, infectious and common disease while there is no well-adapted systematic 

method for the monitoring of CA (Jabeen and Malik, 2014). In this situation, there is 

an immense need to monitor the pattern of CA across different geographic regions, 



Chapter 02  Congenital and hereditary anomalies 

16 
 

ethnicities, and socioeconomic levels for the ascertainment of their burdens on the 

society and to plan efficient intervention approaches.  

2.3: Subjects and Methods 

2.3.1: Sampling area 

A descriptive clinical and genetic epidemiological study on CA was carried 

out in the northwestern regions of Pakistan, in the Hazara division of Khyber 

Pakhtunkhwa. Hazara is located to the east of Tarbela Dam, west of Azad Jammu and 

Kashmir, north of Punjab, and south of Gilgit Baltistan. Hazara division encompasses 

seven districts including Haripur, Abbottabad, Mansehra, Upper Kohistan, Lower 

Kohistan, Batagram and Torghar (Fig. 2.1).  

The Hazara Division is home to people of different ethnicities, including the 

Awan, Dhund, Gujar, Jadoon, Kashmiri, Kharral, Kohistani, Pathan, Syed, Swati, 

Tanoli, and Turk (Akbar et al., 2016). 



Chapter 02  Congenital and hereditary anomalies 

17 
 

Fig 2.1: Map of Pakistan (B) with superimposed map of Hazara division (A) depicting 

the study districts. 

2.3.2: Sampling strategy 

For a picture of the epidemiology of different CA across Hazara Division, a 

study was carried out from July 2015-to-June 2021. Subjects with various types of CA 

were recruited from District Headquarter hospital of Haripur, Abbottabad and 

Mansehra districts. Additionaly, the subjects were also recruited by visiting public 

places and through door-to-door surveys. It was an observational study in which 

convenience sampling was conducted due to the availability of resource persons 

familiar with local languages and traveling and logistics options. Different sampling 

strategies were adapted in different time scenarios. The study was approved by the 

Ethical Review Committee, Quaid-i-Azam University, Islamabad. 
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Data were collected and documented in written form in the presence of the 

family head/guardian after informed written, or proper verbal, consent (where the 

subject was illiterate) was approved prior to the data collection. When a participant 

was incapable of providing consent due to reasons including: below the legal age of 

consent delivery, disabled due to neuromuscular defects, deaf-mute, blind, or 

otherwise incapable, their parent/guardian or educated elder family member provided 

informed written consent. Only subjects belonging to the Hazara division were 

included in the study and those who were not regular members of the surveyed 

household or not capable to provide complete information were excluded. Data for 

each subject were obtained on biodemographic and socio-economic variables 

including personal information, ethnicity, parental marital status, family type, 

occupation, socioeconomic status etc. With the help of a local medical officer and 

physician, all individuals were physically examined. Detailed clinical features were 

recorded and photographs of affected individuals showing phenotype were taken. 

Previous medical records and copies of significant test reports, including CT scans, 

MRI scans and X-rays, were taken and assessed by a local physician for diagnosis. 

Participants from the rural area were brought in for clinical examination to the local 

district hospital. Pedigrees are helpful for the determination of the familial segregation 

of deformity, affected sibship and generation with the disease, hence, three-generation 

pedigrees for each family were drawn. When multiple affected subjects present in one 

family, with a particular malformation, were considered as one mutational event, and 

hence, only the index subject in each family was included in the analyses. The 

fieldwork and data collection were performed by a qualified person trained in medical 

genetics together with a local guide. The guides were respectable residents of specific 

areas and included local lady health workers or paramedic who was familiar with the 
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local population. Rehabilitation or special education centers were not included in the 

data collection. 

2.3.3: Classification of anomalies 

Only congenital or hereditary anomalies were considered for data analysis, 

while those resulting from trauma, acquired or infectious conditions were not 

included. Specialist resident doctors at the District Hospitals made the primary 

diagnoses and only confirmed CA with congenital and/or hereditary anomalies were 

recruited. Recruited subjects were categorized into (i) familial or sporadic, and (ii) 

isolated or syndromic. Syndromic CA were identified with respect to the more severe 

symptoms in the following order: neurological disorders, neuromuscular defects, 

musculoskeletal defects, eye/visual impairments, sensorineural/ear anomalies, and 

limb defects. Secondary symptoms counted as associated malformation when present 

in addition to the primary disease. A structured questionnaire was used to record 

information. This was divided into three sections: section one for demographic data; 

section two dealt with various risk factors, including medical history, parental medical 

history, paternal age and consanguinity; and section three documented phenotypic 

details of the abnormalities. The standard coding system of the International 

Classification of Diseases, Tenth Revision (ICD-10), was used to define abnormalities 

based on primary diagnoses. Each entity was used to search the Online Mendelian 

Inheritance in Man (OMIM) and Orphanet databases. Limb defects and 

malformations were further characterized into well defined phenotypic entities and 

sub classified by involvement of upper and/or lower limbs, laterality, symmetry, and 

axis of involvement  (Malik, 2014). 
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2.4: Results 

1,189 subjects and familes were recruited having 9 major categories of CA. 

678 (57%) were males and  511 (43%) females (Table 2.1). Sporadic cases were more 

common than familial (769(65%) vs 420(35%); respectively). The total number of 

affected subjects was 2212 with 1284 males 928 females affected (p=0.0005 for males 

vs females).  Additional analyses of the gender-specific data revealed that 

neurological disorders (n=276 vs n=210), limb abnormalities (n=163 vs n=129), 

musculoskeletal defects (n=63 vs n=43), sensorineural/ear defects (n=66 vs n=35), 

blood disorders (n=48 vs 27) and congenital heart defects (n=16 vs  n=10) were more 

common in males than in females (Table 2.1). Contrary to this Eye/visual 

impairments  and ectodermal anomalies were highest in females compared to males 

(n=21 vs 18 and n=16 vs n=14 vs  n=16; Table 2.1). 
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Table 2.1:  Major categories of CA, familial/sporadic nature, and total number of affected family members 

Major category Index subject  Proportion  95% CI Familial/sporadic 

nature* 

Total number of affected in all 

families* 

 Male Female Total   Familial Sporadic Males  Female  Total  

Neurological disorders 276 210 486 0.409 0.381-0.437 118 368 396 301 697 

Limb defects 163 129 292 0.246 0.221-0.270 102 190 336 216 552 

Musculoskeletal defects 63 43 106 0.089 0.073-0.105 54 52 136 129 265 

Sensorineural/ear defects 66 35 101 0.085 0.069-0.101 52 49 137 83 220 

Blood disorders 48 27 75 0.063 0.049-0.077 29 46 83 34 117 

Eye/visual impairments 18 21 39 0.033 0.023-0.043 23 16 57 46 103 

Ectodermal anomalies 14 16 30 0.025 0.016-0.034 22 8 70 42 112 

Congenital heart defects 16 10 26 0.022 0.014-0.030 6 20 24 17 41 

Others 14 20 34 0.029 0.019-0.038 14 20 45 60 105 

Total 678 511 1,189 1.000 - 420 769 1284 928 2212 

*Chi-test statistics were statistically significant.  
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In the total sample, n=107 subjects belonged to District Haripur, n=191 from 

Mansehra, n=126 from Abbottabad, 31 from Kohistan and n=23 from district Batagram 

(Table 2.2; Fig. 2.1). Detailed distribution of index subjects and familial/sporadic cases is 

across the key demographic variable is presented in Table 2.2. Distribution was observed 

to be statistically non-significant in all variables. 
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Table 2.2: Demographic distribution of index subjects 

Variables Male, No.(%) Female, No.(%) Total, No.(%) 

 

District  

Haripur 307 (45) 241 (47) 548 (46) 
Mansehra 191 (28) 128 (25) 319 (27) 
Abbotabad 126 (19) 103 (20) 229 (19) 
Kohistan 31 (5) 22 (4) 53 (5) 
Batagram 23 (3) 17 (3) 40 (3) 
Sum  678 (57) 511 (43) 1189 (100) 
 

Rural/urban origin 
Rural 401 (59) 301 (59) 702 (59) 
Urban 277 (41) 210 (41) 487 (41) 
 

Age intervals (years) 
Up to 5 213 (31) 151 (29) 364 (31) 
>5-9 108 (16) 80 (16) 188 (16) 
>9-19 226 (33) 148 (29) 374 (31) 
>19 131 (19) 132 (26) 263 (22) 
 

Mother tongue  
Hindko 471 (69) 370 (72) 841 (71) 
Pashto 83 (12) 55 (11) 138 (11) 
Punjabi 56 (8) 28 (5) 84 (7) 
Urdu 39 (6) 34 (7) 73 (6)  
Pahari 11 (2) 5 (1) 16 (1) 
Others 20 (3) 19 (4) 39 (3) 
 

Caste-system  
Awan 162 (24) 129 (25) 291 (24) 
Pathan 66 (10) 60 (12) 126 (11) 
Gujjar 67 (10) 43 (8) 110 (9) 
Tanoli 37 (5) 28 (5) 65 (5) 
Swati 30 (4) 30 (6) 60 (5) 
Rajpoot 29 (4) 22 (4) 51 (4) 
Mughal 36 (5) 12 (2) 48 (4) 
Abbasi 26 (4) 19 (4) 45 (4) 
Others 184 (33) 131 (33) 315 (33) 
 

Family/household type 
Nuclear  366 (54) 256 (50) 622 (52) 
Extended  312 (46) 255 (50) 567 (48) 
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Literacy (n=794) 
Illiterate  298 (63) 212 (66) 510 (64) 
Literate  174 (37) 110 (34) 284 (36) 
 

Literacy level (n=284)  
Primary  93 (20) 58 (18) 151 (19) 
Secondary school 71 (15) 36 (11) 107 (14) 
Graduate and higher 10 (2) 16 (5) 26 (3) 
 

Economic quintile (n=1109)  
Low 305 (46) 192 (41) 497 (45) 
Low-mid 278 (42) 221 (47) 499 (45) 
Mid 11 (2) 2 (0) 13 (1) 
High-mid 9 (1) 11 (2) 20 (2) 
High 56 (9) 44 (10) 80 (7) 
Chi-distribution was statistically not significant in all variables.  

 

All the major categories were further resolved according to their nearest 

definitions in OMIM and ICD-10 databases and hence, at least 99 minor categories could 

be identified. Table 2.3 presents all the major and minor categories with their proportions, 

95% CI, OMIM entries codes and ICD-10 database identifiers (Table 2.3).
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Table 2.3: Major and minor categories of congenital/hereditary malformations  

Major/minor 

categories 

Frequency Proportion  95% CI ICD-10 OMIM 

Neurological 

disorders  

486 0.409 0.381-0.437 
  

Intellectual 
disability  

176 0.148 0.128-0.168 F79 
 

Cerebral palsy  148 0.124 0.106-0.143 G80.0 
 

Epilepsy  41 0.034 0.024-0.045 G40 117100 
Autism/low IQ 25 0.021 0.013-0.029 F84.0 

 

Down syndrome  18 0.015 0.008-0.022 Q90 190685 
Hydrocephaly 14 0.012 0.006-0.018 G91.9 236600 
Microcephaly  14 0.012 0.006-0.018 Q02  251200 
Global 
developmental 
delay   

13 0.011 0.005-0.017 Z13.42  618330 

Spina bifida  11 0.009 0.004-0.015  Q05 182940 
Ataxia 7 0.006 0.002-0.010 R27.0 160120 
Migraine 5 0.004 0.001-0.008 G43 

 

Multiple sclerosis  4 0.003 0.000-0.007 G35 
 

Neuropathies  4 0.003 0.000-0.007 G60.9  162400 
Macrocephaly 3 0.003 0.000-0.005  Q75.3  153470 
Arnold Chiari 
malformation 

1 0.001 -0.001-0.002 Q07.0 207950 

Cystic 
encephalomalacia 

1 0.001 -0.001-0.002 
  

Tremor 1 0.001 -0.001-0.002 R25.1 190300 
Limb defects 292 0.246 0.221-0.270 

  

Talipes (all types) 141 0.119 0.100-0.137  Q66.0 119800 
Polydactyly, 
postaxial 

34 0.029 0.019-0.038  Q69 174200 

Polydactyly, 
preaxial  

31 0.026 0.017-0.035 Q69.1 174400, 
174500 

Transverse limb 
amputations 

23 0.019 0.012-0.027 Y83.5 
 

Syndactyly (all 
types) 

18 0.015 0.008-0.022 Q70 609815 

Brachydactyly (all 
types) 

10 0.008 0.003-0.014 Q68.81  113000 

Clinodactyly  9 0.008 0.003-0.012 Q74.0 148520 
Camptodactyly  7 0.006 0.002-0.010 Q74.0  114200 
Leg length 4 0.003 0.000-0.007 M21.7 

 

https://www.google.com/search?safe=strict&q=Cystic+encephalomalacia&spell=1&sa=X&ved=2ahUKEwis65G7rIzxAhUklFwKHXgADzsQkeECKAB6BAgBEC0
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discrepancy  
Constriction band 
syndrome 

3 0.003 0.000-0.005 Q79.8 217100 

Thumb 
hypoplasia/aplasia 

3 0.003 0.000-0.005 
 

188100 

Clubbing of digits  2 0.002 -0.001-0.004 R68.3 119900 
Hallux valgus  2 0.002 -0.001-0.004 M20.1 

 

Fibular hypoplasia  1 0.001 -0.001-0.002 Q73 
 

Macrodactyly  1 0.001 -0.001-0.002 Q74.2 155500 
Radial hemimelia 1 0.001 -0.001-0.002 Q73.8 

 

Symphalangism  1 0.001 -0.001-0.002 Q70.9  185800 
Trigger thumb  1 0.001 -0.001-0.002 M65.319  190410 

Musculoskeletal 

defects 

106 0.089 0.073-0.105 
  

Muscular 
dystrophy  

23 0.019 0.012-0.027 G71.0  310200 

Hypotonia 
(limbs)/myopathies  

23 0.019 0.012-0.027 P94.2  300868 

Dwarfisms 20 0.017 0.010-0.024 E34.3 100800 
Congenital hip 
dysplasia  

11 0.009 0.004-0.015 Q65.8 142700 

Scoliosis  6 0.005 0.001-0.009 M41  181800 
Kyphoscoliosis  4 0.003 0.000-0.007 M40 610170 
Osteogenesis 
imperfecta  

4 0.003 0.000-0.007  Q78.0  166200 

Arthrogryposis  2 0.002 -0.001-0.004 Q74.3 108120 
Carpal fusion 2 0.002 -0.001-0.004 

  

Exostosis  2 0.002 -0.001-0.004 Q78.6 133700 
Klippel 
Feil syndrome  

2 0.002 -0.001-0.004 Q76.1  118100 

Pectus carinatum 2 0.002 -0.001-0.004 Q67.7 
 

DuPan syndrome  1 0.001 -0.001-0.002 
 

228900 
Genu valgum 
disorder  

1 0.001 -0.001-0.002 M21.06 137370 

Muscular torticollis  1 0.001 -0.001-0.002 M43.6 189600 
Rheumatoid 
arthritis 

1 0.001 -0.001-0.002 M06 180300 

Rickets, vitamin D 
resistant 

1 0.001 -0.001-0.002 E83.3 277440 

Sensorineural/ear 

defects  

101 0.085 0.069-0.101 
  

Deaf and mute  88 0.074 0.059-0.089 H90 304500 
Microtia/deformed 
pinna 

8 0.007 0.002-0.011 Q17.2 600674 
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Speech apraxia 3 0.003 0.000-0.005 R47.9 602081 
Deaf only 1 0.001 -0.001-0.002 

  

Mute only 1 0.001 -0.001-0.002 
  

Blood disorders 75 0.063 0.049-0.077 
  

Thalassemia  59 0.050 0.037-0.062 D56 613985 
Hemophilia  15 0.013 0.006-0.019 D66 306700 
Fanconi anemia  1 0.001 -0.001-0.002 D61.09 227650 

Eye/visual 

impairments 

39 0.033 0.023-0.043 
  

Blindness  20 0.017 0.010-0.024 H53.5 216900 
Squint 
eyes/strabismus  

9 0.008 0.003-0.012 H50.9 185100 

Colour blindness  3 0.003 0.000-0.005 H53.5 303800 
High myopia 3 0.003 0.000-0.005 H52.10 

 

Night blindness  3 0.003 0.000-0.005 H53.60  310500 
Anophthalmia  1 0.001 -0.001-0.002 Q11.2  251600 

Ectodermal 

anomalies  

30 0.025 0.016-0.034 
  

Atopic 
dermatitis/eczema 

8 0.007 0.002-0.011 L20.9 603165 

Albinism, 
oculocutaneous  

5 0.004 0.001-0.008 E70.3 203100 

Alopecia totalis 4 0.003 0.000-0.007 L63.1  203655 
Psoriasis  3 0.003 0.000-0.005 L40.9 177900 
Ectodermal 
dysplasia  

2 0.002 -0.001-0.004 Q82.4 305100 

Hypotrichosis  2 0.002 -0.001-0.004 H02.72 605389 
Ichthyosis  2 0.002 -0.001-0.004 L85.0  242300 
Alopecia areata  1 0.001 -0.001-0.002 L63.9  104000 
Neurofibromatosis  1 0.001 -0.001-0.002 Q85.00  162200 
Onychodystrophy 1 0.001 -0.001-0.002 L60.3 161050 
Palmoplantar 
keratoderma 

1 0.001 -0.001-0.002 L40.3 144200 

Congenital heart 

defects  

26 0.022 0.014-0.030 
  

Ventricular septal 
defect  

12 0.010 0.004-0.016 Q21.0 614429 

Arterial septal 
defect  

6 0.005 0.001-0.009 Q21.1 108800 

Coronary artery 
disease 

5 0.004 0.001-0.008 I125.10  608901 

Atrioventricular 
canal defect  

2 0.002 -0.001-0.004 Q21.2 606215 

Bradycardia  1 0.001 -0.001-0.002 R00.1  
 

https://www.icd10data.com/ICD10CM/Codes/H00-H59/H49-H52/H52-/H52.10
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Others 34 0.029 0.019-0.038 
  

Cleft lip/cleft pallet  8 0.007 0.002-0.011 Q37 119530 
Bardet-Biedl 
syndrome 

5 0.004 0.001-0.008 Q87.89   209900 

Neonatal diabetes 
mellitus 

4 0.003 0.000-0.007 P70.2 222100 

Anomalies of 
kidney and urinary 
tract  

3 0.003 0.000-0.005 Q64.9 
 

Celiac disease  2 0.002 -0.001-0.004 K90.0 212750 
Congenital 
hypothyroidism 

2 0.002 -0.001-0.004 E03.9  275200 

Lymphedema  2 0.002 -0.001-0.004 I89.0 
 

Anorectal 
malformations  

1 0.001 -0.001-0.002 
 

107100 

Bladder exstrophy  1 0.001 -0.001-0.002 Q64.10  600057 
Congenital 
immunodeficiency  

1 0.001 -0.001-0.002 D89.9 
 

Glucose 6-P-
deficiency  

1 0.001 -0.001-0.002 D55.0 305900 

Hirschsprung 
disease 

1 0.001 -0.001-0.002 Q43.1 142623 

Neonatal adiposity 1 0.001 -0.001-0.002 E66.9 
 

Orofacial anomaly  1 0.001 -0.001-0.002 G24.4  
 

Undescended testes 1 0.001 -0.001-0.002 Q53.9 
 

  

 The overall parental consanguinity was estimated to be 66% and it ranged from 

60%-81% in the major categories of CA (P=0.07; Table 2.4). Consanguinity rates were 

observed to be highest in congenital heart defects (81%), sensorineural/ear defects (77%), 

blood disorders (72%), and ectodermal anomalies (70%), and were lowest in limb defects 

(60%) and neurological disorders (65%). Consanguinity was found to be significantly 

higher in the familial cases compared to sporadic  cases(72% vs. 63%, respectively; 

P=0.004). Consanguinity among the isolated and syndromic cases was 67% and 65%, 

respectively (P=0.694), and among the index males and females 68% and 64%, 

respectively (P=0.193; Table 2.4).  
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In this cohort, the isolated presentation was more customary compared to the 

syndromic occurrence (70% vs. 30%; P<0.0001) (Table 4). The highest number of 

isolated cases were witnessed among sensorineural/ear defects (98%), followed by blood 

disorders (96%), ectodermal anomalies (90%), and limb defects (89%). On the other 

hand, syndromic cases were most conspicuous among the neurological disorders (55%), 

followed by musculoskeletal defects (25%) and ‘Others’ category (24%; P<0.0001). 

Furthermore, familial cases had a higher likelihood of being isolated types compared to 

the sporadic cases (78% vs. 66%; p<0.0001). The distribution of isolated/syndromic 

presentations among the index males and females did not differ significantly (P=0.512; 

Table 2.4).
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Table 2.4: Parental consanguinity in various sample types  

Variables  

Parental consanguinity, N 

(%) 

Isolated/syndromic 

nature, N (%) 

Major category Yes No Isolated  Syndromic  

Neurological disorders 316 (65) 170 (35) 217 (45) 269 (55) 
Limb defects 176 (60) 116 (40) 259 (89) 33 (11) 
Musculoskeletal defects 72 (68) 34 (32) 79 (75) 27 (25) 
Sensorineural/ear defects 78 (77) 23 (23) 99 (98) 2 (2) 
Blood disorders 54 (72) 21 (28) 72 (96) 3 (4) 
Eye/visual impairments 27 (69) 12 (31) 31 (79) 8 (21) 
Ectodermal anomalies 21 (70) 9 (30) 27 (90) 3 (10) 
Congenital heart defects 21 (81) 5 (19) 23 (88) 3 (12) 
Others 23 (68) 11 (32) 26 (76) 8 (24) 
Total 788 (66) 401 (34) 833 (70) 356 (30) 

 P=0.07  P<0.0001  
Familial/sporadic nature     

Sporadic 487 (63) 282 (37) 507 (66) 262 (34) 
Familial 301 (72) 119 (28) 326 (78) 94 (22) 
 P=0.004  P<0.0001  
 

Isolated/Syndromic   

  

Isolated 555 (67) 278 (33) - - 
Syndromic 233 (65) 123 (35) - - 
 P=0.694    
Gender of index subject     
Male 460 (68) 218 (32) 470 (69) 208 (31) 
Female  328 (64) 183 (36) 363 (71) 148 (29) 
 P=0.193  P=0.512  
     
 

The syndromic cases were further analyzed in order to observe the combination of 

associated anomalies (Table 2.5). In the overall cohort, there were at least 495 associated 

anomalies. Among the individual anomalies, the syndromic appearance were common in 

intellectual disability (n=215), cerebral palsy (n=65), talipes (n=20), epilepsy (n=17), 

Down syndrome (n=16), and hypotonia (n=14). The six most common associated 
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anomalies were speech apraxia/stuttering (n=93), epilepsy (n=55), hypotonia (n=43), 

talipes (n=35), squint eyes (n=27), and deaf/mute (n=22). 

Analysis of the data with respect to the parity of the index subject showed most of 

the cases falling into the first parity (n=329), followed by second (n=250), third (n=198), 

and forth parity (n=127) (Table 2.6). However, the differences in the distribution of major 

anomalies with respect to parity were statistically not significant. 
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Table 2.5: Syndromic cases with the combination of associated malformations 

 

Congenital 

malformation1  

No. 

of 

cases 

Associated anomalies#,* 

Sum  

  

Speech 

apraxia/ 

stuttering 

Epilepsy Hypotonia Talipes Squint 

eyes 

Deaf/ 

mute 

Shortness 

of breath  

Cerebral 

palsy 

Blind Others 

 

Intellectual 
disability  117 48 36 31 16 20 17 7 12 5 23 215 

Cerebral palsy 46 29 14 0 6 5 1 1 0 0 9 65 
Talipes 20 3 1 0 0 0 2 0 0 0 14 20 
Epilepsy 16 2 0 5 0 0 0 4 0 1 5 17 
Down 

syndrome 10 4 0 3 4 1 1 3 0 0 0 16 
Hypotonia 10 3 0 0 6 0 0 0 0 1 4 14 
Microcephaly 9 0 1 1 1 1 0 0 2 0 3 9 
Hydrocephaly 8 2 1 3 1 0 0 0 0 1 3 11 
Blindness 5 0 0 0 1 0 1 0 0 0 3 5 
Migraine 4 0 2 0 0 0 0 0 0 1 2 5 
Muscular 

dystrophy 4 2 0 0 0 0 0 0 0 0 3 5 
Polydactyly 4 0 0 0 0 0 0 0 0 0 4 4 
Total   253 93 55 43 35 27 22 15 14 9 73 386 
1 categories with four or more syndromic cases are presented; #nine most common associated anomalies are reported.  
*P<0.0001 
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Table 2.6: Congenital malformation in association with parity 

 

Pedigree analyses of the familial cases revealed that the malformations mostly 

segregated in just one generation (n=151), followed by segregation in two and three 

generations (88 and 40, respectively; Table 2.7). 

Table 2.7: Disease segregating generations in Familial cases 

 Generation with disease  

Malformation I II III IV V Total 

Neurological disorders 50 20 42 1 0 113 

Limb defects 32 34 22 10 1 99 

Musculoskeletal defects 15 9 27 2 0 53 

Sensorineural/ear defects 15 12 24 0 0 51 

Blood disorders 19 2 4 0 0 25 

Eye/visual impairments 8 1 7 3 1 20 

Ectodermal anomalies 8 5 7 0 0 20 

Congenital heart defects 3 2 0 0 0 5 

Others 1 3 7 1 0 12 

Total  151 88 140 17 2 398 

 

 

Malformation Parity  
 

1 2 3 4 5 6 7 and above Total 

Neurological disorders 141 102 72 48 33 28 31 455 

Limb defects 91 66 45 35 21 10 10 278 

Musculoskeletal defec 32 18 21 14 6 3 5 99 

Sensorineural/ear defects 21 17 29 12 9 3 3 94 

Blood disorde 16 19 16 5 7 7 4 74 

Eye/visual impairments 6 7 6 3 3 4 2 31 

Ectodermal anomal 12 7 1 4 0 1 1 26 

Congenital heart defects 5 5 5 4 2 0 2 23 

Others 5 9 3 2 1 1 2 23 

Total  329 250 198 127 82 57 60 1,103 
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Further, the pedigree analysis revealed that the number of affected sibships in 

the pedigrees was mostly single followed by two, three, four and five sibships (n=183, 

84, 44, 28, 24, respectively; Table 2.8). 

Table 2.8: Sibship with disease in Familial cases 

 Sibship with disease  

Malformation 1 2 3 4 5 6 7 and above      Total 

Neurological disorders 59 25 10 7 1 6 5 113 

Limb defects 31 29 12 7 7 2 4 92 

Musculoskeletal defects 20 13 12 1 6 0 0 52 

Sensorineural/ear defects 27 8 4 6 3 1 0 49 

Blood disorders 23 2 0 0 0 1 0 26 

Eye/visual impairments 8 1 1 2 5 0 2 19 

Ectodermal anomalies 9 3 2 3 1 1 1 20 

Congenital heart defects 4 0 1 0 0 0 0 5 

Others 2 3 2 2 1 2 1 13 

Sum  183 84 44 28 24 13 13 389 
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2.5: Discussion 

Major types of CA affect roughly 2% to 3% of all newborns, with varying 

frequencies in various populations (Rankin et al., 2005). Depending on the type of 

defect, congenital malformations or birth defects might be identified soon after 

delivery or later. Congenital malformations are a major cause of newborn mortality 

and morbidity. High-income countries have built accurate monitoring frameworks to 

determine the prevalence of CA so that effective preventive strategies can be 

developed (Gul et al., 2012). Congenital and inherited abnormalities are common in 

Pakistan. The healthcare system is unable to handle the number, providing limited, if 

any support for affected individuals or families. This results in significant social, 

economic, and psychological consequences for affected families and society 

generally. CA are associated with 6–9% of perinatal fatalities in Pakistan (Korejo et 

al., 2007). 

In the present study, a total of 1,189 individuals afflicted with different 

congenital anomalies were recruited from different areas of the Hazara division. 

Neurological disorders were the most prevalent (41%) then limb defects (25%) and 

musculoskeletal defects (9%). Intellectual disability (0.148%) and cerebral palsy 

(0.124%) were common across all neurological disorders.  All types of mild to severe 

mental retardation, with any other associated anomaly, were merged into intellectual 

disability. Our findings support two previous studies, conducted in tertiary care 

hospitals under Peshawar and Kurram tribal agency, northwest Pakistan (Khan et al., 

2015, Zahra et al., 2016), which documented neurological disorders as prominent 

categories of CA. Pakistan has one of the highest levels of children with intellectual 

disability (Mirza et al., 2009) and, in our sample and an earlier study (Kaufman et al., 

2010), with predominantly males affected. Ageing mothers, minimal education, low 
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socio-economic status, rural origin, less access to healthcare and high rates of cousin 

marriages are risk factors for increased rates of ID in developing countries, including 

Pakistan.  According to the birth history taken at the time of data collection, birth 

asphyxia and delayed crying, associated with birth asphyxia, were the two major 

associations with ID. ID is strongly linked to a delayed neonatal crying at the time of 

birth, especially in impoverished nations, including a third of cases reported in Indian 

research, and a third of cases in a Lahore study  (Kramer, 2008; Omar and Kokab, 

2019). Premarital counselling, genetic screening sessions, health education, and the 

provision of antenatal and perinatal care, which is a difficult task, are all likely to help 

prevent these risks. 

In this study, males subjects were more represented than females (n=1284 vs 

928). Male predominance among congenitally deformed babies has been shown in a 

number of previous studies (Omar and Kokab, 2019; Sokal et al., 2014; Rankin et al., 

2005). Pregnancies affected by birth defects were more prevalent among male babies 

than females (55% vs 45%, respectively). In the present study, isolated and syndromic 

cases were more prevalent than the familial and syndromic affected subjects. These 

findings support the results of earlier studies and provide evidence for the contribution 

of environmental factors as a risk for the development of CA.  

In the present study, limb defects were the second most common group of CA 

(n=292). Preveiously reported study in Sialkot demonstrates that limb defects are 

prevalent among all types of CA (47%; Bhatti et al., 2019). While Zahra et al 

reported limb defects as the third most common type of CA (21%) after 

neurological (34%) and musculoskeletal defects (23%; Zahra et al., 2016).  

According to the present estimate talipes (0.119%) were prominent following 

polydactyly preaxial and postaxial  (0.029% and 0.026%). The majority of 
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limb/digit disorders do not cause severe disability, and because of their modest 

nature, they are underreported in epidemiological research (Lal and Malik 2015; 

Khan et al., 2015; Gillani et al., 2011)  Contradictory to this study represents the 

greater number of limb defects causing the disability (Talipes=141, Transverse limb 

amputations=23, Leg length discrepancy=4, constriction band syndrome=3 and 

thumb hypoplasia/aplasia=3) compare to milder defects (polydactyly=65, 

syndactyly=18, brachydactyly=10 , clinodactyly and camptodactyly=16). However, 

Bhatti et al., reported the amputation/reduction defects as the most prevalent limb 

defect in the population of Sialkot. While other studies witnessed for high 

preponderance for polydactyly (Lal and Malik 2015; Ullah et al., 2015). 

The next category represents the musculoskeletal disorders with an 

overwhelming number of muscular dystrophy (n=106) followed by other disorders 

including Hypotonia (limbs)/myopathies, dwarfism and congenital hip dysplasia  

which were another cause of physical disability in affected subjects. 

Musculoskeletal and limb defects have been identified as one of the most common 

types of malformations, according to studies. Pakistan has a higher burden than 

Western countries due to insufficient diagnostic, treatment, and rehabilitation 

facilities. An understanding of the different forms and nature of malformations is a 

first step toward developing public health policies (Ullah et al., 2015).  

In the Sialkot District, Azhar et al (2011) carried out interventional research 

on disabled subjects, focussing on surgical procedures, physiotherapy, and bracing 

used to help disabled people rehabilitate, but with no attempt to explain the nature 

and clinical spectrum of deformities. Poliomyelitis was the most common disability 

among the 644 people with impairments, followed by CP, skeletal dysplasia, 

muscular dystrophy, congenital dislocated hip, and talipes equinovarus. In the 
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current study we excluded cases of poliomyelitis from data collection.  A general 

observation made during the current data collection was that affected infants with 

talipes are usually treated during infancy and have a surgical correction to 

rehabilitate them. 

In the current cohort, parental consanguinity was calculated to be 66%, with 

congenital heart defects patients having the highest prevalence (81%). These results 

are consistent with a study by Zahra et al. (2016), in which inbreeding was the 

commonest finding in CA of congenital heart defects and deaf/mute individuals. 

Different studies conducted in various Pakistani populations reported the 

consanguinity rate from 57-62% (Riaz et al., 2016; Hina and Malik, 2015; Jabeen 

and Malik, 2014). However, the greater frequency of CA in Pakistani society is 

largely attributed to a high percentage of paternal consanguinity (Masood et al., 

2011). But various categories of CA were not significantly associated with 

consanguineous unions in present statistics.  

The syndromic cases were further analyzed in order to observe the associated 

anomalies. In the overall cohort, there were at least 495 distinct associated 

malformations. These analyses showed that the six most common associated 

malformations were speech apraxia/stuttering, epilepsy, hypotonia, talipes, squint 

eyes, and deaf/mute. These findings give the clue about genetic heterogeneity in 

disease etiology. 

Individually, Mendelian or monogenic disorders were uncommon, but as a 

group were very common. Infectious/communicable diseases are reducing globally 

as a result of improved surveillance and rigorous treatment but inherited and genetic 

abnormalities are becoming a huge burden on healthcare systems (WHO, 2014). A 
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high prevalence of genetic abnormalities has been documented in Pakistan. 

Multigenerational pedigrees with numerous people displaying rare genetic disorders 

have emerged from a high proportion of consanguinity, overlapping generations, 

and stable communities (Jabeen and malik 2014; Malik et al., 2014).  

It could be helpful to limit known reported risk factors linked with CA, such 

as advanced maternal age, smoking, low education, mother illness, and exposure to 

radiation and smoking, by educating women generally as well as pregnant women 

and providing them with effective antenatal care. In addition, a number of screening 

methods, such as maternal serum marker determination, ultrasonography, 

amniocentesis, and chorionic villus collection, can be utilized to identify and 

manage at-risk pregnancies. Congenital anomalies are a leading cause of infant 

death, therefore determining the frequency and prevalence of congenital 

abnormalities in society is crucial (Bhatti et al., 2019). Consanguinity was the most 

frequently reported risk factor. Since neurological problems were the most common 

anomaly, therefore early prenatal diagnosis is extremely beneficial in reducing 

perinatal mortality by allowing for the choice of early pregnancy termination.  The 

present data set represented the frequency of congenital malformations and self-

reported risk factors for congenital malformations in the Hazara division of Khyber 

Pakhtunkhwa (KP), Pakistan. More research is needed to evaluate interventions 

aimed at eliminating risk factors and reducing the prevalence of congenital 

abnormalities (Khan et al., 2015). 
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3. Phenotypic spectrum and descriptive genetic study of a large 

cohort of congenital limb deficiencies from North-West Pakistan 

3.1: Abstract 

Congenital limb deficiency (CLD) is a group of very rare disorders 

characterized by substantial hypoplasia or the complete absence of one or more bones 

of limbs. CLD render a significant physical, clinical and psychological burden to 

affected subjects and their families. The aim of the current clinico-descriptive study 

was to characterize the prevalence-pattern, phenotypic manifestations, and risk factors 

associated with CLD in a cohort assembled from North-West Pakistani population 

which bears high burden of such anomalies. Through a cross-sectional study, 141 

independent subjects involving 166 limbs with CLD were recruited during 2017-

2021. Subjects with transverse defects were n=77 (55%), longitudinal defects n=61 

(43%), and intercalary defects n=3 (2%). Among the subjects with transverse defects, 

terminal amputations and symbrachydactyly were n=52 and n=25, respectively; 

whereas among the longitudinal defects, thumb aplasia/hypoplasia was the most 

common presentation (n=20), followed by oligodactyly (n=18), and radial hemimelia 

(n=18). Upper limb deficiencies were 86% compared to lower limb deficiencies, 14%. 

There was a high preponderance of unilateral cases (83%), sporadic nature (92%), and 

low parental consanguinity rate (33%) and syndromic appearance in 21% cases, 

which may be indicative of the substantial role of non-genetic factors in the etiology 

of CLD. This study demonstrates marked heterogeneity in CLD subtypes in the 

involvement of limbs and associated bio-demographic variables. It is foremost 

important to establish a proper national registry for subjects CLD and to promote the 

development of molecular genetic diagnostics and therapeutic approaches and social 

support of such subjects. 
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3.2: Introduction 

Congenital limb deficiency (CLD) is a general term for a range of disorders 

characterized by substantial hypoplasia or aplasia of one or more bones of limbs. CLD 

can be further divided into entities based on which anatomical segments are affected. 

The particular terminology that should be assigned to each limb reduction defect is 

still being debated (Lowry and Bedard, 2016; Gold et al., 2011). Limb loss is 

categorized into two categories: major and minor. A transhumeral, trans-radial, 

transfemoral, or transtibial amputation is a major limb loss. On the other hand, 

amputation of the hand, digits, toes, or midfoot level is considered minor limb loss 

(Varma et al., 2014; Tseng et al., 2007).  

3.2.1: Classification of CLD 

Limb deficiencies have two categories by conventional nomenclature: 

longitudinal and transverse (Gold et al., 2011). Longitudinal deficiencies, such as the 

lack of the radius, are aplasia or hypoplasia of a bone along the long axis of the limb. 

A transverse deficiency, on the other hand, is the absence of limb parts distal to a 

certain level across the long axis of the limb, such as a foot or a hand amputation. 

Transverse deficiencies are commonly referred to as preaxial (radial and tibial side), 

postaxial (ulnar and fibular side), and central (Wilcox et al., 2015). 

3.2.2: Prevalence of CLD 

The prevalence of limb amputation has been reported to vary from one place 

to the other due to different classification schemes adopted and the methodologies 

employed in their ascertainment. Despite methodological differences, the overall 

prevalence of CLD is quite similar across studies, with most falling in the 5–7/10,000 

total births range (Bedard et al., 2015). CLDs vary in anatomic location, nature, and 
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etiology, and are strongly associated with long-term functional impairment as well as 

have a significant economic impact (Boonstra et al., 2000).  

Epidemiological studies help in the timely detection of trends in congenital 

limb defects and the association with other anomalies. The studies on the prevalence 

of CLDs from developing countries like Pakistan are missing.  

3.2.3: Morbidity and impact of CLD 

Limb amputations are a leading cause of disability and have a significant 

anatomical, physical, and financial burden on the patient (Weir et al., 2010). The loss 

of a limb by anyone, especially in poorer nations with inadequate prosthetic facilities, 

has devastating economic, social, and psychological consequences for the patient and 

their family (Chalya et al., 2012; Soomro et al., 2012). Amputations of major limbs 

are essentially disfiguring operations with a high rate of perioperative death and 

morbidity, and people who have had amputations are frequently considered 

incomplete people (Keramat et al., 2021; Masood et al., 2008). Limb amputation 

varies in anatomic location, type, and etiology, and is frequently linked to life-long 

functional impairment (Boonstra et al., 2000).  

Like any handicap, societal and environmental issues, as well as a lack of 

services such as transportation, a good prosthesis, and social support, aggravate an 

amputee’s psychological situation (McFarland et al., 2010). However, in 

industrialized countries and for an urban part of the population in Pakistan, 

rehabilitation facilities for amputees are increasing daily, resulting in good functional 

outcomes and community integration (Rathore et al., 2016). However, statistics on 

amputees are few, particularly in developing countries including Pakistan. 
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3.2.4: Etiology/risk factors for CLD  

The majority of amputations are isolated and characterized as disruptive 

defects. Known causes of CLD included defective genes (e.g. in Fanconi anemia), 

chromosomal anomalies (e.g.trisomy 18), teratogenic or other environmental 

exposures including medications such as thalidomide and misoprostol, as well as risky 

prenatal diagnostic procedures including chorionic villus sampling (CVS; Gold et al., 

2011). 

The current study aimed to investigate the prevalence pattern of a large cohort 

of CLD assembled from Khyber Pakhtunkhwa (KP) province of Pakistan and to 

report clinical heterogeneity and association with other congenital anomalies and 

socio-demographic attributes. 
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3.3: Subjects and Methods 

3.3.1: Ethical consideration 

The Ethical Review Committee of Quaid-i-Azam University gave their 

approval to this research. The study followed international guidelines for human 

subject protection, including the principles outlined in the most recent (2008) and 

earlier amendments to the Declaration of Helsinki of 1964, as well as the Council for 

International Organizations of Medical Sciences (CIOMS) International Ethical 

Guidelines for Biomedical Research Involves Humans (2002).  

 3.3.2: Data source and sample collection 

           A cross-sectional study focusing on subjects with various congenital anomalies 

was undertaken from September 2018 to March 2020. Participants were recruited by 

convenient sampling from different areas of Khyber Pakhtunkhwa (KP) province.  

           Door-to-door surveys and visits to public sites such as educational institutes, 

hospitals, and community centers were performed. Before collecting data, each 

participant or his/her parents or guardians gave written consent in any situation, the 

participant’s assent was always obtained. Field visits were conducted with the help of 

a resource person or a local health visitor who assisted in the collection of 

documented consent and clinical data. The researchers and enumerators all had formal 

medical genetics expertise and all data were obtained with informed consent. 

           The current study followed the cross-sectional reporting guidelines of 

STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) 

declaration (von Elm et al., 2008). Data on demographic characteristics and limb 

abnormalities were recorded on a structured proforma. Local medical personnel 
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examined individuals with limb anomalies physically. Previous medical records were 

retrieved when they were available, and case histories were gathered. Individuals who 

were not permanent residents of the KP or gave inaccurate information were excluded 

from the study.  

           A structured questionnaire was used to collect clinical, bio-demographic, and 

family history data. The Pakistan Demographic and Health Survey (NIPS, 2019), as 

described elsewhere, was used as a standard to define demographic variables. A 

comprehensive pedigree was created in each case. With an inbreeding value of 

F=0.0156, parental marriage types up to the second cousin were considered 

consanguineous (Jabeen and Malik, 2014; Bittles, 2010).  

3.3.3: Inclusion exclusion criteria 

All patients, regardless of age or gender, who had a congenital limb 

amputation and gave their consent were included. Patients who refused permission or 

who had already undergone surgery at another facility but required stump revision 

were excluded from the research. 

3.3.4: Definitions and classification of anomalies 

           Gold et al., (2011) introduced a novel classification method that encompasses 

all possible phenotypes. Infants with limb deficiency were documented in the 

hospital-based Active Malformations Surveillance Program at Brigham and Women’s 

Hospital in Boston, from 1972 to 1974 and 1979 to 2000. This classification was the 

expansion of an earlier classification scheme conducted in the same hospital but was 

based on the small number of infants. In the present study, we adapted the 

classification scheme presented by Gold et al., 2011. Further, the Online Mendelian 
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Inheritance in Man (OMIM) database was also used to classify CLD, and the closest 

definition was found in the International Classification of Disease codes (ICD-10) 

(OMIM; ICD-10).  

3.3.5: Statistical analysis 

The distribution of anomalies was examined across the biodemographic 

factors, with a significant limit of p<0.05. Chi-test and Fisher exact tests were used to 

assess the independence of discrete variables. Statistical analysis was carried out 

using GraphPad Prism Software. 
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3.4: Results 

3.4.1: Sample characteristics 

A total of 141 subjects (91 males, 50 females) with CLD were recruited and a 

total of 166 limb extremities were involved. The age of subjects was 17.2±12.8 

(mean±St.Dev.) years and there were 78 subjects with age up to 15 years. The 

majority of the subjects (83%) had a rural origin, spoke the Pushto language (60%), 

and belonged to poor and low socioeconomic strata (52%), and extended families 

(56%; Table 3.1). The district-wise distribution across gender was statistically 

significant (p = 0.005). Further, the distribution of CLD concerning mother tongue 

across familial sporadic categories was also statistically significant (p =0.003; Table 

3.1). 
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Table 3.1: Sample characteristics and demographic distribution across gender 

and sporadic/familial categories  

Variable  Gender (n) Sporadic/familial nature 

(n) 

Total CA 

District Male Femal

e  

Sporadic  Familial  No. % 

Haripur 5 13 17 1 18 13 
Chitral 16 2 18 0 18 13 
Charsadda 14 3 16 1 17 12 
Nowshera 11 4 14 1 15 11 
Kurram Agency 5 7 11 1 12 9 
Bajaur Agency 9 2 11 0 11 8 
Others 31 19 43 7 50 35 
Sum  91 50 130 11 141 10

0 

 P=0.00
1 

 P=0.497    

 

Age range (years) 

      

Up to 9 22 18 39 1 40 28 
>9-19 37 20 52 5 57 41 
>19 32 12 39 5 44 31 
 P=0.23

7 
 P=0.299    

 

Rural/urban origin  

      

Rural  77 40 111 6 117 83 
Urban  14 10 19 5 24 17 
 P=0.48

5 
 P= 0.009    

 

Mother tongue 

      

Pashto 58 26 77 7 84 59 
Hindko 10 19 28 1 29 20 
Khowar 16 2 18 0 18 13 
Urdu 3 2 2 3 5 4 
Others 4 1 5 0 5 4 
 P=0.00

9 
 P=0.003    

 

Literacy (age ≥5 years) 
      

Illiterate 26 11 34 3 37 27 
Literate 64 35 91 8 99 73  

P=0.68
4 

 
P=0.996 

  
 

Literacy level       
Primary  24 13 34 3 37 37 
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Matriculate  26 12 35 3 38 38 
Secondary and higher  14 10 22 2 24 24 
 P=0.72

0 
 P=0.998    

Marital status (age ≥17 
yrs) 

      

Single 28 11 34 5 39 70 
Married 12 5 16 1 17 30 
 P=0.92

7 
 P=0.440    

Economic status        

Poor 39 21 56 4 60 43 
Low 10 3 13 0 13 9 
Mid 33 20 50 3 53 38 
High 10 5 12 3 15 11 
 P=0.80

0 
 P=0.174    

Family structure        

Nuclear 35 27 57 5 62 44 
Extended 56 23 73 6 79 56  

P=0.08
0 

 
P=0.918 

  
 

Parental consanguinity        

Yes 30 16 40 6 46 33 
No 61 34 90 5 95 67 
 P=0.90

7 
 P=0.106    

 

3.4.2: Limb phenotypes 

Subjects with longitudinal defects were 43.3% (n=61), transverse defects 

54.6% (n=77), and intercalary defects accounted for 2.1% (n=3) of the cases.  

Among the longitudinal defects, six entities were established (Tables 3.2, 3.3). 

The commonest was thumb aplasia/hypoplasia (20 subjects), then oligodactyly 

(n=18), and radial hemimelia (n=18). In both upper and lower limbs, right and left 

sides were almost equally involved. Seven subjects with oligodactyly had bilateral 

presentations. Preaxial deficiencies were more common than preaxial types (48 vs. 13; 

Fig. 3.1).  
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Among the transverse defects, two broad entities, i.e., terminal amputations 

and symbrachydactyly were established (Tables 3.2, 3.3). Most of the subjects had 

deficiencies at the point of mid-hand (i.e., symbrachydactyly, n=25), followed by 

wrist (with or without nubbins; n=19), elbow (n=9), and forearm (n=9). Among the 

subjects with symbrachydactyly, adactyly and monodactyly were the most common 

phenotypes (n=9 each). In terminal deficiencies, the left arm was twice as involved as 

the right arm (30 vs. 16; p=0.205) (Fig. 3.1).  

Intercalary defects of upper limbs were witnessed in 3 subjects (Table 3.2) but 

amelia was not found in this cohort. Sporadic cases were predominant (92.2%) and 

only 7.8% cases had familial occurrence (Table 3.2). An autosomal recessive 

inheritance pattern was evident in 6 of 11 familial cases. Oligodactyly had the highest 

presentation of familial cases (16.7%). 
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Fig 3.1: Schematic depicting the distribution and frequency of CLD in upper and 

lower limb segments. 
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Table 3.2: CLD and subtypes in gender-wise and familial/sporadic samples  

Congenital limb deficiency  No.  Proportion 95% CI Gender* Familial/sporadic nature * 

    Male Female Sporadic  Familial  

Longitudinal defects 61 0.433 0.351-0.514 43 18 55 6 

Radial hemimelia 18 0.128 0.073-0.183 12 6 16 2 

Radial/radio-ulnar hypoplasia  2 0.014 -0.005-0.034 2 0 2 0 

Oligodactyly 18 0.128 0.073-0.183 13 5 15 3 

Thumb aplasia 14 0.099 0.050-0.149 11 3 13 1 

Thumb hypoplasia 6 0.043 0.009-0.076 3 3 6 0 

Tibial/tibio-fibular hypoplasia 3 0.021 -0.003-0.045 2 1 3 0 

Transverse defects 77 0.546 0.464-0.628 47 30 73 4 

Terminal amputations 52 0.369 0.289-0.448 28 24 49 3 

Symbrachydactyly 25 0.177 0.114-0.240 19 6 24 1 

Intercalary  3 0.021 -0.003-0.045 1 2 2 1 

Total 141 1.000 - 91 50 130 11 

*Chi-distributions in major CLD categories and subtypes were statistically not significant 
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Most of the subjects (n=119; 83%) were presented with only one limb 

deficiency (i.e., unilateral) and there were 20 subjects (18%) with the involvement of 

two limbs; involvement of three and four limbs was witnessed in one subject each. 

The upper limb deficiencies were 86% compared to the lower limb deficiencies 14%. 

In the upper limb, the left side was relatively more commonly involved than the right 

side (79 vs. 63; Table 3.3). 
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Table 3.3: Detailed manifestations, involved limbs and laterality in CLD 

Congenital limb deficiency (major and minor 

division) 

No. of 

subjects  

Involved limb (n) Total 

limbs (n) 

Laterality (n) ICD-10 

  Right 

arm 

Left 

arm 

Right 

leg 

Left 

leg 

 Unilateral  Bilateral   

Longitudinal defects 61 34 35 4 4 77 45 16  

Radial hemimelia 18 11 11 0 0 22 14 4 Q71.4 
Radial/radio-ulnar hypoplasia  2 1 1 0 0 2 2 0 Q71.4 
Oligodactyly 18 10 10 2 3 25 11 7  

Oligodactyly, pre-axial 5 5 4 0 0 9 1 4 Q71.3 
Oligodactyly, post-axial 8 2 3 1 2 8 8 0 Q71.30 
Oligodactyly, central 3 2 2 0 0 4 2 1  
Oligodactyly, pre-/post-axial 2 1 1 1 1 4 

0 2 
Q71.30, 
Q71.31 

Thumb aplasia 14 9 10 0 0 19 9 5 Q71.31 
Thumb hypoplasia 6 3 3 0 0 6 6 0 Q71.31 
Tibial/tibio-fibular hypoplasia 3 0 0 2 1 3 3 0 Q72.5 
Transverse defects 77 28 42 9 7 86 71 6  

Transverse terminal amputations 52 16 30 8 6 60 47 5  
Upper arm 2 1 1 0 0 2 2 0 Q71.2 
Elbow 9 1 8 0 0 9 9 0 Q71.2 
Forearm 9 3 6 0 0 9 9 0 Q71.2 
Wrist, no nubbins/ankle 15 8 8 1 1 18 13 2 Q71.2 
Wrist, nubbins 4 1 3 0 0 4 4 0 Q71.2 
Metacarpophalangeal joint 3 1 2 0 0 3 3 0 Q71.30 
Distal phalanges/toes 2 1 2 1 1 5 

1 1 
Q71.30, 
Q72.30 

Femur 2 0 0 2 0 2 2 0 Q72.2 
Knee 1 0 0 0 1 1 1 0 Q72.2 
Forefoot 1 0 0 1 0 1 1 0 Q72.3 
Metatarsophalangeal joint 4 0 0 3 3 6 2 2 Q72.3 
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Symbrachydactyly (including midhand) 25 12 12 1 1 26 24 1 Q71.30 
Symbrachy.; adactyly 9 6 3 0 0 9 9 0 Q71.30 
Symbrachy.; monodactyly 9 3 5 1 1 10 8 1 Q71.30 
Symbrachy.; bidactyly 4 1 3 0 0 4 4 0 Q71.30 
Symbrachy.; multidigit type 3 2 1 0 0 3 3 0 Q71.30 

Intercalary 3 1 2 0 0 3 3 0 Q71.1 

Total 141 63 79 13 11 166 119 22  
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3.4.3: Parental consanguinity 

Parental consanguinity was observed in 33% of the cases (Table 3.4). Among 

the longitudinal defects, consanguinity in oligodactyly was observed to be 44% 

compared to 21% in thumb aplasia. Among the transverse defects, consanguinity in 

terminal amputations was 35% compared to 28% in symbrachydactyly. Among the 

major categories of CLD, the differences in the distribution of parental consanguinity 

were statistically not significant (Table 3.4).  

Table 3.4: Parental consanguinity in CLD subtypes  

Congenital limb deficiency  No. of cases Parental consanguinity*  

  No.  % 

Longitudinal defects 61 19 31 

Radial hemimelia 18 2 11 

Radial/radio-ulnar hypoplasia  2 1 50 

Oligodactyly 18 8 44 

Thumb aplasia 14 3 21 

Thumb hypoplasia 6 2 33 

Tibial/tibio-fibular hypoplasia 3 3 100 

Transverse defects 77 27 32 

Terminal amputations 52 18 35 

Symbrachydactyly 25 7 28 

Intercalary  3 2 67 

Total 141 46 33 

*Chi-distributions in major CLD categories and subtypes were statistically not 

significant 
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3.4.4: Birth order 

The majority of the cases (33%) fall in the first birth order, followed by 

second (20%) and third birth order (12%) (Table 3.5). In the overall cohort, the mean 

maternal and paternal ages for affected births were calculated to be 26.89±0.66 and 

31.53±0.73, respectively (p<0.0001). Statistically significant different mean maternal 

and paternal ages were found for affected individuals with thumb aplasia and 

transverse amputations. 

Table 3.5: Parity of the subjects with CLD  

Congenital limb deficiency  No. of cases Birth order  

  1st 2nd 3rd 4th 5th 6th and 

higher 

Longitudinal defects 50 19 11 4 6 5 5 

Radial hemimelia 12 5 4 0 0 2 1 

Radial/radio-ulnar hypoplasia  2 1 1 0 0 0 0 

Oligodactyly 16 7 2 1 3 1 2 

Thumb aplasia 13 4 2 3 2 2 0 

Thumb hypoplasia 4 2 1 0 0 0 1 

Tibial/tibio-fibular hypoplasia 3 0 1 0 1 0 1 

Transverse defects  68 19 13 11 8 5 12 

Terminal amputations 46 11 8 9 6 3 9 

Symbrachydactyly 22 8 5 2 2 2 3 

Intercalary  3 2 0 0 0 1 0 

Total 121 40 24 15 14 11 17 
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3.4.5: Syndromic cases and associated anomalies 

CLD associated with any other anomaly was considered as syndromic and was 

observed to be 21% (n=30). The frequency of syndromic cases was ranging from 28% 

in longitudinal defects to 17% in transverse defects (p=0.120). The distribution of 

syndromic cases in various ascertainment categories was statistically not significant. 

The most common associations were brachydactyly (n=5), cliodactyly (n=4), low IQ 

(n=4), camptodactyly (n=3), and syndactyly (n=3; Table 3.6). 

Table 3.6: Distribution of Isolated and syndromic cases in CLD 

Variable* No. of cases Syndromic nature (n) 

  Isolated  Syndromic  

Congenital limb defects     

Longitudinal defects 61 44 17 

Radial hemimelia 18 13 5 

Radial/radio-ulnar hypoplasia  2 2 0 

Oligodactyly 18 12 6 

Thumb aplasia 14 12 2 

Thumb hypoplasia 6 2 4 

Tibial/tibio-fibular hypoplasia 3 3 0 

Transverse defects 77 64 13 

Terminal amputations 52 42 10 

Symbrachydactyly 25 22 3 

Intercalary  3 3 0 

Total 141 111 30 

    

Gender     

Male 91 72 19 

Female  50 39 11 

 

Familial/sporadic nature 

 

  

Sporadic 130 104 26 

Familial 11 7 4 

 

Parental consanguinity  

 

  

Yes 46 38 8 

No 95 73 22 

*Chi-distributions in all variables were statistically not significant 
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3.5: Discussion 

CLD renders a significant physical, clinical and psychological burden to 

affected subjects and their families. These subjects have a visible abnormal 

appearance which might negatively influence their quality of life and participation 

(Michielsen et al. 2010). There is no prevalence estimate for CLD in the Pakistani 

population. Due to their highly rare nature, this group of malformations has not 

gained much attention among the researchers (Riaz et al. 2014; Lal and Malik, 2015).   

In the majority of the published studies on CLD, parental consanguinity and 

familial occurrence have not been reported (Goldfarb et al., 2015). Consanguinity has 

been shown to have a substantial contribution to the emergence of rare recessive 

disorders in the Pakistani population. Consanguinity rate was observed to be 33% in 

the present cohort which is very low compared to the national average (i.e., 60%) as 

well as estimates available for the north-western populations of Pakistan (Ahmad et 

al., 2016; Tufail et al., 2017; Nawaz et al., 2021). Secondly, familial cases were very 

low in number compared to the sporadic cases (8% vs. 92%, respectively). In the 

cohort studied by Gold et al., (2011) familial occurrence was 3%. These observations 

give clues to the substantial role of non-genetic etiological factors for CLD. Here, the 

role of de novo mutation in the pathogenesis of a handful number of subjects with 

CLD cannot be ruled out.  

In our cohort, transverse defects were relatively more common compared to 

longitudinal defects (55% vs. 43%, respectively). Likewise, Al-Worikat and Dameh 

(2008) studied CLD among Jordanian patients and observed that transverse and 

longitudinal defects were 54% and 46%, respectively. In the experience of Jain 

(1994), who recruited 200 Indian patients with CLD, transverse deficiencies were 
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observed in 75% of subjects compared to longitudinal deficiencies in 18% of patients. 

Gold et al., (2011) recruited a total of 135 subjects with CLD; longitudinal defects 

were 54% and terminal transverse defects were 29%. Furthermore, the prevalence of 

specific CLD also differs substantially among the genders. In the present cohort, 

transverse terminal amputations appeared in nearly equal proportions among the male 

and female patients, whereas symbrachydactyly was thrice as common in males as 

compared to females. In the cohort studied by Jain (1994), transverse leg deficiencies 

were common in male patients while transverse forearm deficiencies were common in 

female patients.  

Here, upper limb deficiencies were 86% compared to lower limb deficiencies 

14%. This is consistent with the observation of Sener et al., (1999). Among 417 cases 

with CLD, Mano et al., (2018) observed that 67% of subjects had upper limbs 

affected, 18% had lower limbs affected, and 15% had both upper and lower limbs 

affected. Disparities in the phenotypic involvement of upper and lower limbs have 

been witnessed by several researchers. For instance, Jain (1994) demonstrated that in 

the upper limbs, transverse forearm deficiency (below elbow) and transverse 

phalangeal deficiency were the prevalent types, whereas, in the lower limbs, 

transverse metatarsal deficiency and transverse leg partial deficiency (below the knee) 

were most common. In the cohort recruited by Mano et al., (2018), in the upper limbs, 

the transverse deficiency was the most prevalent compared to longitudinal deficiency 

(46% vs. 31%), whereas, in the lower limbs, the longitudinal deficiency was the most 

prevalent compared to the transverse deficiency (37% vs. 32%).  

Among the longitudinal defects, Gold et al., (2011) showed that pre-axial 

anomalies were more common than postaxial (29 vs 14), and transverse defects with 

metacarpophalangeal/metatarsophalangeal joints were common (16 of 39). This 
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phenotypic heterogeneity may be attributed to the etiological heterogeneity and 

genetic background of the study population. 

Furthermore, the majority of the reported cohorts of CLD show the 

involvement of a single limb, followed by the involvement of two or more limbs. In 

the present study, 83% of subjects were presented with only one limb deficiency, 

followed by the involvement of two limbs (18%). This observation is close to Mano et 

al., (2018), who witnessed that 67% of patients had one affected limb, 20% had two, 

6% had three, and 7% had four affected limbs.  

None of the patients in the present cohort had undergone any surgical 

correction or prosthetic intervention. It is quite alarming that adequate intervention 

and therapeutic options are not accessible to the majority of Pakistani patients with 

disabilities and particularly CLD. The quality of life of subjects with CLD can be 

substantially improved by various intervention measures. Mano et al., (2018) showed 

that 67% of patients visited the hospital on the day of birth, and that patient visits 

decreased with increasing age. Prosthetic interventions were recommended at age 6–9 

months in children with limb deficiencies (Krebs et al., 1991).  

In recent years, several advancements have been made by the development of 

high-throughput genome analyses. The genetic etiologies of CLD include single gene 

variants, small insertions and deletions, and copy number variants (Sun et al., 2021; 

Gold et al., 2011). Despite the technological advancements and owing to the 

etiological heterogeneity the molecular genetic diagnostic yield of reduction 

anomalies is usually low. In the experience of  Sun et al., (2021), 28% (7 of 25) of 

subjects with limb reduction anomalies were molecularly diagnosed. 
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3.6: Limitations of this study 

Despite recruiting a large cohort, there are few limitations to this study. First, 

it does not cover the entire population of Pakistan and is restricted to convenient 

sampling. Hene, the presented number of subjects was either underestimated or 

overestimated. In addition, the current study does not focus on the risk factors and the 

genetic etiology of limb anomalies due to the lack of available diagnostic facilities.   

3.7: Conclusion 

The high presentation of unilateral and sporadic cases and low parental 

consanguinity are reminiscent of the substantial role of non-genetic factors in the 

etiology of the CLD in this population. It is vital to establish a proper national registry 

for CLD and to promote development of molecular genetic diagnostics and 

therapeutic approaches, genetic counseling, health and social support for affected 

individuals and families. 
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4. Analyses of whole genome SNP data, homozygosity mapping and 

identification of shared autozygous candidate intervals in a family 

with recessively segregating intellectual disability  

4.1: Abstract 

SNPs (single nucleotide polymorphisms) are the most abundant class of 

polymorphisms which are unevenly distributed across the genome. High throughput 

SNP genotyping methods have enabled the employment of these markers in variant 

identification and association studies. In the case of rare recessive disorders, SNP 

homozygosity mapping has become an important tool for the identification of 

candidate gene. This study was aimed to employ SNP based genotyping in an inbred 

Pakistani family with recessively segregating intellectual disability, in order to 

identify homozygous intervals shared among the affected subjects and to prioritize the 

gene hunt process for a prospective exome sequencing. Whole genome SNP 

genotyping data were generated for two affected cousins by using Illumina 730K 

map. Homozygous and heterozygous genotypes were manually identified through 

aligning data in MS-Excel and shared autozygous regions with >0.7 Mb were 

highlighted. The SNP data were uploaded on HomozygosityMapper online tool for 

comparative analysis. Identified homozygous interval by both manual method and 

HomozygosityMapper were tabulated and compared. Genome browser UCSC was 

employed to find the cytogenetic position of identified intervals and the regions were 

scrutinized through GeneDistiller. These analyses let to the identification of 12 

homozygous intervals with >1Mb, the largest (54Mb) on chromosome 5p15.2-q12.3, 

followed by 39Mb stretch on 3q23-q26.32 and 22Mb on 4q31.22-q32.3. Several 

potential candidate genes related to the phenotype were present on these regions. 

Exome sequencing shall be launched in order to discover the underlying gene and 

variant segregating with the malformation in the family. 
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4.2: Introduction 

4.2.1: SNP Genotyping  

SNPs or single nucleotide polymorphisms affect specific locations within the 

genome that are found in more than 1% of the population. The average frequency of 

SNPs in the human genome is approximately one per 1000bp (Wang et al., 1998; 

Brookes, 1999). SNPs are therefore the most abundant type of genetic variation, and 

their number exceeds 9 million in in the SNP databases (Rocha et al., 2006). These 

are important markers, showing the association of sequence variation with phenotypic 

difference, expected to enhance understanding of human physiology, through 

understanding of the molecular basis of disease. SNPs are unevenly distributed across 

the genome and occur much less frequently in coding regions of the genome than in 

noncoding regions (Wang et al., 1998). When present in noncoding region SNPs do 

not change encoded proteins, but serve as important markers for comparative or 

evolutionary genomics studies. When located in regulatory sitess of genes, SNPs can 

alter the encoded protein by affecting transcription. When in the coding regions, SNPs 

can change the structure and function of proteins that can lead to disease development 

or change in response to a drug or environmental toxin. Hence, SNPs are used as 

important markers both in genetic as well as in pharmacogenomic studies (Kim and 

Misra, 2007).  

Identification of causative genes is important for better understanding of 

disease mechanisms. Using unrelated individuals, whole-genome association studies 

have significantly assisted in the assessment of prevalent diseases and the 

development of respective treatments. whereas linkage-based methods are effective 

for families with large number of affected individuals (Manolio, 2010; Ott, 1999). 
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Recently, focus has shifted to diseases that are challenging to study due to limited 

numbers of affected families and/or collecting sufficient number of samples. Such 

disorders include those having multiple rare genetic variants, genes with low 

penetrance, or genes with effects that manifest in later life (Hardy and Singleton, 

2009; McCarthy et al., 2008). To untangle genetic causes of such disorders there is a 

need to adopt approaches which are proving useful for small numbers of unrelated 

patients. The original goal of the homozygosity mapping (HM) method was to find 

disease-causing genes by screening patients from inbred families. This was developed 

and used with patients from outbred families (Lander and Botstein, 1987; Hildebrandt 

et al., 2009; Browning et al., 2010) and the effectiveness improved with the use of 

SNP data from genome-wide analysis (Huqun et al., 2007; Miyazawa et al., 2007; 

Huqun et al., 2007; Miyazawa et al., 2007). However, data correction is required 

because the algorithm used in HM is particularly susceptible to genotyping errors 

(Fukuyama et al., 2010). In contrast, since it only employs a fraction of the SNP 

genotyping data, the homozygosity haplotype (HH) algorithm (Miyazawa et al., 2007) 

is an imputation-free method for identifying haplotypes. There is a chance that two or 

more individuals who share an identical-by-descent (IBD) fragment in one or both 

strands of the homologous chromosomes have the same region of conserved 

homozygosity (RCHH). The algorithm is robust to genotyping errors, therefore little 

to no error correction is required (Hagiwara et al., 2011).  

Positional cloning has been used for the identification of disease gene. Low 

marker informativity as well as restricted number of meiosis limits the resolution of 

genetic mapping in rare diseases. Advances in high-density SNP microarrays for 

genotyping can overcome low marker informativity by using large numbers of 

markers to achieve greater coverage at finer resolution (Chiang et al., 2006). 
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Affymetrix and Illumina SNP arrays are currently used for homozygosity mapping. 

Both work with different chemistry but still share several aspects (LaFramboise, 

2009). SNP array-based homozygosity mapping were used in this analysis for the 

identification of candidate gene. 

 4.2.2: Advantages  

A quick and inexpensive method that boosts the yield of mutation analysis 

from next-generation sequencing (NGS) is homozygosity mapping (HM). In cases of 

genetically heterogeneous disorders with aoutosomal recessive (AR) inheritance, like 

genodermatoses or deafness, HM reduces the requirement to sequence many genes. 

HM can explain the contribution of hitherto unidentified mutations, such as deep 

intronic or missense variants with ambiguous significance, to the pathogenesis of 

illness. HM is a high-throughput, genome-wide technique for finding new genes 

linked to disease (Hagiwara et al., 2011). 

4.2.3: Limitations 

Since HM only works for Mendelian diseases with homozygous AR 

inheritance, HM is mainly used for patients born to consanguineous parents. Rare 

compound heterozygous mutations in consanguineous families will not be detectable 

in the region harboring the mutated gene by this method (Hagiwara et al.,2011).  

In this study, SNP based genotyping was employed in an inbred Pakistani 

family with intellectual disability with an aim to identify homozygous intervals shared 

among the affected subjects and to streamline the gene hunt process in the prospective 

exome sequencing.  
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4.3: Subjects and methods 

4.3.1: Study approval 

This study formed part of an international collaboration and was approved by 

the institution review board of Quaid-i-Azam University, Islamabad, Pakistan (DAS-

1070; Dated July 8, 2015). All Information was collected after taking informed and 

written consent according to the declaration of Helsinki II. 

4.3.2: Family with intellectual disability  

A family with intellectual disability (ID) was recruited from Southern Punjab.  

A family pedigree across the four generations reported was constructed by 

interviewing the elders of the family to confirm the information with the pedigree 

reviewed by their relatives. All affected individuals belong to fourth generation, 

including two males and three females and were product of three consanguineous 

couples (Fig. 4.1). 
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Fig 4.1: Pedigree of family with intellectual disability. Circles=females, 

squares=males, black filled symbols=affected, white symbols=unaffected 

individuals. Where physically examinations were carried out these are 

indicated with a horizontal line above the symbol. Symbols with ‘G’ denote 

the subjects who underwent SNP genotyping.  

 

4.3.3: Clinical description of affected family subjects 

Physical examination indicated the following consistent features in the 

diseased subjects including both structural and behavioral disabilities. Structural 

defects included developmental delay, learning late, walking late, toileting late, 

protruding forehead, squint eyes, digestive problems, prominent jaws and flat feet. 

Behavioral characters were poor self-care, poor communication, hyperactivity, mood 

instability, poor concept of money and social responsibility, and sensitivity to crowd 

(Table 4.1). 
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Table 4.1: Clinical features of affected subjects  

  Subject ID   

Variable  402 403 406 409 

Age (yrs) 25 22 29 30 

Gender M F F F 

 

Structural defects 

    

Developmental delay + + + + 

Learning late + + + + 

Walking late + + + + 

Toileting late + + + + 

Forehead protruding − + − + 

Squint eyes + + + + 

Digestive problems + + + + 

Prominent jaw + + + + 

Flat feet + + + + 

 

Behavioral 

anomalies 

    

Self-care Minor Minor Minor No 

Communication Poor Poor − Poor 

Hyperactivity  +, periodic +, periodic +, periodic +, periodic 

Mood instability + + + + 

Free time activity Wandering 

in streets 

Sitting 

silently 

Playing with 

nephews 

Sitting 

silently 

Concept of money + − − − 

Social responsibility + + + + 

Sense of self respect + + + + 

Sensitive to crowd + + + + 

+, feature present; −, feature absent.  
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4.3.4: High throughput SNP genotyping 

Peripheral blood samples from the affected and unaffected members of the 

relevant family have been taken and preserved in sterile K2EDTA tubes. DNA from 

peripheral blood sample was extracted through Phenol-chloroform extraction method. 

DNA sequencing were carried out with the help of local vender but all necessary steps 

were carried out in our lab. Whole genome SNP genotyping of two affected subjects 

(402, 408) was performed by using 730K map (730,000 SNP markers; Global 

Screening Array v2 offered by Illumina). A text file containing genotypes was 

imported to MS-Excel. Homozygous and heterozygous genotypes were highlighted 

with different color pattern. Then each chromosome was manually analyzed from 

upper telomere to lower telomere for the identification of >0.7 Mb homozygous 

intervals.  

The SNP file were uploaded on HomozygosityMapper online tool for comparative 

analysis. Identified homozygous interval by both manual method and 

HomozygosityMapper were tabulated long with boundary SNPs and respective 

nucleotide positions. Genome Browser UCSC (https://genome.ucsc.edu) was 

employed to find the cytogenetic position of identified intervals. These homozygous 

intervals were furthers assessed through GeneDistiller (http://www.genedistiller.org) 

and regions harboring genes with expression in brain or involved in pathogenesis of 

ID were prioritized. The scheme used for the identification of homozygous intervals is 

represented through a flow chart (Fig. 4.2). 

 

 

 

http://www.genedistiller.org/
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Fig 4.2: The strategy for disease gene hunt used in study.
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4.4: Results 

4.4.1: Identification of ≥0.7 Mb homozygous intervals in whole-genome SNP 

data 

 By using filters in MS-Excel, chromosome and size of homozygous regions 

were sorted in ascending order. These intervals were categorized based on size and 

recorded chromosome-wise in a table. Summary Tables represent full overview of the 

genome homozygosity (Tables 4.2; 4.3). 

Table 4.2: Summary of identified homozygous intervals: (Individual 402) 

 Number of homozygous intervals with size in (Mb) 

Chr. No 0.7-0.79 0.8-0.89 0.9-0.99 1-1.99 2-2.99 3-3.99 4-4.99 5-5.99 >6 Total 

1 - - - 1 - - - - 1 2 
2 3 2 1 2 - - - 1 1 10 
3 3 3 - - - - 1 - 1 8 
4 - 2 - - - 1 - - - 3 
5 1 - - 2 - 1 - - 1 5 
6 1 - - 3 - 1 - - 1 6 
7 2 1 - - - - 1 - - 4 
9 - 1 - - 1 - - 1 1 4 
10 2 - - 1 - 2 - 1 1 7 
11 1 - 1 1 - 1 - - - 4 
12 - - - - - 1 - - - 1 
13 1 - - 1 - - - - - 2 
14 1 - - 1 - - - - - 2 
15 - - - 2 2 - - - 1 5 
16 1 1 - - - - - - 1 3 
17 2 2 - 2 - - - - - 6 
18 - - - - - - 1 - - 1 
19 2 - - 1 - 1 - - - 4 
20 - - - 1 - 1 - - - 2 
22 1 

 
- - - - - - - 1 

X 4 3 3 4 1 - 1 - - 16 
Y - - - 2 - 1 - - - 3 
Total 25 15 5 24 4 10 4 3 9 99 

%age 25.25 15.15 5.05 24.24 4.04 10.10 4.04 3.03 9.09 100.0 
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Table 4.3: Summary of identified homozygous intervals: (Individual 408) 

 No of homozygous intervals with size in (Mb) 

Chr. 

No 

0.7-0.79 0.8-0.89 0.9-0.99 1-1.99 2-2.99 3-3.99 4-4.99 5-5.99 >6 Total 

1 1 - - 1 - - - - 1 3 
2 1 2 1 2 - - - 1 1 8 
3 2 - - - - - 1 - 3 6 
4 - 1 1 - 1 1 - - 2 6 
5 - 2 - 2 - 1 - - - 5 
6 1 1 1 2 - 1 - - - 6 
7 1 - - 2 - 1 - - - 4 
9 - - - - - - - - 2 2 
10 4 2 - 2 - 1 - - - 9 
11 1 - 1 - - 1 - - - 3 
12 - - - 1 - 1 - - - 2 
13 1 1 - 2 - - - - - 4 
14 - - - 1 - - - - - 1 
15 1 - - 2 - - - - - 3 
16 - - - 3 - - - - 1 4 
17 2 2 - 3 1 - - - - 8 
18 - - 2 1 1 - 1 - 1 6 
19 - - - 1 - 1 - - - 2 
20 - - - - 1 1 - - - 2 
21 1 - - - - - - - - 1 
22 - - - - 1 - - - - 1 
X - - 1 2 3 - 2 1 8 17 
Y 2 2 - 4 - - 2 - - 10 
Total 18 13 7 31 8 9 6 2 19 113 

%age 15.93 11.50 6.19 27.43 7.08 7.96 5.31 1.77 16.81 100.0 
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4.4.2: Selection of homozygous intervals ≥1 Mb in SNP data: 

For further analysis, regions having length of  ≥1Mb were selected because 

they are larger in size and had higher likelihood of containing the causative gene. 

Further, the likelihood of two recombination events taking place in >1Mb region is 

low. The boundary SNPs and their corresponding nucleotide positions of these 

intervals were obtained and written separately. In this way, each chromosome was 

analyzed from upper telomere to lower telomere. Finally, the information or intervals 

was tabulated chromosome-wise (Tables 4.4). 

 

Table 4.4: Identification of overlapping homozygous intervals of >1Mb in  

individuals 402 and 408  

Chr. 

No Start SNP End SNP Start bp End bp 

Difference 

(bp) 

Difference 

in MB 

4 rs7674086 rs10012987 49091782 52706270 3614488 3.61 

5 rs28558979 rs6453529 68820348 70704077 1883729 1.88 

6 rs806786 rs2235233 26259748 27387831 1128083 1.13 

6 rs12661831 rs16894836 28337769 29361707 1023938 1.02 

11 rs7479178 rs34944111 51566909 54794237 3227328 3.23 

12 rs9705474 rs4002730 34826574 37876400 3049826 3.05 

18 rs9957245 rs7239116 15102421 19486725 4384304 4.38 

20 rs6107172 rs6141273 26278250 29904377 3626127 3.63 
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4.4.3: Identification of homozygous intervals through HomozygosityMapper 

 SNP genotype data were also examined for the identification of homozygous 

intervals on each chromosome by using HomozygosityMapper online tool. First, the 

data were analyzed by using the default parameters. Then selected parameters were 

used for the identification of homozygous intervals. There are Block Length limit 

with respect to number of SNP per block and block count length parameters. Initially 

default parameters were used then block limit changed from 500 to 8000. With 

increasing the block limit number of chromosomes with homozygous stretches 

decrease. Higher block limit count largest homozygous interval. Summary table 

represent full image of the genome homozygosity (Table 4.5). 

 

Table 4.5: Distribution of homozygous stretches with respect to variable block 

limits (Individuals 402 and 408)  

 Block length  

 3000 4000 5000 6000 7000 8000 

Chromosome 3 3 3 3 3 3 

3 3     

4 4 4    

5 5 5 5 5 5 

6 6     

6      

9 9     

10 10 10 10   

15 15 15    

18 18 18 18   

*Block length limit indicates number of SNPs 
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4.4.4: Genome-wide homozygosity score view through HomozygosityMapper  

(Individuals 402 and 408) 

Figure 4.3 shows the homozygosity score plotted against the physical position 

in the genome. The program can display the whole genome, a single chromosome or a 

selected region on a single chromosome. Homozygosity Mapper presents the 

homozygosity over the entire genome as bar charts, together with the increase or loss 

of homozygosity in affected individuals compared to the control genotypes. Here, two 

cases were analyzed for shared homozygous intervals by using default parameters 

first then change the block length limit from 500 to 8000. As block length limit 

increases the chromosome wise distribution of homozygous intervals narrowed down. 

Interesting candidate regions are indicated by red bars in graphical view (Fig. 4.3-

4.7).  
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Fig 4.3: Graphical output of HomozygosityMapper showing genomewide 

homozygosity score. Red bars on chromosomes 2, 3, 6, and 20 show the most 

possible shared genomic regions. 

 

 

Fig 4.4: Output of HomozygosityMapper with block length limit of 1000.  
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Fig 4.5: Homozygous intervals with block length limit of 3000. 

 

 

 

 

Fig 4.6: Homozygous intervals with block length limit of 5000. 
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Fig 4.7: Homozygous intervals with block length limit of 7000. 
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4.4.5: Elucidation of candidate genes encompassed by 12 homozygous regions 

yielded by using GeneDistiller (http://www.genedistiller.org/) and UCSC 

browsers (https://genome.ucsc.edu/) 

 Selected homozygous intervals were further analyzed for the identification of 

candidate genes of phenotypically relevant syndromes. First, homozygous intervals were 

scrutinized by using UCSC genome browser (https://genome.ucsc.edu/; hg19) to identify 

their position on respective chromosome. In GeneDistiller, only chromosome number and 

starting and ending nucleotide positions was entered without changing the pre-defined 

parameters. Homozygous intervals were analyzed thoroughly by using search terms: 

‘intellectual disability, mental retardation, cognitive impairment, microcephaly, 

brain/neurological diseases.’ Regions harboring disease-related genes (having an 

expression in the brain) were written in the separate table along with respective genes and 

their expression. So above mentioned genes causing the ID were selected in homozygous 

intervals (Table 4.6). 

http://www.genedistiller.org/
https://genome.ucsc.edu/
https://genome.ucsc.edu/
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Table 4.6: Identification of candidate genes in 12 homozygous intervals through GeneDistiller and UCSC (Individuals 402 and 

408) 

Chr. No. Start bp End bp Start SNP End SNP Size in Mb Total genes UCSC position Candidate gene Expression 

2 14693546 17271863 rs6710377 rs10177601 2.6 8 p24.3-p24.2 MYCN 

Intellectual disability, 

Microcephaly 

3 16764234 23683479 rs6778843 rs12108186 6.9 32 p24.3 RAB5A 

Nervous system 
development, cognitive 
impairment 

                PLCL2 
Expression in brain 

3 139379385 178539486 rs11707887 rs6807583 39 302 q23-q26.32 ZIC1 

Brain development, cognitive 
impairment, microcephaly 

                P2RY1 
Brain development, 

                MBNL1 
Nervous system development 

                SHOX2 
Nervous system development 

                SERPINI1 
Nervous system development 

                NLGN1 
Nervous system development 

                TBL1XR1 
Intellectual disability 

                ATR 

Intellectual disability, 

cognitive impairment, 

microcephaly 

                TERC 
Cognitive impairment 

                SLC7A14 
Cognitive impairment 

                BCHE 
Cognitive impairment 
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                CLRN1 
Cognitive impairment 

                SLC33A1 
Global developmental delay 

                GFM1 
Microcephaly, motor delay 

                AGTR1 
Microcephaly 

                IFT80 
Macrocephaly 

                SLC2A2 
Global developmental delay 

                DIPK2A 
Mental retardation 

4 146867376 168764988 rs6537382 rs2007133 22 144 q31.22-q32.3 SFRP2 
Brain development 

                PDGFC 
Nervous system development 

                GRIA2 
Nervous system development 

                GLRB 

Nervous system 
development, cognitive 
impairment 

                MAB21L2 

Intellectual disability, 

moderate, macrocephaly 

                DCHS2 
Cognitive impairment 

                LRAT 
Cognitive impairment 

                MSMO1 
Microcephaly 

                TDO2 
Associated with autism 

5 10924404 65086627 rs2399984 rs7711077 54 351 p15.2-q12.3 NIPBL 

Brain development, 
intellectual disability 

                OXCT1 
Brain development 

                SELENOP 
Brain development 



Chapter 04  Family 1 

83 
 

                HMGCS1 
Brain development 

                NDUFS4 

Brain development, 
intellectual disability, Global 
developmental delay 

                KIF2A 

Nervous system 
development, cognitive 
impairment, Alzheimer's 
disease, Microcephaly, 
Global developmental delay, 
Seizures 

                CTNND2 
Intellectual disability 

                TRIO 
Mild intellectual disability 

                CPLANE1 

Intellectual disability, 

global developmental delay 

                PDE4D 

Intellectual disability, 

global developmental delay, 
Autism 

                ERCC8 

Intellectual disability, 
microcephaly, Seizures, 
severe postnatal growth 
retardation 

                NDUFAF2 

Intellectual disability, 

global developmental delay, 
Seizures, progressive 
macrocephaly 

                ZSWIM6 
Intellectual disability 

                HTR1A 

Cognitive impairment, 
autism 
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                MOCS2 
Microcephaly 

                NADK2 
Global developmental delay 

                HCN1 

Intellectual disability, 

seizures 

                MCIDAS 
Expression in brain 

                GHR 
Down syndrome 

                SREK1IP1 

Down regulated in brain of 
Alzheimer disease 

6 26198046 29530850 rs4145878 rs362511 3.3 313 p22.2-p22.1 ABT1 

Spinal cord motor neuron 
differentiation 

6 114206311 129169909 rs503593 rs4487603 15 108 q21-q22.33 NCOA7 
Expression in brain 

                GJA1 

Intellectual disability, 

cognitive impairment, global 
developmental delay, 
microcephaly, macrocephaly 

                DSE 

Cognitive impairment, 
delayed gross motor 
development 

                FABP7 

Down syndrome, nervous 
system developmental  

                HEY2 
Nervous system phenotype 

9 109986449 122260749 rs13292544 rs10984568 12 109 q31.2-q33.1 ASTN2 
Expression in brain 

                TRIM32 
Cognitive impairment 

                PRPF4 
Cognitive impairment 

                PAPPA 
Down syndrome 
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10 91275580 111303358 rs7087280 rs10884798 20 260 q23.31-q25.1 CPEB3 
Expression in brain 

                ARL3 
Expression in brain 

                NEURL1 
Brain development 

                KIF11 

Intellectual disability, mild, 
Mental retardation, 
Microcephaly 

                ALDH18A1 

Intellectual disability, 

Microcephaly, associated 
with Down syndrome 

                TCTN3 

Intellectual disability, 
Microcephaly 

                ENTPD1 

Intellectual disability, 
Microcephaly 

                COX15 

Intellectual disability, 

Microcephaly 

                PAX2 
Intellectual disability 

                TWNK 
Intellectual disability 

                SUFU 

Intellectual disability, 

Macrocephaly, Cognitive 
impairment 

                NT5C2 

Intellectual disability, 

Motor delay 

                CHUK 
Microcephaly 

                CNNM2 

Intellectual disability, 

Microcephaly, Global 
developmental delay 

                FGF8 Forebrain neuron 
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development 

                PITX3 
Neuron development 

15 38337341 55555602 rs8034546 rs4261468 17 250 q14-q21.3 DMXL2 

Moderate expression in 
brain, postnatal growth 
retardation, Motor delay 

                TMOD2 
Nervous system development 

                MYO5A 

Intellectual disability, 

Global developmental delay, 
Cognitive impairment 

                BUB1B 

Severe. Global 
developmental delay, 
Microcephaly, Postnatal 
developmental delay, 
Cognitive impairment 

                IVD 

Global developmental delay, 
Cognitive impairment 

                CHST14 

Global developmental delay, 
Cognitive impairment, Motor 
delay, Intellectual disability 

                NDUFAF1 
Global developmental delay 

                TUBGCP4 
Global developmental delay 

                GATM 

Global developmental delay, 
Intellectual disability, 
Autism 

                AP4E1 

Global developmental delay, 
Microcephaly 

                CEP152 Microcephaly, Cognitive 
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impairment 

                TUBGCP4 
Microcephaly 

                UBR1 

Intellectual disability, 
Microcephaly 

                SPG11 

Mental deterioration, 
Intellectual disability 

                CDAN1 

Mild Postnatal growth 
retardation  

                DLL4 
Cognitive impairment 

                ARPP19 

Low levels in Down 
syndrome and Alzheimer’s 
disease 

18 58363142 75089915 rs7230590 rs4480888 17 95 q21.32-q23 MBP 
Nervous system development 

                RTTN 

Intellectual disability, 

moderate, microcephaly 

                ZNF407 
Intellectual disability 

                BCL2 
Cognitive impairment 

                PIGN 

Macrocephaly, Global 
developmental delay 

                TNFRSF11A 
Global developmental delay 

20 689537 1900961 rs6117232 rs6111988 1.2 24 p13 SNPH 
Brain development 
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4.4.6: Candidate genes detected in both lines of analysis (manual and 

HomozygosityMapper) 

Manually analyzed data as well as HomozygosityMapper results were 

compared for similar candidate genes involved in ID.  UCSC genome browser was 

used to find the location of candidate gene and similar genes were sorted for specific 

intellectual disability through OMIM. (Tables 4.7; 4.8). 

Table 4.7: Candidates genes for ID identified through HomozygosityMapper and 

manual analyses in individual 402 

Chr. No  Cytogenetic position  Candidate genes  

2  2p24.3-2p24  MYCN  
5  5p15.2-5q12.3  NIPBL  
  NDUFS4  
  CTNND2  
  CPLANE1  
  PDE4D  
  ERCC8  
  NDUFAF2  
  ZSWIM6  
  HCN1  
6  6q21-6q22.33  GJA1  
10  10q23.31-10q25.1  KIF11  
  ALDH18A1  
  TCTN3  
  ENTPD1  
  COX15  
  PAX2  
  TWNK  
  SUFU  
  NT5C2  
  CNNM2  
15  15q14-15q21.3  MYO5A  
  CHST14  
  GATM  
  UBR1  
  SPG11  
   

. 
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Table 4.8: Candidate genes for ID detected from HomozygosityMapper and 

manual analysis (Individual 408) 

 

Chr. UCSC Location Candidate Genes Expression/Phenotype 

2 2p25.1-2p24.2 MYCN Intellectual disability 

3 3q23-3q26.32 ATR Intellectual disability 

  
 

SLC9A9 Intellectual disability 

4 4q31.2-4q32.3 MAB21L2 Intellectual disability 

17 17q21.31-17q31.32 KANSL1 Intellectual disability 

18 18q21.32-18q23 RTTN Intellectual disability 

    ZNF407 Intellectual disability 

 

 

4.4.7: Shared homozygous stretches between individuals 402 and 408  

HomozygosityMapper has set parameters and requirements and VCF files are 

uploaded against default parameters and analyzed. Both individual’s (402 and 408) 

files were analyzed separately as well as in combined form. After analysis, a table 

appears that represents chromosome number with homozygous stretches, start and end 

SNP as well as start and end bp. After calculating the difference manually total length 

of homozygous stretch is obtained (Table 4.4). Those stretches with their start and end  

positions are indicated on ideogram schematic (Fig. 4.8).  
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Fig 4.8:  Ideogram showing the homozygous intervals (red boxes) shared between 

two affected individuals (402 and 408). Largest intervals were found on 

chromosomes 3 and 5.  Numbers along the red boxes indicates the start and 

end positions. 
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4.5: Conclusion 

In the present study, a family with moderate to severe intellectual disability 

was recruited. Homozygosity mapping was used to screen individuals before targeted 

mutation analysis. Both patients 402 and 408 displayed homozygosity in 

chromosomal regions that probably encompassed the mutant gene. Mutational 

analysis will be useful in genetic counselling and therapeutic interventions that are 

likely to become available in coming years. 
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5. Clinical and molecular investigations of a family with variable 

Fraser syndrome: microcephaly, cryptophthalmos, midface 

hypoplasia and tetramelic syndactyly 

5.1: Abstract 

 The autosomal recessive disorder, Fraser syndrome 3 (FRASRS3) has bi-

allelic variants in GRIP1 and is characterized by crptophathalmos, syndactyly and 

other annormalies of repiratory and urogenital tracts. Five unrelated affected (without 

Fraser syndrome) individuals, mostly babies or fetuses, have also been reported to 

date. Generally, the syndrome results from truncating variants. It is lethal in the first 

year of life; the exception is a 3-year-old Turkish girl, now almost 9 years old. In the 

current study, a 13-year old boy with a homozygous truncating variant c.1774C>T 

(p.Gln592Ter) in GRIP1 gene was identified. The boy had a milder form of 

FRASRS3 with cryptophthalmia, midface hypoplasia, agenesis of the right kidney, 

cutaneous syndactyly in fingers and toes, but no symptoms in the lungs, anorectal 

system, genitalia, or umbilical system. To our knowledge, this case was the oldest 

reported individual with FRASRS3, demonstrating that FRASRS3 case may be milder 

than known and live into at least adolescence. 
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5.2: Introduction  

Fraser syndrome (FS; OMIM 219000) is a rare autosomal recessive multi-

system disorder with high clinical heterogeneity. The cardinal features of the 

syndrome include cryptophthalmos, laryngotracheal deformities, cutaneous 

syndactyly, renal agenesis, and ambiguous genitalia. Fraser syndrome may be 

accompanied by additional developmental anomalies such as skull ossification 

defects, nasal abnormalities, dysplastic ear, anorectal deformities, and umbilical 

abnormalities (Vogel et al., 2012; van Haelst et al., 2007).  

Clinical examination is used to make the diagnosis, and it is based on major 

and minor criteria. Thomas et al., (1986) described diagnostic criteria for FS for the 

first time. The major criteria comprise cryptophthalmos, respiratory tract anomalies, 

syndactyly, uncertain genitalia, and abnormalities of the urinary tract, while minor 

criteria encompass cranial ossification defects, congenital nose and ear deformities, 

anorectal malformations, and umbilical hernia. The diagnosis was based on one major 

with four minor criteria or two major with one minor criterion (van Haelst et al., 

2007; Thomas et al., 1986). In another study, positive family history as well as 

cryptophthalmos, respiratory tract malformations, cutaneous syndactyly, ambiguous 

genitalia, and urinary tract abnormalities were found to be the most specific 

diagnostic criteria for Fraser syndrome (major criteria). Congenital anomalies like 

skull ossification defects, ear and nose anomalies, anorectal abnormalities, and an 

umbilical hernia were less specific (minor criteria; van Haelst et al., 2007). There is, 

however, significant interfamilial phenotypic variability, ranging from minor clinical 

symptoms to severe abnormalities such as renal agenesis (Frasser, 1962, van Haelst et 

al., 2007). 
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In contrast to significant clinical interest, epidemiological research on FS 

prevalence is limited. In the Spanish population, Martnez-Fras et al., (1998) 

calculated the minimum frequency of FS to be 0.43 per 100,000 live births and 11.06 

per 100,000 stillbirths (Comstock et al., 2005). In the European population, the 

minimum estimate of FS was 0.2 cases per 100,000 births, with significant geographic 

disparities, such as the western half of Europe having many more cases than the rest 

of Europe (Barisic et al., 2013). In addition, 25% of Fraser syndrome patients who 

survive their first year of life die, most commonly from the airway or urinary tract 

problems (Boyd et al., 1988).  

Fraser syndrome involves failure of programmed cell death and epidermal 

adhesion problems during embryonic development, resulting in massive lesions 

(Pavlakis et al., 2011; Short et al., 2007). Fraser syndromes, including FRASR1, 

FRASR2, and FRASR3 result from biallelic mutations in FRAS1 (Fraser extracellular 

matrix complex subunit 1), FREM2 (FRAS1 Related Extracellular Matrix 2) and 

GRIP1 (Gulatamate receptor interecting protein 1)  genes, respectively. GRIP1 

(OMIM 604597) interacts directly with FRAS1/FREM protein complexes and is 

essential for their basal side cell localization (Jadeja et al., 2005). Based on zebrafish 

studies, several new genes, having functions in basement membrane anchoring, have 

been proposed, including Hemicentin1 (HMCN1), Furin, and Fibrillin2, suggesting 

more genetic heterogeneity (Carney et al., 2010). 

The first GRIP1-related Fraser syndrome cases - two fetuses and a stillborn 

baby were reported in 2012 by three unrelated families with paternal consanguinity 

and no mutations in FRAS1 or FREM2 (Vogel et al., 2012). Two of the fetuses were 

affected with the same homozygous splice site mutation (c.2113+1G>C), which result 

in the exclusion of exon 17 and thus assumed to shift the translational frame at codon 
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658 and result in a premature stop codon after the synthesis of 13 non-native residues. 

Consequently, the 471 terminal residue was deleted from the native protein of total 

1128-amino acid. The remaining fetus was believed to be homozygous for 

c.1181_1184 del, p.(Lys394Thrfs*8) because parents were heterozygous for the same 

mutation. Schanze et al., (2014) reported a stillborn baby with homozygous nonsense 

c.1860C>A, (p.(Tyr620*) mutation in exon 16 and a 3-year-old Turkish girl with 

compound heterozygous for nonsense c.2120C>A, (p.(Ser707*) mutation in exon 18. 

Due to the intragenic deletion with breakpoints possibly located inside intron "16 and 

18," it was assumed that exons 17 and 18 would be deleted and frameshift would 

occur (Schanze et al., 2014). All five reported variants were truncating. Furthermore, 

two single individuals with compound heterozygous missense mutations but no 

cryptophthalmos were detected. One of them (age unspecified) had c.1846G>A 

(p.Gly616Arg) and c.2750G>T (p.Arg917Leu) mutations together with congenital 

anomalies of the kidney and urinary tract (CAKUT) but other manifestation 

characteristics of FRASR3-like cryptophthalmos, syndactyly, or genital abnormalities 

were not present, therefore considered as isolated congenital anomalies of the kidney 

and urinary tract (CAKUT) (Kohl et al., 2014). The other individual had c.1142G>T, 

(p.Ser381Ile) and c.160G>A, (p.Val54Ile) mutations without a FRASRS3 profile but 

with neurological symptoms along with agenesis of the corpus callosum and 

subependymal heterotopia (Karaca et al., 2015). In summary, a total of 7 unrelated 

cases with 8 different GRIP1 variants and an intragenic deletion have been reported 

(Table 5.1). All of the mutations are the biallelic variants that truncate GRIP1 and 

cause FRASRS3 (Shanze et al., 2014; Vogel et al., 2012).  
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Table 5.1: Mutational status of GRIP1 for patients with FRASR3 and related phenotpes  

Phenotype Genomic 

location 

cDNA Protein Mutation 

type 

Zygosity Consequences Ref 

FRASRS3 12:66786270 c.2113+1G>C p.(Arg658fs*13) Frame 

shift 

Homozygous Donor/splice 

site 

Vogel et al., 

2012 

FRASRS3 12:66849203-

66849206 

c.1181_1184del p.(Lys394Thrfs*8) Frame 

shift 

Homozygous Exonic Vogel et al., 

2012 

FRASRS3 12:66,788,101 c.1860C>A p.(Tyr620*) Nonsense Homozygous Exonic Schanze et al., 

2014 

FRASRS3 12:66786276 c.2120C>A p. (Ser707*) Nonsense Homozygous Exonic Schanze et al., 

2014 

FRASRS3 12:66,800,117 c.1774C>T p. (Gln592Thr) Missense Homozygous Exonic Present study 

Congenital anomalies of the 

kidney and urinary tract 

12:66788115 c.1846G>A p.(Gly616Arg) Missense Compound 

heterozygous 

Splice site Kohl et al., 

2014 

Congenital anomalies of the 

kidney and urinary tract 

12:66,765,580 c.2750G>T p.(Arg917Leu) Missense Compound 

heterozygous 

Exonic Kohl et al., 

2014 

Agenesis of corpus callosum, 

subependymal heterotopia and 

lacking cryptophthalmos 

12:66,849,245 c.1142G>T p.(Ser381Ile) Missense Compound 

heterozygous 

Exonic Karaca et al., 

2015 

Agenesis of corpus callosum, 

subependymal heterotopia and 

lacking cryptophthalmos 

12:66,925,707 c.160G>A p. (Val54Ile) Missense Compound 

heterozygous 

Exonic Karaca et al., 

2015 
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 Fraser syndrome is a generally lethal disorder where life expectancy is less 

than a year. There are only 3 cases that lived over 20 years; the most notable is the 96-

year-old female (Impallomeni et al., 2006). The underlying genetic defects for all 

those cases are unknown. Despite the severe mutation, the 15.5-year-old affected boy 

investigated through current research is the oldest of the known GRIP1–related 

FRASRS patients and indicates a milder end of FRASRS3. 

5.3: Subjects and Methods  

5.3.1: Family 

Family originates from upper Punjab, Pakistan, and has one affected sib and 

four unaffected sibs (Fig. 5.1). Parents are first-cousins and have no other affected 

relatives. There is no family record of congenital malformations or any miscarriages.  

 Clinical examination of the affected subject included X-rays of the chest, 

skull, and upper and lower limbs, and ultrasonography of vital organs was performed. 

Peripheral blood samples from the affected and unaffected members of the relevant 

family have been taken and preserved in sterile K2EDTA tubes in order to extract 

genomic DNA. All subjects gave their informed consent, and the pedigree was drawn 

after consulting the elder family members. The study was approved by the Ethical 

Review Committee of Quaid-I-Azam University (DAS-1070; Dated July 8, 2015).   
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Fig 5.1: Pedigree of family, segregating autosomal recessive FRASR3. Squares are 

used to indicate males, while females are specified by circles. Clear and filled 

shapes represent normal and affected family members, respectively. Double 

line between male and female indicates cousin marriage. *, DNA available for 

genetic study; #, exome data generated. 

5.3.2: Clinical findings 

At the birth of the affected son, both parents were 22 years old. His prenatal 

history and pubertal onset were both recorded as normal. Clinical features of the 

affected boy are presented in Fig. 5.2. His face was elongated and triangular, his 

hairline was quite low, and his physique was slim and lean. With bilateral 

cryptophthalmos, there was dimpling of the skin covering the eyes. While eyelids, 

eyebrows and eyelashes were absent. The affected boy had midface hypoplasia, 

hypertrophied frontal and maxillary sinuses, deformed pinnae, grade1 microtia with 

overfolded helix, small nasal bone, bifid nose tip, and alae nasi. Hair development on 

the alae nasi and temples extending to the supraorbital line was noted during the onset 

of puberty. Upper incisors protrusion was noticeable, while the hypodontia involving 

lateral upper and lower incisors and upper left premolar, as well as the peg-shaped 

III 

IV  

II 

I 
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lower central incisors were also prominent(Fig. 5.2 A-B). The lateral X-ray images 

revealed a prominent maxilla with overbite and malocclusion, overjet upper incisors, 

and retrognathia with a pointed chin. The pectoral girdle and clavicles were 

hypoplastic, and the humeral shafts were thin on a roentgenogram (Fig. 5.2 C-D). 

An autopod radiograph showed cutaneous fusion of fingers 2-4 on the right 

hand and 1-5 on the left, along with bilaterally fused nails of the synostozed fingers 3-

4. The toes were abnormal or absent, and the feet were flat. In the right foot, a 

complete fusion of toes 1-5 was observed; toes 2-4 were buried under the skin and 

came up with terminal phalangeal hypoplasia, leaving only toes 1 and 5 visible. 

Complete cutaneous fusion of toes 2-3 and toes 4-5 was noticed in left foot (Fig. 5.2 

E-H).  

Abdominal ultrasonography indicated hypoplasia of the right kidney and a 

slightly constricted gall bladder. Roentgenographic examinations of the skull 

indicated hypertrophied frontal and maxillary sinuses, as well as hypoplastic orbits, 

associated with facial hyper-divergence. Ultrasound examination revealed normal 

lobation of the lungs and no sign of pulmonary hyperplasia. Other symptoms like, 

developmental delay, cleft lip/palate or anomalies of the genital system were not 

observed. Patient’s IQ was normal, along with a prolific voice and he was attending a 

local religious school. 
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Fig 5.2: Clinical and radiographic features of affected boy. He had microcephaly, 

elongated and triangular face. Very low hair line, dimpling of the skin 

covering the eyes present with bilateral cryptophthalmos (A). Affected boy 

had midface hypoplasia, hypertrophied frontal and maxillary sinuses, 

deformed pinnae, grade1 microtia with overfolded helix, underdeveloped crus, 

small nasal bone, bifid nose tip, and alae nasi (B). Lungs present with normal 

lobation, and no pulmonary hypoplasia is present (C). Upper incisors that 

protrude, mandibular retrognathia with a pointed chin, malocclusion, and 

upper incisors that overjet (D). Bilateral symphalangism in distal phalanges of 

2nd to 4rth fingers; cutaneous fusion of the 2nd to 4rth and 1st to 5th fingers in 

the right and left hands, respectively (E-F). Terminal phalangeal hypoplasia of 

the 2nd to 4rth toes; In the right foot, total fusion of the 1st to 5th toes, and 

complete fusion of the 2nd to 3rd and 4rth to 5th toes in the left foot (G-H). 

 

 

 

A B C 
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G 
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5.3.3: Genetic findings 

DNA was extracted from the  samples of the mother (302), affected son (402) 

and unaffected son (404). DNA was extracted mannualy through  phenol chloroform 

DNA extraction method. The affected son's exome was sequenced on the Illumina 

HiSeq2500 platform with the help of our collaborators at Department of Molecular 

Biology and Genetics, MOBGAM, Istanbul Technical University, Istanbul, Turkey. 

IDTxGen Exome Research Panel was used to create an exome library, extra target of 

2,500 sites that were not covered completely or poorly covered by the kit were also 

included. WA-0.7.12-r1030 was used to align raw reads to GRCh37 (hg19) and 

variant calling was done with SAMtools-0.1.14. Functional annotation was done by 

using ANNOVAR. Non-synonymous, truncating or splicing variants with minor allele 

frequency >0.01 (for all populations reported in 1000 Genomes and gnomAD 

databases), probably homozygous (alt/tot ratio >0.6), and capable of changing the 

amino acid sequence were filtered from the exome file.  

After applying the filtering approach to the variants in the affected son's 

exome file, there were 17 candidate variants that could potentially modify the protein 

sequence, with GRIP1 c.1774C>T (p.Gln592Ter; NM 021150.4) being the most 

likely candidate (Table 5.2). While among the remaining variants those that were 

present either in our 5l in-house exome files or were reported in homozygous states in 

a variation database, in a gene where homozygous loss of function variants are listed 

in such a database were excluded. Pathogenicity of the candidate variants was 

checked by using In-silico tools like CADD and MutationTaster2 (Rentzsc et al., 

2019; Schwarz et al., 2014). Segregation of identified variant with the disease was 

confirmed via Sanger sequencing; affected sib was homozygous while mother and 

unaffected son were heterozygous (Fig. 5.3). On the other hand, no rare variant was 
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detected in FRAS1 or FREM2 genes. Fig. 5.4 represents a protein schematic with the 

position of the previously recognized variant in the GRIP1 gene and the location of 

the recently discovered variants (c.1774C>T; p.Gln592Ter) in bold. The mutation 

found in the current study is situated in the Pdz 5 domain of the GRIP1 protein, which 

contains seven Pdz domains (Pdz1-Pdz7). 
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Table 5.2: Exome sequence analysis revealed following list of possibly homozygous (alt/tot depth > 0.6) rare (frequency < 0.01) or 

novel variants 

Chr Start End Ref Alt Consequence Gene HGSV Frequency  

(gnomAD) 

Depth  

(alt/tot) 

chr1 36859619 36859619 C T nonsny LSM10 c.112G>A (p.Val38Met) 3.89E-05 131/131 

chr6 131912594 1.32E+08 T G nonsny MED23 c.3545A>C (p.Glu1182Ala) novel 38/63 

chr6 136603827 1.37E+08 - G  splicing BCLAF1 c.-114-2_-114-1insC 

(p.Xxx_Yyydelfsxx) 

novel 7/7 

chr6 166779466 1.67E+08 G A nonsny MPC1 c.172C>T (p.His58Tyr) 1.68E-04  97/97 

chr9 214969 214969 G A nonsny C9orf66 c.428C>T (p.Pro143Leu) 1.37E-05  66/102 

chr9 98211514 98211514 G A nonsny PTCH1 c.3641C>T (p.Thr1214Met) 3.59E-04  138/138 

chr10 72493750 72493750 C T nonsny ADAMTS14 c.1327C>T (p.Arg443Cys) 1.08E-04  107/107 

chr12 66800117 66800117 G A stopgain GRIP1 c.1774C>T (p.Gln592Ter) novel 65/65 

chr15 52442107 52442107 C T nonsny GNB5 c.391G>A (p.Val131Met) 1.99E-05  29/47 

chr17 641142 641142 C T nonsny FAM57A c.263C>T (p.Ser88Leu) 2.54E-04  93/94 

chr17 1628935 1628935 C T nonsny WDR81 c.682C>T (p.Pro228Ser) 2.36E-04  153/153 

chr17 3402246 3402246 C T nonsny ASPA c.806C>T (p.Thr269Met) 1.08E-04  91/91 

chr17 6329946 6329946 C T nonsny AIPL1 c.773G>A (p.Arg258Gln) 9.17E-05  152/152 

https://varsome.com/variant/hg19/MED23(NM_004830.4):c.3545A%3EC
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chr17 8093133 8093133 C G nonsny BORCS6 c.326G>C (p.Arg109Pro) 9.12E-05  123/123 

chr19 48809552 48809552 C T nonsny CCDC114 c.515G>A (p.Ser172Asn) 1.07E-04  79/79 

chr22 26422611 26422611 C A nonsny MYO18B c.6671C>A (p.Ala2224Asp) 1.64E-04  87/142 

chrX 57936451 57936452 CA - frameshift deletion ZXDA c.403_404delTG  

(p.Cys135LeufsTer42) 

novel 6/6 

Nonsny; nonsynonymous. Red box represents the most promising variant identified in the current study 
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Oligo  Length  Temp. ºC  GC% Sequence  

Right primer 20 59 50 TGACAGATGGGCAGTTCGAA 

Left primer 20 59 5 GAACTGGGACCCTGGAACTT 

Product size: 199 

 

 

 

Fig 5.3: Sequence chromatogram of GRIP1 c.1774C>T). The primer sequence for 

sanger (A). homozygous stop gain variant (GRIP1 c.1774C>T (p.Gln592Ter) 

in an affected boy (402) is indicated by red arrow (B). While the unaffected 

family members 301 and 404 are heterozygous for the wild type allele (C, D). 

+, indicates mutant allele, while wild type allele is represented by −.  

 

(D) 

  (B) 

(C) 

(A) 

 

 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www_results_help.cgi#PRIMER_LEN
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Fig 5.4: GRIP1 Protein domain structure along with reported mutations causing 

Fraser syndrome 3 (FRASRS3): Upper half of the figure represents missense 

mutations p.(Val54Ile), p.(Ser381Ile), p.(Gly616Arg) and p.(Arg917Leu); 

while lower half indicating frameshift and nonsense mutations 

p.(Lys394Thrfs*8), p.(Arg658fs*13) and p.(Tyr620*), p.(Ser707*) 

respectively. Mutation p.(Gln592Thr) in box marked with bold letters 

represents our 13-year-old index patient. 
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5.4: Discussion 

The present study involved the clinical and molecular evaluation of a 

consanguineous family with a single affected boy with autosomal recessive FRASR3.  

He represents the first reported adolescence case of Fraser Syndrome 3, with a  novel 

nonsense variant in GRIP1. A homozygous GRIP1 variant c.1774C>T (p.Gln592Ter) 

was discovered by exome sequencing (Schanze et al., 2014; Vogel et al., 2012). The 

variant is novel (not found in genomic databases such as 1000 Genomes, gnomAD, or 

others including the ClinVar) and affects all five isoforms of the protein. Codon 592 

of the 1128-residue GRIP1 protein is changed to a stop codon, resulting in premature 

termination and deletion of 537 native amino acids. The variant was predicted to be 

deleterious through in silico tools CADD (score 39) and MutationTaster2. Up till 

now, five unrelated FRASRS3 cases are documented. Four of these (three in total) 

were fetuses with homozygous truncation mutations. The fifth and the last case was 

compound heterozygous for a truncation variant and a deletion probably 

encompassing exons 17 and 18 and resulting shift in the translational reading frame, 

and truncated protein (Schanze et al., 2014; Vogel et al., 2012). Furthermore, two 

independently detected variants lacking cryptophthalmos were described, but no link 

to FRASR3 was discovered. Congenital kidney and urinary tract abnormalities were 

discovered in one of the patients (CAKUT). The other had a neurological condition 

characterized by agenesis of the corpus callosum and subependymal heterotopia, and 

one of the variants (c.160G>A) was discovered to be rather common in the population 

(0.03 in the Turkish population), throwing doubt on the causality (Karaca et al., 2015; 

Kohl et al., 2014). In 15 Turkish exome files in the host lab, we found one 

heterozygote mutation for that variant. As a result, biallelic missense GRIP1 variants 

can induce different disorders, whereas all FRASRS3-causing mutations truncate the 
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protein, resulting in severe effects. The boy we are presenting here is the oldest of the 

FRASRS3 case that have been recorded so far. He exhibits the characteristic 

FRASRS3 presentation, fitting three of the six major and two of the five minor 

diagnostic criteria. Particular diagnostic features like cryptophthalmia, midface 

retrusion, right kidney agenesis, cutaneous webbing in hands and feet (van Haelst et 

al., 2007). Typical malformations of the respiratory system such as abnormal larynx, 

tracheal atresia, pulmonary hyperplasia, abnormal lung lobation, hyperechogenic 

lungs as well as the specific features of genital system including the abnormally 

positioned anus, hypoplastic scrotum, and hypoplastic bladder and genitalia were not 

present. Usually FRASRS3 patients could not survive to the childhood, only one 

FRASRS3 case, a three-year-old girl, was reported by Schanze et al., The patient had 

hydronephrosis, renal agenesis, finger webbing, but no cryptophthalmos. She was 

diagnosed with agenesis of some teeth and short roots in others at the age of nine 

years (Kunz et al., 2020). 

These findings indicate that FRASRS3 bi-allelic truncating variants can 

manifest with milder clinical features, including unremarkable affects on the 

respiratory and anorectal systems and genitalia, free of umbilical abnormalities, and 

living to adolescence at least. We present the oldest reported patient with FRASRS3 

to our knowledge and hope that this report would aid the clinical diagnosis of new 

FRASRS3 case with variable features. 
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6. Clinical and molecular study of a family with skeletal dysplasia, 

microcephaly and intellectual disability  

6.1: Abstract 

Microcephaly and intellectual disability are hallmarks of the severe autosomal 

recessive spondyloepimetaphyseal dysplasia known as Dyggve-Melchior-Clausen 

syndrome (DMC; MIM #223800). DMC is carried on by loss-of-function mutations in 

the DYM gene, which encodes the Golgi protein DYMECLIN, which is known to be 

involved in intercellular trafficking. Patients with DMC frequently display a variety of 

skeletal-related symptoms, such as facial dysmorphism, short trunk dwarfism with 

numerous radiographic features, and proximal limb reductions. On the other hand, 

DMC typically reports microcephaly with mild to severe intellectual disability and 

frequently reported poor or absent verbal abilities. As skeletal deformities and 

microcephaly both manifest during development and are not identified at birth, this 

suggests that postnatal mechanisms were involved in the physiological mechanism 

causing DMC. A three generations pedigree with autosomal recessive inheritance 

pattern of disease was recruited from district Harpur. Physical and clinical assessment 

done by taking photographs and X-rays. Blood samples taken from six subjects (3 

affected and 12 unaffected) for DNA extraction to perform Exome sequencing. A 

novel homozygous missense mutation NM_017653.3:c.1072C>T(p.Q358*) in DYM 

gene was identified via Exome sequencing. This mutation predicted to form a 

truncated DYMECLIN protein which may profoundly impair its normal function. 

Although the DYM  is not novel gene associated with DMC but the currently 

identified variant is novel. In silico analysis predicted the mutation as protein 

damaging. The identified mutation caused an autosomal ressive phenotype previously 

described in OMIM database, in extended Pakistani kindred. All patients in the family 
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had common feature of DMC including  rhizomelia, short trunk dwarfism, scoliosis, 

microcephaly, intellectual disability, and other clinically diverse symptoms. The 

current molecular analysis described a putative DMC phenotype associated with a 

DYM gene and also confirmed the clinical condition that seggregate in the family. The 

reported findings provide for future functional studies on the DYMECLIN protein. 
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6.2: Introduction 

Skeletal dysplasias (osteochondrodysplasias; OCD) are generalized skeletal 

defects that frequently result in disproportionately small stature. Although there are 

exceptions, most affected individuals have disproportionately short stature with 

skeletal dysplasia, while others with proportionately short stature have hormonal, 

nutritive, or other hereditary or teratogenic causes. For instance, certain types of 

osteogenesis imperfecta (OI) and hypophosphatasia have body proportions that are 

rather normal (Krakow and Rimon, 2010). These disorders have a diverse variety of 

symptoms; some people have severe and neonatal mortality, whereas others are of 

average height with early arthropathy. These disorders have a range of neurologic, 

psychologic, visual, hearing, pulmonary, cardiac, and renal difficulties (Krakow and 

Rimoin, 2010). 

Despite their rarity, genetic skeletal dysplasia conditions (GSDs) account for 

5% of all congenital malformations, with an incidence of 1 in every 5000 births. They 

may be associated to high rates of morbidity and mortality (Sabir and Coli, 2019; 

Marzin and Cormier-Daire, 2020). There are 461 disorders listed in the current 

"Nosology and categorization of genetic skeletal disorders" (2019), with 425 (92%) 

having a known molecular etiology (Sabir and Irving, 2021). 

Osteochodrodysplasia (OCD) are a heterogeneous group of skeletal dysplasia 

characterized by abnormalities in the development, patterning, texture, and 

maintenance of bone and cartilage (Warman et al., 2011; Liu and McEntee, 2017). 

OCD occur due to mutations and their phenotypes continuously evolved over the 

years, whereas dysostosis, which is a deformity of a single or group of bones in 

combination caused by abnormal blastogenesis in the uterus, phenotypically remained 
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static throughout life (Panda et al., 2014). These differences are blurring as their basic 

defects have been elucidated.  Based on clinical, radiographic, biochemical, and 

molecular criteria, there appear to be about 450 different forms of OCD (Warman et 

al., 2010). Each type of skeletal dysplasia has a different prevalence, with 

achondroplasia being the most common, having a frequency of 1 in 2500. Only 40% 

of CA with  OCD show symptoms at birth, while the remaining are diagnosed later in 

life (Barbosa-Buck et al., 2012). Among the former, the currently estimated overall 

prevalence is to be  2.4-7.6 per 1000 births (Barbosa-Buck et al., 2012; Liu and 

McEntee, 2019).  

Since 1970, numerous attempts have been made to classify these 

malformations. The most effective way for discriminating between the various 

skeletal ailments has been the detection of radiographic anomalies. The different 

components of the long bone, such as the epiphysis, metaphysis, and diaphysis, are 

used to classify them radiographically. The epiphyseal, metaphyseal and diaphyseal 

disorders are further categorized depending on whether the spine is involved 

(spondyloepiphyseal, spondylometaiphyseal dysplasias [SMDs], or 

spondyloepimetaphyseal dysplasias [SEMD]). Skeletal dysplasias can be classified 

into a number of disorders based on clinical and radiographic assessment (Krakow 

and Rimoin, 2010).  

 Dyggve-Melchior-Clausen Syndrome (DMC syndrome, MIM 223800) that 

belongs to the spondyloepimetaphyseal dysplasia (SEMD), a subgroup of 

osteochondrodysplasias is a rare autosomal recessive disorder (Abdullah et al., 2020; 

Khalifa et al., 2011). In 1962, DMC syndrome was first time described  as a new form 

of dwarfism linked with intellectual disability (ID). Since then only 100 cases have 

been reported which account mean prevalence of 0.1 per million (Nectoux et al., 
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2013). DMC syndrome is caused by mutations in the Dymeclin (DYM) gene (mapped 

on 18q21.1 chromosomal region; Cohn et al., 2003).  

DMC syndrome is characterized by progressive spondyloepimetaphysial 

dysplasia (SEMD), as well as microcephaly, facial dysmorphism, and different levels 

of ID. Short stature, short limbs and trunk, barrel-shaped chest, varus and valgus 

deformities of the knee, reduced joint mobility, brachydactyly, and micropenis are 

characteristic features. Radiological features include platyspondyly with double-

humped vertebrae (scoliosis, kyphoscoliosis), metaphysis, epiphysis, hypoplastic 

odontoid process, anterior beaking of vertebral bodies, abnormal ossification of long 

bones and lacy iliac crests (Aglan et al., 2009; Gupta et al., 2010; Abdullah et al., 

2021).  

Here, detailed clinical and genetic diagnosis of an extended consanguineous 

Pakistani family presented with dwarfism, microcephaly and ID, was performed. 

Clinical and radiological examination of all three affected family members reveals 

substantial microcephaly, ID, and other skeletal characteristics that are similar to the 

DMC syndrome previously documented. Exome sequencing and sanger sequencing 

revealed a novel homozygous nonsense mutation in exon 10 of the DYM (c.1072C>T, 

p.Gln358*).
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6.3: Subjects and methods 

6.3.1: Family recruitment 

The family was ascertained from a remote area of Northern Pakistan. Three 

generation pedigree was drawn by interviewing the head of the family. Information 

was collected after taking the informed and written consent. The provided information 

about family and disease phenotype was crosschecked by interviewing other relatives. 

The pedigree represents an autosomal recessive mode of inheritance (Fig. 6.1). Upon 

assessment 3 affected individuals (1 male, 2 female) were observed in the family. All 

available affected members (301, 306 and 307) underwent physical examination with 

the help of local physicians. Blood samples of three affected and three unaffected 

subjects were available for molecular analyses. One affected male (301) was 

subjected to a radiological evaluation. Two individuals 301 and 307 were subjected to 

exome analyses. 

In order to extract genomic DNA, peripheral blood samples from the available 

affected and healthy individuals of the relevant family have been stored in sterile 

K2EDTA tubes.  All information and blood samples  were obtained according to the 

Helsinki-II declaration and the protocol of the Ethical Review Committee of Quaid-i-

Azam University Islamabad Pakistan (DAS-1070; Dated July 8, 2015). 
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Fig 6.1: Pedigree of family afflicted with Dyggve-Melchior-Clausen like-syndrome. 

Symbols with above horizontal line: physically observed; Symbol with 

oblique line: deceased; *: blood sample obtained; #: radiographic examination 

performed; €: exome sequence carried out; $: Sanger sequence performed.  

 

6.3.2: Clinical description  

The consanguineous family of with four affected individuals was recruited. 

The affected family members were presented with severe to profound ID and marked 

short stature. They have small head, large ears, short trunk, protruding sternum, 

scoliosis, rhizomelia, broad hands with short stubby fingers, and club thumb. In the 

lower limbs, there is genu valgum or knock knees , waddling gait, broad feet and pes 

planus or flat feet (Table 6.1).  

I

* $ * $
II

* # * $ *
€ $ * $ €

III

101 102

201 202 203 204 205

306 307

206 207 208 209

301 302 303 304 305 308 309

212 213 214210 211
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Table 6.1: Clinical characteristics of patients  

Pedigree IDs 301 306 307 

Sex, age (Years) M, 40 F, 31 F, 29 

Intellectual disability*  Profound Profound  Severe  

Short stature + +  +  

Microcephaly + +  + 

Large ear +  +  - 

Short trunk + +  + 

Sternal protrusion + +  + 

Scoliosis + + - 

Rhizomelia + + +  

Broad hands + + + 

Short stubby fingers + + + 

Club thumb + + + 

Genu valgum + + + 

Waddling gait + + + 

Broad feet + + + 

Pes planus + - - 

*as per criteria of the American Psychiatric Association  

The roentgenograms of affected subject 301 revealed short neck, prominent 

mandible, and protruding and barrel-shaped chest. There was scoliosis in the 

thorasicolumber region. There was narrowing of the upper ribs with the absence of 

floating ribs. There was marked shortening of long bones of limbs with hypertrophic 

proximal and distal heads (Fig. 6.2). The carpals were variably short and fused with 

short and stubby phalanges. There were large gaps between the tibiae and fibulae. 

Further, pelvic girdle was hyperplastic and there was evidence of decalcification and 

hyperplasia (Fig. 6.2). 



Chapter 06  Family 3 

117 
 

 

Fig 6.2: Phenotypic manifestion of patient 301.  The conspicuous features are short 

stature, small head, protruding chest and genu valgum. The roentgenograms 

revealed shortening of long bones of limbs, scoliosis, and narrowing of 

cervical and thoracic vertebrae and corresponding ribs.  
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The affected subjects also have delayed developmental landmarks including 

sitting late, standing late, crawling and walking late, and speech delay. They have 

certain behavioral problems including speech apraxia, aggression, hyperactivity, 

psychosis, temper tantrum and attention deficit (Table 6.2). 

Table 6.2:  Developmental and behavioral features of affected subjects  

Pedigree IDs 301 306 307 

Sex, age (Years) M, 40 F, 31 F, 29 

Developmental features    

Developmental delay + +  + 

Standing late + + + 

Sitting late + + + 

Walking late + + + 

Delay speech + + + 

Toileting late + + + 

Behavioral problems       

Psychosis ++ ++  +  

Hyperactivity ++ ++ −  

Aggression ++ ++ + 

Temper tantrum ++ ++  +  

Attention deficit + +   − 

Mood instability ++ ++ + 

Self-care  − −  Minor 

Sense of self-respect − − + 

Speech apraxia ++ ++ + 

Friendly towards strangers  − − +  

Head flapping + − − 

Hand biting + + − 

Sensitive to crowd  + + + 

+, feature present; ++, severe phenotype; −, feature absent 
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Anthropometric measurements taken from three affected subjects, which 

showed delayed development. All subjects were short in height (Table 6.3). 

Table 6.3: Anthropometric measurements of family members    

Pedigree IDs Imran Shugufta Tehmeena 

Sex, age (Years) M, 40 F, 31 F, 29 

Standing height* 117 (<1) 127 (<1) 127 (<1) 

Sitting height† 71 (<1) 71 (<1) 76 (<1) 

Arm span§ 123 (<1) 133 (<1) 130 (<1) 

Head circumference‡ 51 (<2) 46 (<3) 48 (<3) 

Chest circumference 74  74  76  

Weight (kg)*  25 (<1)  30 (<1) 35 (<1)  

 Percentiles are given in parentheses.  

 

All measurements are in cm.; Head circumference is with respect to age and sex. 

*Percentiles are from WHO Growth Reference: 

http://www.who.int/growthref/who2007_height_for_age/en/ 

 

†Kelly AM, Shaw NJ, Thomas AM, Pynsent PB, Baker DJ. Growth of Pakistani 

children in relation to the 1990 growth standards. Arch Dis Child. 1997;77:401-

5. 

§With reference to height. Chen WY, Lin YT, Chen Y, Chen KC, Kuo BI, Tsao PC, 

Lee YS, Soong WJ, Jeng MJ. Reference equations for predicting standing 

height of children by using arm span or forearm length as an index. J Chin Med 

Assoc. 2018;81:649-56.  

‡James HE, Perszyk AA, MacGregor TL, Aldana PR. The value of head 

circumference measurements after 36 months of age: a clinical report and 

review of practice patterns. J Neurosurg Pediatr. 2015;16(2):186-94. 
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6.3.3: Whole exome sequencing and variant selection 

Through phenol chloroform method DNA was extracted from peripheral blood 

samples. Next the hunt of potential candidate gene(s), whole exome sequencing was 

performed on 301 and 306, followed by Sanger sequencing carried out on all family 

members available. For exome sequencing, the sample was processed through Agilent 

Sure Select Target Enrichment Kit as per the case manufacturer’s guide through local 

vender. The libraries were sequenced with Illumina HiSeq2000/2500 sequencer. The 

BWA Enrichment application of BaseSpace (Illumina Inc. SanDiego, USA) was 

employed to analyze the generated reads. Sequence alignment with the reference 

genome was performed with Burrows-Wheeler Aligner (BWA) (Li and Durbin, 

2009), and the variants were called with GenomeAnalysis Toolkit (GATK; McKenna 

et al., 2010). The called variants were subsequently annotated with Illumina 

VariantStudio v2.2. Variant filtration was based on the inheritance pattern (autosomal 

recessive) and parental consanguinity (heterozygous parents and homozygous 

patients), and homozygous variants were retained. Variants shared by both affected 

individuals in the homozygous state were prioritized for downstream analysis. Exome 

sequence data was further scrutinized for homozygous variants that were further 

checked in the public sequence databases (dbSNP, Exome Variant Server, 1000 

Genome Browser, and gnomAD). The filtered variants were further checked in the in-

house data of 100 exomes of Pakistani subjects.  

6.3.4: In Silico analysis 

 Human reference sequence GRCH38 was retrieved from UCSC Genome 

browser (https://genome.ucsc.edu/cgi-bin/hgGateway) Conservation of the genomic 

region of interest across species was visualized by HomoloGene 



Chapter 06  Family 3 
 

121 
 

(https://www.ncbi.nlm.nih.gov/homologene) was used to check the conservation of 

genomic region of interest. Computational algorithms Mutation Taster and Protein 

Variation Effect Analyzer (PROVEAN) were used to predict the effect of the 

identified deletion on the protein.  

6.4: Results 

The exome filtration strategy led to the identification of homozygous variant 

(NM_017653.3:c.1072C>T, p.Gln358*) in DYM gene, shared among both affected 

subjects. This variant is predicted to cause a premature termination leading to a 

truncated protein. This variant was found to be novel and not observed in any of the 

public sequence databases like dbSNP, Exome Variant Server, 1000 Genome 

Browser, and gnomAD in the homozygous state. Sanger results were inconclusive and 

chromatogram of affected subjects was not of good quality and were repeated. The 

results were under progress until the submission of the thesis (Fig. 6.3). The primers 

utilized in Sanger sequencing are given below: 

Oligo  Length  

Temp. 

ºC  GC% 

Sequence  

Right primer 20 60.04 50 CAGTCCTTTCCCCTCATCAA 

Left primer 20 59.53 45 AGGGATAGCATTTGGCGATA 

Product size: 350bp 

https://www.ncbi.nlm.nih.gov/homologene
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www_results_help.cgi#PRIMER_LEN
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Fig 6.3: Chromatogram showing results of Sanger sequencing. (Chromatogram of 

affected subjects was not of good quality and were repeated. The results were 

under progress until the submission of the thesis).  

The Q358 (p.Gln358) is highly conserved. Deep phylogenetic analyses 

through UCSC revealed complete conservation of this amino acid upto Zebrafish 

(Fig. 6.4). DYM is 669 amino acid protein and various mutation in this gene have 

been reported  prevuiously. A schamtics dipcted the domain structure of DYM 

protein with previously documented mutations and the novel variant found during 

the current research is represented in red (Fig. 6.5).    
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Fig 6.4: Conservation tract of UCSC depicting Vertebrate Multiz Alignment & 

Conservation ranging up to Zebrafish. This illustrates multiple alignments of 

100 vertebrate species and measurements of evolutionary conservation using 

two methods (phastCons and phyloP) from the PHAST package. 

 

 

Fig 6.5: Schematic representation DYM protein with all identified homozygous 

recessive mutations causing autosomal recessive DMC syndrome. Upper half 

of the schematics shows missense mutations (blue) and nonsense mutations 

(black), while lower half shows the frameshift mutations. The variant 

identified is labelled in bold red. TM; Transmembrane domain. 

 

6.5: Discussion 

Here, an inbred Pakistani family with skeletal and neurological phenotype has 

been preseted. Four of the three affected subjects have been evaluated in detail and 
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were witnessed to have combination of symptoms like dwarfism, microcephaly and 

cognative impariment. The skeletal phenotype ranged from short stature, sternal 

protrusion, sciliosis, rhizomelia and genu valgum. The affected subjects also had 

severe to profound type of ID, inaddition to a ranger of developmental and behavioral 

anomalies. These features were concordent with DMC syndrome. One of four 

affected sibs had been deceased. The genetic analyses of this family led to the 

identification of a novel homozygous variant in DYM (c.1072C>T, p.Gln358*), which 

is corcordent with the malformation. 

DMC is an early onset disorder (MIM). The initial signs of DMC syndrome 

usually develop between the ages of one and eighteen months, while the double-hump 

appearance of the vertebral bodies and the characteristic feature of the iliac crest 

(irregular and lacy) appear between the ages of three and four years and last until 

adulthood (Schorr et al., 1974). In the present family, as reported by the elder family 

members, the symptoms in the affected subjects appreaed in early childhood and then 

aggreviated with the time course. Curiously, DMC syndrome has some clinical 

features that are similar to Morquio disease (mucopolysaccharidosis IV). However, 

DMC syndrome is distinguished from Morquio disease by the absence of corneal 

capacity and keratin sulphate excretion in urine, as well as the presence of some 

specific radiological findings (Khalifa et al., 2011; Gaboon et al., 2020). 

Another disorder Smith-McCort dysplasia (SMC, MIM # 607326) has been 

discovered to be allelic to DMC syndrome, sharing many skeletal phenotypes, but ID 

and microcephaly have only been observed in later cases (Elalaoui et al., 2011).  In 

both disorders, DYM disruption results in abnormal cartilage histology, with abnormal 

chondrocyte columns containing degenerating cells and rough endoplasmic reticulum 

inclusions in the growth plate (Latrech, 2013). Unlike the skeletal phenotype, which is 
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fairly stable among patients, ID is a variable feature in DMC syndrome and was first 

used to distinguish DMC from SMC (Smith and McCort, 1958). At both the 

intrafamilial and interfamilial levels, ID ranges from mild to severe type. Some 

children are clearly hyperactive, have autistic features, and cannot speak, but others 

(even from the same family) can speak and have a moderate level of ID (Spranger et 

al., 1976). Yet another disorder, Smith-McCort dysplasia 2 (SMC2, MIM #615222), 

is caused by a homozygous mutation in the RAB33B gene. RAB33B encodes a golgi 

protein involved in cellular trafficking (Alshammari et al., 2012; Dupuis et al., 2015). 

Importantly, missense mutations in SMC1 result in residual activity and do not result 

in complete DYM protein degradation. In contrast, the DMC syndrome, which is 

caused by a truncating mutation, is predicted to result in the complete loss of DYM 

function (Dimitrov et al., 2009). Complete deletion of the DYM protein could suggest 

brain damage (Neumann et al., 2006; Martínez-Fría et al., 2007). Dupuis et al., (2015) 

used a mouse knockout (Dym -/-) experiment and found that the DYM protein was 

depleted, resulting in a defect in brain development and the onset of microcephaly 

after birth (Dupuis et al., 2015). Concordingly, in the present family, a truncating 

variant was detected which is likely to cause loss of function of DYM, thus leading to 

the phenotype.  

The DYM gene is composed of 17 exons, encoding Dymeclin (DYM), a 

membrane protein spanning the cytosol and mature golgi membranes. This is involved 

in regulating the growth and function of the Golgi apparatus, as well as transport of 

proteins and vesicles across the organelle.  Cellular localization studies have revealed 

that DYM is found mainly in golgi apparatus, cytosol, plasma membrane, and 

extracellular space with confidence scores of 5, 3, 3 and 2, respectively 

(GeneCards.org). STRING analyses revealed that DYM interacts with HS2ST1, 
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P2RY12, PNKD, ACO2 and ANOS1. Dymeclin is particularly expressed in the brain, 

chondrocytes, osteoblast and skin fibroblast (El Ghouzzi et al., 2003; Osipovich et al., 

2008). 

DYM protein is either entirely missing or has its expression altered in DMC 

syndrome. According to In situ hybridization research on distinct embryonic stages of 

human development, DYM protein expression is seen in human fetal tissues 

throughout the human growth processes (Dimitrov et al., 2009). Dymeclin-deficient 

mice (Dym-/-) have been shown to develop progressive skeletal abnormalities, 

implying that DMC and SMC have skeletal characteristics in humans (Osipovich et 

al., 2008). In a prospective study, it would be worthwhile to carry out genotype-

phenotype correlation studies for DYM.  
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7. Clinical and genetic characterization of a family presented with a 

severe form of scoliosis and dwarfism  

7.1: Abstract 

Skeletal disorders most often result from gain of function mutations in Filamin 

B (FLNB). Short height, fused vertebrae, and fused carpal and tarsal bones are all 

symptoms of the rare autosomal recessive illness known as spondylocarpotarsal 

synostosis syndrome (SCT). Filamins are dimeric actin-binding proteins that control 

structure and function of the cytoskeleton through the three-dimensional networks of 

actin. Cartilage growth and condensation of developing vertebrae is mediated by 

FLNB-encoded filamin B. FLNB-related disorders have been classified into two 

groups on both clinical manifestations and genetic etiology. The first group include 

autosomal recessive forms of SCT while the second group include autosomal 

dominant syndromes including Boomerang dysplasia (BD; OMIM # 112310), Larsen 

syndrome (LS; OMIM # 150250), Atelosteogenesis I (AOI; OMIM # 108720) and III 

(AOIII; OMIM # 108721). The current study aimed to report a homozygous missense 

mutation in the FLNB gene that causes SCT syndrome affecting a large family with 

previously unreported clinical symptoms. This consanguineous family, recruited from 

North Pakistan, had six affected members, four living and two dead. Affected 

individuals have a short neck, disproportionately short trunk, and protruding abdomen 

(secondary to lordosis). Other common characteristics included kyphoscoliosis, 

winged scapulae, crowded ribs, and pectus carinatum. While clinodactyly is present in 

one of the affected individuals. Exome analysis revealed homozygous missense 

mutation (NM_001164317.2:(FLNB_v001):c.220C>T, p.Glu74*) in the coding 

region of FLNB as causative reason. Conclusively, the study described the expanded 
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clinical spectrum of SCT syndrome in a large consanguineous family. The study 

results might be helpful to establish genotype-phenotype correlation of the SCT. 
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7.2: Introduction  

Congenital spine deformities like scoliosis, kyphosis, and lordosis arise due to 

abnormal vertebral development. The spine abnormality is usually a birth presentation 

or may appear in early childhood. In the affected subject with congenital curves, the 

anomaly tends to be rigid and resistant to correction. There is high phenotypic and 

genetic heterogeneities underlying this condition (Giampietro et al., 2003).  

Scoliosis may occur as an isolated entity, however, it may also appear as a part 

of well-established syndromes; for instance, muscular dystrophy, osteogenesis 

imperfecta, osteochondrodystrophy type of dwarfism, neurofibromatosis, Marfan 

syndrome, Ehlers-Danlos syndrome, Noonan syndrome, Angelman Syndrome, Prader 

Willi syndrome, and Rett syndrome (to name the few; OMIM; Giampietro et al., 

2013). 

A very rare combination of scoliosis and short stature is Spondylocarpotarsal 

synostosis syndrome (SCT; MIM# 272460) which affects the development of bones 

of the whole body. SCT is characterized by disproportionately spinal deformity, 

scoliosis or lordosis, short stature, and synostosis of carpal and tarsal bones (Yasin et 

al.,2021; Shimizu et al.,2019). The newborns with the disorder have relatively normal 

length, but impaired growth of the torso results in marked short stature. Over the 

developmental course, the vertebrae are misshapen and fused resulting in lordosis and 

scoliosis. The patients are also presented with clubfoot, facial dysmorphism, cleft 

palate, dental enamel hypoplasia, joint laxity, clinodactyly, brachydactyly, and 

conductive hearing loss (Carapito et al., 2016; OMIM). Radiologic examination 

reveals block vertebrae and carpal and tarsal fusion. 
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Langer and Moe (1975) described this disease for the first time and at least 47 

CA are presented to date (Sing et al.,2013; Carapito et al., 2016; Salain et al., 2018; 

Yasin et al., 2021). SCT segregates in an autosomal recessive inheritance pattern. 

Pathogenic mutations in filamin B (FLNB), myosin heavy chain 3 (MYH3), and the 

recently proposed Refilin A (RFLNA) have been implicated. It demonstrates both 

locus and allelic heterogeneity (Mangaraj et al., 2017; Shimizu et al., 2019). The 

majority of the patients reported with homozygous variants in FLNB (Krakow et al., 

2004) which encode cytoskeletal filamin B. However Carapito et al., (2016) identified 

the association of MYH3 gene with autosomal dominant SCT. During the study two 

independent families were investigated; first with typical autosomal dominant SCT 

while the second with both SCT and multiple pterygium syndrome (MPS; Carapito et 

al., 2016).  Shimizu et al., (2019) described a patient with a typical SCT phenotype 

who had a novel homozygous frameshift mutation in the refilin A gene (RFLNA).  

Filamins are dimeric actin-binding proteins and control the structure and 

function of the cytoskeleton by arranging the actin into three-dimensional networks.  

FLNB-encoded filamin B play a role in cartilage growth and condensation of 

developing vertebrae (Baudier et al., 2018; Mangaraj et al., 2017). FLNB protein is 

composed of two tandem calponin homology domains also called actin-binding 

domains (ABD) at the N-terminus and 24 filamin repeat regions. These repeats are 

interrupted by two hinges between 15 to 16 and 23 to 24 repeats (Salian et al., 2018). 

Filamin connects the cell membrane with the cytoskeleton mechanically and 

functionally by interacting with various signaling proteins which are present in 

cytosol and transmembrane receptors. Additionally, filaments also plays important 

role in skeletal development by roles in intracellular signaling (Stossel et al., 2001; Lu 

et al., 2007). Filamin family has three isoforms in mammals: filamin A (FLNA), 
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filamin B (FLNB), and filamin C (FLNC). Filamin A was the earliest and considered 

as the most abundant and widely distributed member of this lineage (2020). Abnormal 

expression of filamin proteins due to polymorphism in FLN genes contributes to the 

etiology of different congenital anomalies. Polymorphisms in FLNA and FLNC affect 

cardiovascular, nervous, and skeletal systems (Nakamura et al., 2011; Zhou et al., 

2010) while FLNB polymorphisms are involved in two groups of skeletal conditions, 

indicating a critical role in skeletal development (Robertson et al., 1993). The first 

group is Spondylocarpotarsal synostosis syndrome (SCT), a recessive condition with 

bi-allelic missense, nonsense, or frameshift truncating mutations in FLNB resulting in 

the loss of function (Yang et al., 2017; Daniele et al., 2012). The second group are 

autosomal dominant syndromes including Boomerang dysplasia (BD; OMIM # 

112310), Larsen syndrome (LS; OMIM # 150250), Atelosteogenesis I (AOI; OMIM # 

108720) and III (AOIII; OMIM # 108721).  

Here a large Pakistani family with four patients presenting with a skeletal 

dysplasia similar to SCT has been described. Detailed clinical and molecular study of 

this family was carried out and the molecular genetic diagnosis was made.  

7.3: Subjects and Methods 

The family originates from North Pakistan. They reside in a rural area and are 

engaged in agriculture. the study protocol was approved by the Ethical Review 

Committee of Quaid-i-Azam University (DAS-1070; Dated July 8, 2015). The family 

head provided formal consent for participation in this study. All the material was 

obtained according to Helsinki-II declaration.  

The detailed pedigree drawn with the help of family elders revealed six 

affected subjects, two of whom had been deceased (Fig. 1). The three available 
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affected subjects and unaffected parents and sibs were physically examined with the 

help of local physicians and specialized doctors.  

Photographs and anthropometric measurements of the three patients were 

obtained. Whole body roentgenograms of one patient were obtained. Peripheral blood 

samples of three affected and three unaffected subjects were taken for molecular 

study.  Blood samples were preserved in sterile K2EDTA tubes in order to extract 

genomic DNA. DNA was extracted from peripheral blood by using the standard 

protocol (Phenol-chloroform method). All information and blood samples  were 

obtained according to the Helsinki-II declaration and the protocol of the Ethical 

Review Committee of Quaid-i-Azam University Islamabad Pakistan (DAS-1070; 

Dated July 8, 2015). Two patients (404 and 406) underwent whole exome sequencing. 

The candidate variant in FLNB gene was sanger sequenced in all available samples. 

7.3.1: Pedigree  

There were four affected sibs in the family of which one had been deceased. 

There were affected sibs had unaffected parents suggesting an autosomal recessive 

inheritance pattern (Fig. 7.1).   
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Fig 7.1: Pedigree of family segregating autosomal recessive SCT. Squares represent 

males, while circles indicate females. Clear shapes show normal while filled 

ones indicate affected members of the family. The double line between male 

and female represents a consanguineous union. Oblique line on the symbol 

represents a deceased individual. Asterisk represent individuals who 

participated in the study.  

 

7.3.2: Clinical description 

The patients have short stature of disproportionate type, short trunk and short 

neck. They have severe kyphoscoliosis, protruding sternum and abdomen, and winged 

scapula. Patient 504 comparatively has the most severe symptoms. According to the 

family, the malformation is progressive and the symptoms become prominent with 

growing age. On the physical examination, the patients have rounded faces with 
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anteverted nares and otherwise unremarkable facial features.  Patients have a 

complaint of knee pain and backache. They have difficulty in walking and gait 

problems. According to the family, the deceased patients were also having the same 

symptoms. They all have normal IQ, hearing, and vision. All patients were attending a 

normal school.  The clinical features of the affected individuals are presented in 

(Table 7.1).  
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Table 7.1: Phenotypic variability in patients  

Variables  404 406 407 

Sex, age (years) M, 12 M, 10 F, 8 

Short stature, disproportionate + + + 

Short trunk + + + 

Kyphoscoliosis  + + + 

Winged scapulae + + + 

Crowded ribs + + + 

Pectus carinatum + + + 

Protruding abdomen (secondary to lordosis) + + - 

Short neck  + + + 

Dysmorphic face - - - 

Face type Round Round Round 

Frontal bossing, mild  + + + 

Hearing loss, conductive − − − 

Anteverted nares  + + + 

Ocular findings  − − − 

Tooth enamel hypoplasia − − − 

Failure of eruption of permanent teeth N/A ? ? 

Clinodactyly + − − 

Brachydactyly  − − − 

Club foot − − − 

Flat foot  + + + 

High arched/cleft palate − − − 

Anomalie of internal vital organs  − − − 

+, feature present; −, feaure absent; ?, could not be ascertained.  

Radiographic features of patient 404. The roentgenographic study revealed 

delayed bone age. There was thoracolumbar fusions, cervical fusion, scoliosis 

(thoracic and lumbar), lordosis (thoracic and lumbar) and sacral anomaly (Fig. 7.2). In 

the upper limbs, carpal synostosis, capitate-hamate coalition, and lunate-triquetrum 
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fusion was observed. There was an impression of bilateral clinodactyly. In the lower 

limbs, there was tarsal fusion. However, coxa vara, epiphyseal dysplasia (femur, tibia, 

fibula), limited elbow extension and short metacarpals (IV or V) were not witnessed 

(Fig. 7.2). 

 

 Fig 7.2:  Phenotypic expression of patients 404 and 406. 
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7.3.3: Genetic analyses  

 Exome filtration identified c.220C>T in exon 1 of the FLNB gene that would 

result in premature termination of the protein (p.Gln74*; Fig. 7.3). The genomic 

positon of identified variant is given in (fig. 7.4).The nonsense/stopgain variant 

c.220C>T in exon 1 of FLNB gene was not found in the public sequence databases 

like 1000 Genomes Project, ExAC, or gnomAD. This nucleotide is highly conserved 

across species. Several bioinformatic prediction tools were utilized to evaluate the 

identified variant. MutationTaster showed the score of 6.0, PROVEAN predicted it 

with a score of -10.352, M-cap predict as possibly damaging and MutPred-LOF 

predict pathogenic with a score of 0.545. Sanger sequencing was used to validate the 

identified candidate variant in 4 family members. The mutation was homozygous in 

the affected subject, whereas it was either normal or heterozygous in the normal 

subjects (Fig. 7.5). All species of vertebrates shared a conservation of the deleted 

amino acids (Table. 7.2). A homology model of FLNB-wildtype and mutant proteins 

revealed that the stop gain mutation p.Q74* was located at a Calponin homology 

domain (or CH domain) of FLNB protein which is a family of actin-binding domains 

found in both cytoskeletal proteins and signal transduction protein.   
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Fig 7.3: Summary of exome filtration scheme. 
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Fig 7.4: Genomic localization and location of the detected variant in FLNB at 

Chr3:p14.3. cDNA change and altered protein position is represented in red.
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Oligo  Length  Temp. ºC  GC% Sequence  

Right primer 20 58 50 
ACCTCAAGTGCGTGAACAAA  

Left primer 20 59 45 
CGATGGACACGAGCTTGATG  

Product size: 330bp 

 

 

Fig 7.5: Primer sequnces for sanger sequencing (A). Chromatogram depicting the 

variant (c.220C>T in exon 1 of FLNB) segregating in the family (B). 

(B) 

(A) 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www_results_help.cgi#PRIMER_LEN
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Table 7.2: Conservation of mutated amino acid across different species  

AA, amino acid; 

Species Start 

AA                    Amino acid sequence 

End 

AA 

H. Sapiens 69 R P T F R Q M Q L E N 79 

Mutated 69 R P T F R *      79 

Gorilla 69 R P T F R Q M Q L E N 79 

Mus musculus 69 R P T F R Q M K L E N 79 

Pan troglodytes 69 R P T F R Q M Q L E N 79 

Xenopus 

tropicalis 

69 R P T F S Q M Q L E N 79 

Sorex Araneus 69 R P T F R Q M Q L E N 79 

Loxodonta 

Africana 

69 R P T F R Q M Q L E N 79 
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7.4 Results 

FLNB-related SCT has been reported in less than 20 different families (Salian 

et al., 2018; Table 3). Affected people have FLNB truncating mutations that are either 

homozygous or compound heterozygous. All of the identified variants are minor 

insertions or deletions (indels) or single nucleotide variants (SNVs), which will 

shorten protein translation. It has been demonstrated that several of these mutations 

cause nonsense-mediated decay (Yasin et al., 2021) and that SCT results from the 

lack of filamin B protein. Schematics of the FLNB protein domain structure are 

shown, with previously described mutations marked in black and the variant 

discovered in the present study highlighted in red. The filamin protein's actin binding 

domain is the site of the Gln74Ter variant (Fig. 7.6). 
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Fig 7.6: Schematic representing the already known homozygous recessive FLNB 

associated with autosomal recessive SCT. The variant detected in this study is 

shown in red. Acting binding domain 1 and 2 (ABD1 and ABD2 respectively). 

Two hinge regions, Hinge 1 and Hinge 224 separate (Yasin et al., 2021). The 

variant detected in the present study is likely pathogenic as predicted by 

various online tools. (Adapted from Yasin et al., 2021). 

Gln74Ter  

971GlyfsTer122 
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Table 7.3: Pathogenicity of the reported mutations in FLNB  

S. 

N

o 

Nucleotide Protein 

consequence 

Mutation 

type 

Exo

n 

UCSC Location MutationTaste

r 

M-Cap 

Score 

Reference 

1 c.1945C >T p.(Arg649*) Splice site 13 chr3:58094188 Disease causing 
(6.0) 

Possibly 
pathogeni
c (0.074) 

(Krakow et 
al., 

2004) 

2 c.2452C > T p.(Arg818*) Splice site 16 chr3:58095865 Disease causing 
(6.0) 

Possibly 
pathogeni
c (2.126)  

(Krakow et 
al., 

2004) 

3 c.4819C > T p.(Arg1607*) Splice site 
change 

28 chr3:58121853  
c.4912C>T  

Disease 
causing(6.0) 

Possibly 
pathogeni
c (0.373) 

 

4 c.6408delC p.(Pro2137Argfs*12
) 

Frameshif
t 

39 chr3:58135902_5813590
2 

Disease causing Only 
score 
missense 
variant 

 

5 c.7029 T > G p.(Tyr2343*) Stop gain 43 chr3:58148888 

 

Disease causing 
(6.0) 

Not found  

6 c.4671G > A p.(=) Splice site 27 chr3:58118557 Disease causing  (Farrington
-Rock 
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et al., 
2007)  

7 c.5548G > T p.(Gly1850*) Splice site 33 chr3:58129205 Disease causing 
(29) 

Possibly 
pathogeni
c (0.394) 

 

8 c.6010C > T p.(Arg2004*) Splice site 36 chr3:58133956 Disease causing 
(32) 

Possibly 
pathogeni
c (0.027) 

(Mitter et 
al., 2008) 

9 c.7621dupG p.(Ser2542Leufs*82
) 

Frameshif
t 

    (Yang et 
al., 2017) 

10 c.28G > T p.(Glu10*) Stop gain 1 chr3:57994319 Disease causing 
(6.0) 

Possibly 
pathogeni
c  (0.254) 

(Salian et 
al., 2018) 

11 c.429delinsC
T 

p.(Gln143Hisfs*2) Frameshif
t 

     

12 c.1204delG p.(Val402Trpfs*88) Frameshif
t 

8 chr3:58084494_5808449
4 

Disease causing   

13 c.1243C > T p.(Arg415*) Splice site 8 chr3:58084533 Disease causing 
(6.0) 

Possibly 
pathogeni
c (0.329) 

 

14 c.1493delA p.(Glu498Glyfs*4) Frameshif
t 

10 chr3:58089695_5808969
5 

Disease causing   

15 c.1592dup p.(His532Thrfs*9) Frameshif
t 

10 chr3:58089794_5808979
5 

Disease causing   
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16 c.6317delC p.(Pro2106Argfs*12
) 

Frameshif
t 

     

17 c.2911dupG p.(Ala971Glyfs*122
) 

Frameshif
t 

20 chr3:58107015_5810701
6 

Disease causing  (Yasin  et 
al., 2021) 

18 c.220C>T p.(Gln74*) Splice site 1 chr3:57994511 Disease causing 
(6.0) 

Possibly 
pathogeni
c (0.481) 

Present 
study 

NM_001457.4, NM_001164317, (NM_001164318) Predicting the pathogenicity index in FLNB reported variant associated SCT 

(Mutation Accessor).
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The refilin  (Rfln) genes are limited to vertebrates only and no homologs have 

been found in Drosophila and C. elegant genomes. In vertebrates two orthologs of 

Rfln exist, Refilin A (RFLNA) and Refilin B (RFLNB), also known as FAM101A and 

FAM101B, respectively. Under TGF-β stimulation, filamins bind to RFLNs  

transforming connecting actin filaments into parallel bundle structures that 

accumulate to form perinuclear actin caps (Fig. 7.7). This is important for cell 

migration, differentiation, endochondral ossification and skeletal development 

(Baudier et al., 2018; yang et al., 2017).  

 

Fig 7.7: A schematic illustration of FLNB and formation of parallel actin bundles and 

perinuclear caps. a. monomeric chains of actin filament. b. Structure of 

vertebrate filamin dimer and formation of parallel actin bundles. c. parallel 

actin bundles accumulate and produce perinuclear actin caps. These molecular 

dynamics are essential of cell migration and differentiation (Adopted from 

Shimizu et al., 2019). 
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7.4.1: FLNB allelic disorders  

As stated earlier, mutations in FLNB cause five well-characterized syndrome, 

namely atelosteogenesis, type I; (AO1; OMIM 108720), atelosteogenesis, type III; 

(AO3; OMIM 108721), boomerang dysplasia; (BOOMD; OMIM 112310), Larsen 

syndrome; (LRS; OMIM 150250), and spondylocarpotarsal synostosis syndrome; 

(SCT OMIM 272460). A comparison of their clinical features is presented in (Table 

7.4). Only the spondylocarpotarsal synostosis syndrome (SCT) segregates in 

autosomal recessive fashion.  
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Table 7.4: Clinical characterization of FLNB Gene associated with different skeletal dysplasia 

Phenotype/variables Atelosteogenesis 

Type I 

Atelosteogenesis, 

type III 

Boomerang 

dysplasia 

Larsen 

syndrome 

Spondylocarpotarsal 

synostosis syndrome 

Present family 

with SCT 

MIM No 108720 108721 112310 150250 272460 272460 

Mode of inheritance AD AD AD AD AR AR 

Short stature, 
disproportionate 

- -  + + + + 

Short trunk - - - - + + 

Frontal bossing + + - - + + 

Micrognathia + + - - - - 

Dysmorphic 
face/Facia 
dysmorphism 

- - - - + ? 

Mid face hypoplasia  + + - - - - 

Hearing loss - - - + + ? 

Vision impairment - - - - + ? 

Anteverted nares  - - - - + + 

Cleft palate + + - + - ? 

Cleft lip - - - + - ? 

Dentition/enamel - - - - + ? 
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anomaly 

Short Neck + + - - + + 

Winged scapulae - - - - + + 

Crowded ribs - - - - + + 

Pectus carinatum - - - + + + 

Pectus excavatum - - - + - ? 

Protruding abdomen - - - - + + 

Foramen magnum 
stenosis 

- - - - + ? 

Platybasia - - - - + ? 

Spine       

Fusion of vertebral 
arches 

- - - - + ? 

Fusion of posterior 
processes 

- - - - + ? 

 Scoliosis  - + - + + + 

Lordosis  

 

- - - + + + 

Thoracolumbar 
fusions 

- - - - + ? 
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Sacral anomaly - - - - + ? 

Coxa vera _    + _ 

Coxa velga - - - - - + 

 Epiphyseal dysplasia 
(femur, tibia, fibula) 

- - - - + ? 

Limited elbow 
extension 

- - - - + ? 

Carpal synostosis - - - - + + 

Capitate-hamate 
coalition 

- - - - + + 

Short metacarpals 
(IV or V) 

- - - - + ? 

Clinodactyly  - - - - + + 

Brachydactyly + - - - + ? 

Tarsal fusion (in 
some patients) 

- - - - + + 

Flat feet - - - - + ? 

Club foot + +  + + ? 

Limited joint 
mobility 

- - - - + ? 

Elbow, knee and - - - - +  
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shoulder pterygium 

Single palmar crease - - - - +  

Others - - - -   

Pterygium colli - - - - + ? 

Ocular findings - - - - + ? 

+, feature present; -, feature absent; ?, not reproted 
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7.5: Conclusion 

 This study confirms the molecular diagnosis of SCT in this family and 

expands the mutation spectrum of FLNB, though no much phenotypic variability was 

witnessed from the known clinical spectrum of SCT. The information gleaned through 

this study would be very valuable for the genetic counseling of this family. 
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8. De novo pathogenic variants in cilia and flagella associated protein 

46 (CFAP46) cause craniofacial anomalies  

8.1: Abstract 

Diseases associated with CFAP46 include Retinitis Pigmentosa 63 and Optic 

Atrophy 8. The gene is predicted to be located in the axoneme and is likely involved 

in axoneme assembly, playing a role in the central apparatus of cilium motility. Next-

generation sequencing has facilitated the identification of genetic causes of various 

congenital anomalies so the objective of the current study was to identify candidate 

genes that may contribute to craniofacial anomalies. Subsequently functional data 

would support the functional roles of the variants identified. Candidate genes were 

found using exome sequencing. The disease was modeled in vivo using 

CRISPR/Cas9-mediated genome editing in frog tadpoles, and the functional effects of 

the patient variant on candidate protein function were evaluated. The whole mount in 

situ hybridization technique was then adapted to explore the role of the CFAP46 

protein in embryonic development. This study describes a single female patient with a 

novel de novo compound heterozygous mutation p.L605P and p.M319V in the 

CFAP46 gene. The patient had a number of syndromic features, including severe 

craniofacial anomalies. The craniofacial anomalies induced by the CRISPR/Cas9-

mediated genome editing of CFAP46 mimicked the patient's condition. Although the 

craniofacial anomalies comparable to patient phenotypes were the focus of the present 

research, gastrulation disorders with neural tube defects were also prominent. Since 

the non-overlapping CRISPRs were so effective, it is likely that CFAP46 is crucial to 

development. Further evidence from whole-mount in situ hybridization indicates that 

CFAP46 is essential for neural crest development and that abnormalities of the face 

can result from CFAP46 protein deficiency. This work presents the first evidence of 
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human craniofacial anomalies from CFAP46 mutations with both clinical and 

functional support for this hypothesis. 

8.2: Introduction 

8.2.1: Genome Editing  

Genome editing (GE) alters a particular DNA segment by  base substitutions, 

insertions and/or deletions (indels) in the target sequences (Aglawe et al., 2018). 

Direct targeting and modification of the genomic sequences across all eukaryotic cells 

are now possible; thanks to genetically engineered or bacterial nucleases. GE 

increased our ability to understand the genetic process underlie a specific disease by 

accelerating the development of more accurate models of disease conditions 

(Manghwar et al., 2019). GE uses a variety of methods, including the use of zinc 

finger nucleases (ZFNs),  which are targetable DNA cleavage proteins used to cut 

DNA sequences at any site. Transcriptional activator-like effector nucleases 

(TALENs), which produce double-stranded breaks (DSBs) in target sequences and, as 

a result, trigger DNA damage response pathways, can also be utilized in genome 

editing. Most recently, clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated nuclease 9 (Case9) system (Li et al., 2020) is proving 

game changing in editing the genome. CRISPR/Cas9 is an RNA-guided endonuclease 

that specifically targets DNA sequences via nucleotide base pairing. Although ZFNs 

and TALENs have been extensively employed for genetic engineering  in human, 

animal, and plant cells since 2002 and 2011, respectively, there are still significant 

restrictions that prevent their efficient usage. ZFN has a low degree of specificity and 

frequently induces off-target mutations. ZFN and TALEN vector construction is 

costly and time-consuming. As a result, since 2013, the focus has been shifted to the 
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application of CRISPR/Cas9 and, more recently, to recently discovered CRISPR/Cas9 

variants (Li et al., 2020; Cornu et al., 2017; Ghosh et  al., 2019).  

Gene therapy is a technique used to change or replace an undesirable or faulty 

gene in a cell. Since many human disorders are caused by genetic mutations or 

incorrect gene expression, thus, gene therapy usually refers to human gene therapy. 

Due to its tremendous potential to treat hereditary disorders, gene therapy has 

attracted the attention of scientific and pharmaceutical communities. Human gene 

therapy has been the focus of further clinical studies and research since it was initially 

introduced in the late 1980s and early 1990s. However, despite these efforts, the field 

has advanced very slowly due to a variety of obstacles, including the difficulty of 

accurately editing a gene (Rosenberg et al., 1990). However, due to the recently 

discovered clustered regularly interspaced short palindromic repeats (CRISPR) and 

CRISPR-associated enzyme (Case) technologies, the area of gene therapy is now 

rapidly growing and becoming more adaptable for the treatment of human genetic 

disorders. CRISPR/Cas9 genome editing is uses the CRISPR/Cas9 system that 

bacteria or archaea employ to cut and destroy invading DNA from sources including 

viruses (Makarova et al., 2020). Hence, gene knockout was the first and most 

advanced use of the CRISPR/Cas9 approach.  

CRISPR/Cas9-based gene therapy can be utilized to delete, replace, or fix 

abnormal, disease causing genes. Although CRISPR/Cas9 technology for genome 

editing was first described in 2012 (Gasiunas et al., 2012; Jinek et al., 2012), it has 

evolved over the last ten years into and numerous techniques for basic and practical 

research. Gene knock-in/-out, base editing, and prime editing are a few of them that 

have demonstrated remarkable promise in gene therapy (Fig. 8.1). 
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Fig 8.1: Four major  strategies for CRISPR/Cas9 mediated gene therapy.  

Abbreviations: HDR, Homology-directed repair; NHEJ, Non-homology end-joining; 

ABE, Adenine base editor; CBE, Cytidine base editor  (Adapted from Zhang, 2021). 

8.2.2: The Neural Crest 

The neural crest (NC), a special collection of migrating pluripotent cells, 

differentiate into a wide range of cell types, including those that build the facial 

skeleton and the peripheral nervous system. The strong regulation of NC migration, 

specification, and differentiation during the early developmental stages is carried out 
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via a complex regulatory system (Fig. 8.2). Previously, NC development has been 

extensively studied by using different animal models including X.tropicalis (frog) 

embryos, however, the current loss-of-function assay for investigating NC formation 

in Xenopus embryos is mostly based on the knockdown technique of morpholino 

antisense oligonucleotides (Liu et al., 2016). 

 

Fig 8.2: A gene regulatory network regulates neural crest development (Adapted from 

Liu et al., 2016). 

8.2.3: Craniofacial anomalies 

8.2.3.1: Early embryonic development 

Scientists now have a better understanding of how the craniofacial regions 

develop and how improper development leads to malformations due to advancements 

in developmental biology and human genetics (Rice, 2005; Van et al., 2016). 

The human face not only expresses emotions but also functions as a portal for 

breathing, eating, and talking. People are fascinated by their own features and notice 
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even the slightest variations from "normal" facial development. Sperber and Sperber 

(2014) observed normal embryological development of the human face and cranium.  

The inner cell mass of the embryonic blastocyst forms the three germ layers, 

ectoderm, mesoderm and endoderm. At day 20, the ectoderm differentiate into 

cutaneous and neural components through the formation of the neural crest and neural 

plate, which folds midline to produce the neural tube (Sperber and Sperber, 2014). 

The neural tube forms the central nervous system while neural crest forms the 

peripheral nervous system as well as other elements of the developing organism. 

Neural crest cells are crucial in the embryological development of craniofacial 

structures with the ectomesenchymal tissue of the neural crest creating a distinct 

pluripotent tissue layer. These cells differentiate into cartilage, bone, ligaments, 

muscles, and arteries, and are the primary source of connective tissue throughout the 

body. Congenital abnormalities result from disruptions in the normal migration and 

differentiation of these cells, which can have serious implications. Most craniofacial 

deformities develop in the first 12 weeks of gestation, a crucial time for organogenesis 

(Bronner et al., 2012). 

8.2.3.2: Classification of craniofacial anomalies 

Lack of understanding of the embryology and the etiology of anomalies has 

hindered efforts to classify them. In 1981, the Committee on Nomenclature and 

Classification of Craniofacial Anomalies of American Cleft Palate Association 

proposed a straightforward classification scheme with five categories that provides a 

simple overview of current knowledge of the origins, diagnosis, and treatment of the 

most common craniofacial anomalies. They categorized craniofacial malformations 

based on the variety of their etiologies, anatomical structures, and treatments. The 
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most common craniofacial malformations are listed below, along with their etiologies, 

assessments, and treatments. 

1:Facial clefts/encephaloceles and dysostosis 

2: Atrophy/hypoplasia 

3:Neoplasia/Hyperplasia 

4:Craniosynostosis 

5:Unclassified 

8.2.4: X. tropicalis developmental stages 

For in situ hybridization, the specific developmental stage of X.tropicalis is 

crucial since various RNA probes only express themselves at particular 

developmental stages, while in the other stages, expression is absent or less 

prominent. The embryos of X. laevis and X. tropicalis are strikingly similar in 

morphology with similar staging using the same table (Nieuwkoop and Faber, 1994), 

that was created for X. laevis. The Zahn drawings and crowd-sourced micrographs 

(accessible through the community website resource Xenbase, www.xenbase.org) are 

two additional outstanding tools for embryo stages (Zahn et al., 2017). But having a 

complete staging series for X. tropicalis as well is more useful due to some variances 

in embryological appearance. In 2019 Kakebeen and Wills gave the full staging series 

for   X.tropicalis (Fig. 8.3).  
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Fig 8.3: Full staging series in  X. tropicalis from signle cell to free swimming tadpole; 

(adapted from, Kakebeen and  Wills, 2019).  

Understanding the molecular etiology of a specific developmental disorder is 

just the first step in figuring out whether a mutation causes a particular condition. 

Combining human genetics, developmental biology, and a number of other 

biomedical fields will result in a more comprehensive etiological picture and, as a 

result, more precise and effective treatment (Li et al., 2020). The current study is a 

combination of clinical genetics, developmental biology and functional study in order 

to provide evidence that  CFAP46  plays important roles in the development of skull 

and vertebral column and  loss of CFAP46 function results in craniofacial and neural 

tube defects. 
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8.3: Subjects and Methods 

Case report consent forms were obtained according to the institutional policies 

of Yale New Haven Hospital. A 27-year-old female subject was reported with a 

syndromic condition including craniofacial anomalies including cupid’s bow, small 

jaw, and narrow palate (Fig. 8.4). According to Yale University Institutional Animal 

Care and Use Committee protocols, Xenopus were kept and taken care of in the 

Pediatrics Genomics Aquatics Facility. 

 

Fig 8.4: Pedigree of family showing unaffected parents and affected child. 

Symbol with horizontal line above; Physically examined, symbol witth * : Exome 

sequences. 

8.3.1: Whole exome sequencing (WES)  

Each patient and their healthy parents were analyzed as trios using whole 

exome sequencing (WES). Standard procedures were used to isolate genomic DNA 

from whole blood. DNA was sheared and exome capture was performed using xGen 

target capture kits (Integrated DNA Technologies, Inc., Coralville, IA). 99 base pair-
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end sequencing was then performed on the HiSeq 4000 platform (Illumina, San 

Diego, Califonia) the Yale Center for Genome Analysis used a CLIA sequencing 

protocol for the probands or a research protocol for parental samples as previously 

described (Sega et al., 2019). The proband and parent samples were sequenced to a 

mean depth of ~100× and ~50× coverage, respectively. The sequence reads were 

converted to FASTQ format and were aligned to human genome build 

GRCh37/UCSC hg19, and analyzed for sequence variants using a custom-developed 

analysis tool as well as additional sequencing technology and variant interpretation 

protocol already described (Tanaka et al., 2015). The probands of affected individuals 

and their parents were sequenced to a mean depth of 82.6–120.7 independent reads 

per targeted base across all the samples, with an average of 93.0%–94.4%  of targeted 

bases in all the samples This provides a high-confidence identification of variants, 

especially de novo variants, across the exomes. After being manually screened, 

variants were analyzed as potential disease -causing by reviewing clinical and basic 

science literature on each gene, including PubMed, OMIM, HGMD, and ClinVar, as 

well as by using other in silico methods. 

8.3.2: Genomic study 

Chromosomal microarray and whole exome sequencing were used in the 

initial clinical investigation. Clinical exome analysis reported de novo compound 

heterozygous variants p.Leu605Pro and p.Met319Val in CFAP46 (NM_001200049.3; 

Fig. 8.6). 

8.3.3: Genome editing in X. tropicalis 

Previous studies have claerly demonstrated the utility of X. tropicalis in the 

study of genetic and developmental disorders (Sega et al., 2019; McQueen and 
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Pownall, 2017; Wen et al., 2017; Boskovski et al., 2013 ). The current study used the 

previously published CRISPR/Cas9-mediated genome editing method in X. tropicalis 

(Bhattacharya et al., 2015).  Three non-overlapping, independent CRISPR sgRNAs 

targeting exon 3, 7, and 8 respectively, of CFAP46 were designed to generate 

knockouts. 

►►CFAP46-EX3: 

CTAGCtaatacgactcactataGGACACAGAACGTACAAATCgttttagagctagaa 

►►CFAP46-Ex7: 

CTAGCtaatacgactcactataGGGCATCCAACAAACACTCTgttttagagctagaa 

►►CFAP46-Ex8: 

CTAGCtaatacgactcactataGGCAAAGGGCTGTGCGACTTgttttagagctagaa 

Previously described in vitro fertilization and microinjection protocols 

developed in the lab (del Viso and Khokha, 2012) and available online (http:// 

http://khokha.medicine.yale.edu/) were used to inject one cell stage embryos. For 

microinjections, borosilicate glass needles were calibrated. Using previously 

described methods, CRISPR sgRNAs were designed for CFAP46 (Bhattacharya et al., 

2015). Three non-overlapping CRISPRs including  CFAP46-EX3,  CFAP46-Ex7, and 

CFAP46-Ex8 sgRNAs were injected at 400 pg/embryo with 1.6 ng of case9 protein 

(CP03, PNA Bio) into single-celled embryos in accordance with conventional 

methods (Ran et al., 2013; Sega et al., 2019). After injections, embryos were placed 

in 1/9X MR + 3% Ficoll for 1–2 hr and then transferred to 1/9X MR supplemented 

with 50 μg/ml of gentamycin. Confirmation of successful injections was by 

fluorescent lineage tracing with a Zeiss Lumar fluorescence stereomicroscope at stage 

28–30. Embryos/tadpoles were further incubated at 26 °C until stage 45–46. 

http://khokha.medicine.yale.edu/
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Uninjected controls (UIC), CFAP46-EX3,  CFAP46-Ex7, and CFAP46-Ex8 injected 

tadpoles were then fixed in 4%  Paraformaldehyde (PFA) and examined for 

craniofacial anomalies under a microscope. Photomicrographs were obtained using a 

Nikon SMZ745T stereomicroscope fitted with am Excelis Accu-Scope camera.  

8.3.4: Tadpole Genotyping for analysis of CRISPR cut efficiency 

Purpose:  

This approach is used to determine the efficiency of CRISPR in X.tropicalis 

tadpoles. The entire process includes sample selection and organization, gDNA 

extraction and purification, designing primers for PCR amplification and sequencing, 

and analyzing and understanding Inference of CRISPR edit (ICE) output data. 

CRISPR cutting analysis should be done once a consistent phenotype (eg, craniofacial 

anomalies in the Khokha Lab) of 2-3 non-overlapping sgRNAs has been observed for 

the same gene. 

➢ Optimize injection dose 

● Standard dose is 400pg of sgRNA and 1.6ng of Case9 protein per embryo (200pg/nl 

sgRNA,0.8ng/nl of Case9 protein) 

● Amount of sgRNA can be increased to 600pg/emb (or higher?) 

● Maximum density of embryos per 100mm dish: 60? 

➢ DNA extraction and purification 

CRISPR efficiency was determined through Sanger sequencing. For this 

purpose, DNA was extracted from CFAP46-EX3, CFAP46-Ex7, and CFAP46-Ex8  

injected and UIC animals at stages 45-46 by using the Alkaline (NAOH) Lysis 
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method. A total of four different DNA samples were extracted from distinct 

embryos, with the first three samples containing DNA from a single tadpole and 

the fourth sample including a pool of DNA from five tadpoles. Monarch gDNA 

Purification kit was used to clean up the extracted DNA and the “Tissue” 

recommended protocol was adopted. Pre-warm elute buffer (EB) at 60o was used. 

➢ Sequencing Preparation 

• Primer designing 

 Primer3 Plus was used to synthesize seven primer pairs (2 pairs for each 

CRISPR, CFAP46-EX3 and CFAP46-Ex8 while 3 pairs for CFAP46-Ex7), and 

regions surrounding the target sites were amplified using primers 200 base pairs 

(bp) upstream and 500 base pairs (bp) downstream of the CRISPR/Cas9 cut site. 

Primers were designed on the basis of the following properties: 

• Pairs should have a similar melting temperature 

• Need a minimum 1000 bp amplicon 

• Need adequate sequence before and after target site 

o 300-500bp upstream of the predicted cut site 

o 500-800bp downstream of the predicted cut site 

• BLAST primers to X. tropicalisgenome on Xenbase 

The designed primers underwent the BLAST search and were selected on the 

basis of following criteria 

o  should only have 1 hit at correct locus 

o  Avoid regions with repetitive sequences. 

-Optimized primers with UIC gDNA 
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• Primer designing parameters 

Max size Min Tm Max 

TM 

Min 

CG% 

Max 

CG% 

Max  

PolyX 

CG 

Clamp 

22 bp 55o C 65o C 45 75 3 2 

 

• Primer sequence 

 The sequence of primer pairs used for geneotyping are given below (Table 

8.1). Different combination of primers for individual CRISPR were used in order 

to get the single clear band on gel for genotyping.  

Table 8.1: Primer pairs used for genotyping for CRISPR cut efficiency 

Primer pair 

No 

CRISPR 

name 

Primer 

type 

Sequence 

1 CFAP46-EX3 Forward-1 TGCACCTTTTAGCCCAATTT 

  Reverse-1 CCTCAGCATACACAGGCAAA 

2 CFAP46-EX3 Forward-2 GGGGGATCAGAAGCACTCTA 

  Reverse-2 CAGCATACACAGGCAAATGG 

1 CFAP46-Ex7 Forward-1 CCCTTTGTTAGCACCTGCAT 

  Reverse-1 TTAGTAAATGGGCCCCACAG 

2 CFAP46-Ex7 Forward-2 CAGTAAATCCCTTTGTTAGCACCT 

  Reverse-2 AACCTTTTTGGCTGAGAGAGC 

3  Forward-3 CCCTTTGTTAGCACCTGCAT 

  Reverse-3 GGCCCCACAGTGTAAGCTAGT 

1 CFAP46-Ex8 Forward-1 TCTCCCCCATTTCCCTTAAC 

  Reverse-1 AATGTTAGGCATCCCCCAGT 
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2 CFAP46-Ex8 Forward-2 CCCCATTTCCCTTAACAAGT 

  Reverse-2 GCCTTAACGCCTTAAACTCG 

 

➢ PCR cleaning and purification 

PCR products were cleaned by using Monarch PCR DNA Cleanup kit and 15 ul of  

EB was used for each sample elution. 

➢ Sanger Sequencing 

The forward and reverse primers used for PCR were also employed for sanger 

sequencing. Then set up samples and plasticware according to Quintara Biosciences 

Protocol.  

8.3.5: Inference of CRISPR edit (ICE) analysis by Synthego 

Inference of CRISPR edit (ICE) is a free online software that analyzes Sanger 

sequencing data to determine editing efficiency, %INDELs, %knockout, and the types 

of  mutations generated by the sgRNA/Cas9 in mosaic F0 embryos. Ideally, there 

should be 40-95% knock out score in phenotypic embryos. ICE provides a simple 

quantitative evaluation of indels produced by CRISPR in pools and clones for free 

online. In ICE, amplicons made from genomic DNA extracted from the modified and 

control (wild type) samples are compared to one another. Potential proposed editing 

results are fitted to the observed data by linear regression. ICE's report outputs the 

overall indel percentage in addition to the knockout score (the proportion of outcomes 

that result in a supposed knockout). Successful ICE analysis displayed following 

parameters. 
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8.3.6: Interpretation of ICE analysis 

➢ Summary window 

For analyses that included multiple samples, a summary window with bar graphs 

of results with a list of the analyzed samples appears. The window shows basic 

information about  edited samples, including: 

Sample: The unique sample name for each sample use in analysis. 

Guide target: The 17-23 bp guide RNA, excluding the PAM sequence. 

PAM sequence: Protospacer Adjacent Motif (PAM) sequence for the nuclease used 

with sgRNA. 

Indel percentage: The percentage of sequences that contain an insertion or deletion 

(indel) in the sample. 

 Model Fit (R2): The R2 value (Pearson correlation coefficient) is a measure of how 

well the proposed indel distribution fits the Sanger sequence data of the edited 

sample. The maximum R2 value is 1.0 and the sum of all individual contributions will 

be equal to the R2 value. For example, if the R2 is 0.84, then all of the contributions 

will add up to 84%. The difference between 1.0 and the R2 (e.g., 100% - 84% = 16%) 

represents the percentage of Sanger sequencing data that is unexplained and does not 

match the expected outcomes. The R2 value is critical for assessing the indel %, KO 

Score The higher the R2 value, the higher the confidence in the indel percentage and 

KO Score. An R2 value of 0.8 or more indicates a robust analysis, but R2 values 

below 0.8 should be considered with caution.  

Knockout (KO) score: The proportion of sequences that are likely to result in 

functional protein knockout (frameshift mutations or indels of 21+ bp). The higher the 
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KO Score, the higher the percentage of sequences that result in a knockout of the 

target gene. 

➢ Contribution tab 

Top of the contribution tab analysis status, guide target, PAM sequence, indel %, 

Mode fit (R2) and knockout score and all are represented for a particular edited score. 

The contributions tab displays all of the indels and their associated frequencies (% 

contribution) of a particular sample. The guide sequence, indel %, and KO Score, and 

other information about the sample are also presented. If the unedited control (wild 

type) sequence is present at a high frequency in the sample, it will be demarcated by 

an orange “+” sign on the far left. However, if the wild type sequence is present at a 

very low frequency or absent, then it will not appear as a contribution.  

8.3.7: In situ hybridization 

X. tropicalis embryos were microinjected with 400 pg of human CFAP46-EX3 

CRISPR with Case9 by injecting one cell at the two-cell stage. Tadpoles were 

collected at stages 14,15,16,18,19 and fixed in MEMFA (1x MEMFA salts, 1:10 

formaldehyde). For staining, Snail Family Transcriptional Repressor 2 (Snai2), SRY-

Box Transcription Factor 9 (Sox9) and Twist-related protein 1 (Twist1)  RNA probes 

were created from an X. tropicali sclone. In situ hybridization of the injected embryos 

with the neural crest markers including Snai2, Sox9 and Twist1  RNA probes were 

executed on the BioLane HTI 16Vx (Intavis Bioanalytical Instruments) using standard 

protocols (Khokha et al., 2002). 
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8.4: Results 

8.4.1: Clinical phenotyping 

The Proband is a 27 year-old female from non-consanguineous parents (Fig. 

8.4).  She had a range of symptoms including intellectual disability, non-verbal with 

seizure disorder, cataract (one senile, one non-senile), cleft palate, Pierre-Robin 

sequence, mediastinal teratoma, hepatic lesions, cyst at the head of pancreas, renal 

cysts, scoliosis, contractures of hands, osteoporosis, short stature, hypothyroidism, 

hypotonia, “clumsy gait”. There was an impression of normocephalic phenotype, 

hence no brain MRI was perfomed. 

Dysmorphic features: narrow facies, prominent central incisors and dental crowding, 

hypotelorism. long nose, flat nasal bridge, prominent cupid’s bow, small jaw, narrow 

palate. 

8.4.2: CRISPR mediated Knock out in X. tropicalis 

Through the Exome filtration and segregation analyses by sanger sequencing, 

it was hypothesized that the p.L605P and p.M319V compound heterozygous variant 

was leading to a loss of function of the CFAP46 protein (Fig. 8.5 and 8.6). To model 

this, in vivo effect of CFAP46 knockout was determined using CRISPR/Cas9 in X. 

tropicali stadpoles due to their diploid genome. Initially, three independent CRISPRs  

were used and observe the phenotype, next only single most efficient CRISPR was 

chosen for the rest of the experiment.   
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Fig 8.5:  Screenshot of table showing compound heterozygous variant in CFAP46. 

 

 

Fig 8.6: Screenshots of IGV depicting coverage of the detected variants. 

 

8.4.3: Analysis of Sanger data to determine the CRISPR’S editing efficiency 

Purpose: To identify the CRISPR with the best cut efficiency in order to choose just 

one CRISPR for the remaining experiments. For knockout experiments, just one 

CRISPR with the best cut efficiency is recommended. 
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8.4.4: Knock out analysis  for CFAP46-EX3,  (Reverse Primers) 

For CFAP46-EX3 two sets of primers were used for PCR reaction in order to 

get the single strong band. Detail of primers is given in Table 8.1. The amplified PCR 

product was puried by usining Monarch PCR DNA cleanup kit (5ug) and send for 

sanger sequencing. After getting the sanger data (.ab1 files) for CFAP46-EX3 were 

run on Synthego ICE against reverse primer. The highest indel were observed as 82%, 

79% and 70% while, lowesrt as 27% with knockout score of  44, 27, 78 and 66% 

respectively. In general, both the indel percentage as well as the knockout score was 

satisfactory for CFAP46-EX3 (Fig. 8.7). 

 

 

Fig 8.7: ICE summary window for CFAP46-EX3 (Reverse primer). 

 

Further analysis shows that the contribution tab represents the inferred 

sequences in the edited population and their relative proportions, while  t0 the in the 

Indel plot (Indek Distribution tab) does not specify sequence contributions. Cut sites 

are represented by black vertical dotted lines  and wild type sequence is marked by “ 

+ ” symbol on the far left (Fig. 8.8). 
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Fig 8.8: Contribution tab for CFAP46-EX3 (Reverse Primer)  showing indel 

percentage for knockout score of 78 and 66 repectively. 

 

8.4.5: Synthego ICE analysis for CFAP46-Ex7 (Forward Primer) 

After receiving the sanger data (.ab1 files), the reverse primer for CFAP46-

Ex7 was run on ICE. In four separate samples, the indel percentage and knockout 

score were not comparable. Two out of four samples show the knockout scores of 75 

and 49 with indels of 87% and 79% (Fig. 8.9). 
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Fig 8.9: ICE summary window for CFAP46-Ex7 (Forward primer). 

 

For CFAP46-Ex7, the contribution tabs show 87% indels with a KO score of 

49 and 79% indels with a KO score of 75. The two samples have model fit (R2) 

values of 0.71 and 0.88, respectively. Only one sample with 38% indels is noteworthy 

because the Model Fit (R2) score shouldn't be lower than 0.88. Both contributions 

tabs additionally contain wild type sequence, which is shown by an orange "+" on the 

far left bar (Fig. 8.10). 
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 Fig 8.10: Contribution tab for CFAP46-Ex7 (Forward Primer) showing the indels 

percentage for knockout score of 75 and 49 repectively. 

 

8.4.6: Synthego ICE Results for CFAP46-Ex8 (Forward Primer) 

Ice analysis for CFAP46-Ex8 gives a successful analysis with forward primer. 

The indel percentage and KO score are very comparable for all four individual 

samples. The indel percentages were 55%, 79%, 95%, and 99%, respectively, with 

KO scores of 37, 58, 59, and 57 (fig. 8.11). 
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Fig 8.11: ICE summary window for CFAP46-Ex8 (Forward primer). 

 

Contribution tabs for all four samples indicate  Model Fit (R2) values of 0.95, 

0.96, 0.95 and 0.93. All samples give more than the threshold values. This CRISPR 

was very efficient as declared by ICE analysis. But this was very lethal to the 

developing embryos and give a lot of death after few hours of injections therefore, 

CFAP46-EX3 was preferably selected for the rest of the experiments (Fig. 8.12). 
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Fig 8.12: Contribution tab for CFAP46-Ex8 (Forward Primer)  showing indels for 

knockout score of 59 and 58 respectively. 

 

8.4.7: Phenotype with three non-overlapping CRISPRS (CFAP46-EX3, CFAP46-

Ex7, CFAP46-Ex8 ) 

For the current study it was hypothesized that the compound heterozygous 

variants p.L605P and p.M319V were loss of function of the CFAP46 protein. To 

model this, the in vivo effect of CFAP46 knockout was initially studied using 

CRISPR/Cas9 in X.tropicalis due to its diploid genome. Uninjected controls displayed 

normal phenotypes during all developmental stages. In contrast, the CFPA46-Ex3, 
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CFAP46-Ex7 and CFAP46-Ex8 CRISPR injected embryos give abnormal phenotypes 

at the gastrulation stage. At the gastrulation stage embryos give neural tube defects 

along the  gastrulation defects in embryos. Gastrulation defects were highest in 

CFAP46-Ex8 compared to the CFAP46-Ex7 and CFAP46-Ex7 (Fig.8.13).  

 

Fig 8.13: Gastrulation and neural tube defects in CFAP46 Knockouts. 

 

Both the uninjected control and CRISPR-injected embryos from the same 

clutch were allowed to grow till stages 45-46. Then under the microscope, they 

observed for craniofacial anomalies. There is a very clear demarcation between 

uninjected control embryos vs CRISPR injected. The CRISPR-injected embryos have 

difference in head area and interaocular distance (IOD) as compared to the uninjected 

control (Fig. 8.14). 
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Fig 8.14: CRISPR/Cas9-mediated knockdown induces craniofacial anomalies  in X. 

tropicalis tadpoles. Uninjected control (UIC) tadpole displays normal 

phenotype while kockout embryo showing narrow pointed face and decresased 

interaocular distance. 

 

8.4.8: The measurement of head circumference for the evaluation of craniofacial 

anomalies using Fiji (an image processing program based on Image J2) 

All three CRISPRs underwent three different experiments. Then, using Fiji by 

Image J, measure the head circumference at developmental stages 45–46. With the 

help of GraphPad Prism 9, the data were analyzed. In violion plots, the analyzed data 

were displayed, allowing us to compare how the data were distributed among the four 

groups (UIC, CFAP46-EX3, CFAP46-Ex7, CFAP46-Ex8; Fig. 8.15). 

          UIC              CFAP-46 Knockout 
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Fig 8.15: Comparison of head circumference among four data groups. 

 

8.4.9: Measurement of interaocular distance for the assessment of craniofacial 

anomalies 

The IOD by Fiji was measured on the same experimental group that has been 

examined for measurements of head circumference. The voilion plots represents the 

distribution of data amng four study grous (UIC vs CFAP46-EX3, CFAP46-Ex7, 

CFAP46-Ex8; Fig. 8.16). 

 

 

Fig 8.16: Comparison of IOD among four data groups.
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8.4.10: Measurement of head circumference and IOD for the assessment of 

craniofacial anomalies (with single CRISPR; CFAP46-EX3) 

After getting the CRISPR efficiency results from Synthego ICE. Only one 

CRISPR (CFAP46-EX3) was selected for the rest of the experiments. The voilion 

plots  indicate the measurements of  head circumferences and IOD of the UIC and 

CFAP46-EX3 injected embryos.. There is a considerable difference in head 

circumference and IOD between UIC  and the knockout embryos (Fig. 8.17). 

 

 

Fig 8.17: Measurement of head circumference and IOD. 

 

8.4.11: Selection of neural crest markes (Snai2; Sox9 and Twist1) as RNA probes 

for in situ Hybridization 

The RNA seq data for various RNA probes are available from Xenbase, which 

gives us the ability to select a specific embryonic stage. Snai2, Sox9, and Twist1 RNA 

probes were used in the current study as neural crest markers for the whole mount in 
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situ hybridization. Various X.tripicalis developmental stages were selected in order to 

examine the expression of these RNA probes. According to the RNA seq DATA 

Snai2 expression start rising from stage 13 and 14, then highest at stage 22. At stage 

15, 17, 19, 21 the Snai2 also have the highest expression (Fig. 8.18). In the present 

study,  stage 14, 16, 18 and 19 of X.tropicalis for three selected probes (Snai2, Sox9 

and twist1) were used . Both the uninjected control and CRISPR/Cas9 knockout were 

selected from the same clutch. For Sox9 the RNA seq data indicates expression peaks 

at various stages similar as Snai2 the Sox9 start expression from stage 13 then rise 

from 14 till 15. Then there is fall in expression at stage 26. Then the second rise 

occurs at stages 29 and 30 (Fig. 8.19).  RNA seq data for Twist1 shows a continuous 

rise in expression from stage 11 to stage 27. There is a slightly lower peak for stages 

30 to 32. Then again expression curves rise from stage 33 (Fig. 8.20). 

 

Fig 8.18: X. tropicalis RNA-Seq Data for Snai2.This image is generated by 

www.xenbase.org 

http://www.xenbase.org/
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Fig 8.19: X. tropicalis RNA-Seq Data for Sox9. This image is generated by 

www.xenbase.org.  

 

Fig 8.20: X. tropicalis RNA-Seq Data for Twist1. This image is generated by 

www.xenbase.org.  

 

8.4.12: In situ hybridization for Snai2, Sox9 and Twist 

The embryos were fixed in MEMFA (1x MEMFA salts, 1:10 formaldehyde) at 

different developmental stages including 14,16,18, and 19 then underwent the whole 

http://www.xenbase.org/
http://www.xenbase.org/
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mount in situ hybridization with neural crest markers Snai2, Sox9 and Twist1. After 

imaging the embryos, Fiji software was used to measure the probe developed area. 

GraphPad Prism 9 was used to evaluate the measured area.  

8.4.13: In situ hybridization for Snai2 at stages 14,16,18,19 

The left graph represents the uninjected controls (UIC) embryos. Both the left 

and right sides of experimental embryos were measured independently with the left 

side injected with CFAP46-EX3 CRISPR and right side taken as the internal, 

uninjected control side of experimental embryos. The right graph, on the other hand, 

shows the UIC and a right-side-injected embryo with a left-side internal control. 

There is a decline of Snai2  in left side  injected and right side injected embryos vs 

UIC and internal control. There is a prominent decline of Snai2 in all stages including 

14,16,18 and 19   (Fig. 8.21-Fig. 8.24). 

 

Fig 8.21: Graph showing the comparison of the Snai2 developed region at stage 14 

between UIC and the left and right side of the injected embryos.  

Abbreviations; Uninjected control left side (UIC-L), Uninjected control (UIC-R), 

CFAP46-EX3 left side injected (Ex3-L(inj), CFAP46-EX3 right uninjected (Ex3-R), 
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CFAP46-EX3 left side uninjected (Ex3-L), CFAP46-EX3 right side injected (Ex3-

R(inj). 

 

Fig 8.22: Graph showing the comparison of the Snai2 developed region at stage 16 

between UIC and the left and right side of the injected embryos.  

 

 

Fig 8.23: Graph showing the comparison of the Snai2 developed region at stage 18 

between UIC and the left and right side of the injected embryos.  
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Fig 8.24: Graph showing the comparison of the Snai2 developed region at stage 19 

between UIC and the left and right side of the injected embryos.  

 

8.4.14: Phenotype of CFAP46-EX3 injected embryos on neural crest’s  Snai2, 

gene expression at stages 14, 16, 18, and 19 

The  function of CFAP46 in neural crest and craniofacial development was 

evaluated through  knockout of this gene by using CRISPR/Cas9. Consequences on 

neural crest gene expression at the different  neural stages  including stages 14,16,18 

and 19, was also analysed. The CRISPR was designed to knockout the gene at exon 3. 

Upon  injection of CFAP46-EX3 CRISPR it was found that CFAP46 was knockout in 

the morphant embryos. CFAP46-EX3 knockout also resulted in a marked reduction of 

Snai2 at all four stages 14,16,18, and 19 (Fig. 8.25). Along with its reduction, Snai2's 

pattern in the left and right injected sides is altered at stage 18. 
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Fig 8.25: CFAP46 knockout affects neural crest formation. There is reduction of 

Snai2 expression at stage 14-16 while at stage 18-19 pattern of Snai2 

expression is also change along reduction in expression. UIC= Uninjected 

controls; Ex3*= Injected (Green; Left side: Red; Right side).
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8.4.15: In situ hybridization for Sox9 at stages 14,16,18,19 

The left graph represents the uninjected controls UIC, both the left and right 

sides of the embryos for the developed probe area were measured independently, and 

the left side of the embryos were injected with CFAP46-EX3. The right side of the 

injected embryo was taken as the internal control because the right side was not 

treated with CFAP46-EX3. The right graph, on the other hand, shows the UIC and a 

right-side-injected embryo with a left-side internal control. There is a decrease in 

Sox9  in left side  injected and right side injected embryos vs UIC and internal control 

(Fig. 8.26-Fig. 8.29). The pattern is variable in different developmental stages. 

 

 

Fig 8.26: Graph showing the comparison of the Sox9 developed region at stage 14 

between UIC and the left and right side of the injected embryos.  
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Fig 8.27: Graph showing the comparison of the Snai2 developed region at stage 16 

between UIC and the left and right side of the injected embryos.  

 

 

Fig 8.28: Graph showing the comparison of the Sox9 developed region at stage 18 

between UIC and the left and right side of the injected embryos.  
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Fig 8.29: Graph showing the comparison of the Sox9 developed region at stage 19 

between UIC and the left and right side of the injected embryos.  

 

8.4.16: Phenotype of CFAP46-EX3 injected embryos on neural crest’s  Sox9 gene 

expression at four stages including 14, 16, 18, and 19 

Upon  injection of CFAP46-EX3 CRISPR it was found that CFAP46 was 

knockout in the morphant embryos. CFAP46-EX3 knockout also resuted in a marked 

reduction of Sox9 at all four stages 14,16,18,19. However, there wasn't much of a 

difference between UIC and CFAP26 knockouts at stage 16 (Fig. 8.30).  
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Fig 8.30: CFAP46 knockout affects neural crest formation. There is a reduction of 

Sox9 expression at stages 14,18 and 19 while at stages 18-19 pattern of Snai2 

expression is also changes along a reduction in expression. UIC= Uninjected 

controls; Ex3*= Injected (Green; Left side: Red; Right side).  

 

8.4.17: In situ hybridization for Twist1 at stage 14,16,18,19 

There is a reduction in Twist1 expression in left side  injected and right side injected 

embryos vs UIC and internal control (Right side as internal control in left side injected 
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embryo and left side as the internal control in right side injected embryos. This 

reduction in Twist1 expression is not prominent at stage 14 and 19 for left  side 

injected embryos.While at stage 18 the right side injected embryos show no 

prominent decrease in Twist1 expression (Fig. 8.31-Fig. 8.34). 

 

Fig 8.31: Graph showing the comparison of the Twist1developed region at stage 14 

between UIC and the left and right side of the injected embryos.  

 

Fig 8.32: Graph showing the comparison of the Twist1developed region at stage 16 

between UIC and the left and right side of the injected embryos.  
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Fig 8.33: Graph showing the comparison of the Twist1 developed region at stage 18 

between UIC and the left and right side of the injected embryos.  

 

 

Fig 8.34: Graph showing the comparison of the Twist1 developed region at stage 19 

between UIC and the left and right side of the injected embryos. 
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8.4.18: Phenotype of CFAP46-EX3 injected embryos on neural crest’s  Twist1 

gene expression at four stages including 14, 16, 18, and 19 

Twist1 at stages 14, 18, and 19 was considerably reduced as a result of the 

CFAP46-EX3 knockout. There is no distinction between UIC and CFAP46 knockout 

embryos at stage 16. The pattern of the Twist1 expression also changed in stages 18 

and 19 (Fig. 8.35). 

 

Fig 8.35: CFAP46 knockout affects neural crest formation. There is reduction of 

Twist1 expression at stage 14,18 and 19, while at stage 18-19 pattern of  
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Twist1 expression is also change along a reduction in expression. UIC= 

Uninjected controls; Ex3*= Injected (Green; Left side: Red; Right side).
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8.5: Discussion 

 This study presents a 20-year-old patient with different symptoms including 

intellectual disability, non-verbal with seizure disorder, cataracts (one senile, one 

non-senile), cleft palate, Pierre-Robin sequence, mediastinal teratoma, hepatic 

lesions, cyst at the head of the pancreas, renal cysts, scoliosis, contractures of hands, 

osteoporosis, short stature, hypothyroidism, hypotonia, “clumsy gait”.  He had 

narrow facies, prominent central incisors and dental crowding, and hypotelorism.  

Comprehensive molecular genetic analyses including exome sequencing, variant 

filtration, Sanger sequencing, and segregation analyses gave evidence that the 

malformation in the patient was likely caused by a compound heterozygous 

mutation in CFAP46 and one frameshift mutation in the Echinoderm microtubule-

associated protein-like 2 (EML2) gene. 

 Cilia and Flagella Associated Protein 46 (CFAP46) is also known as 

Tetratricopeptide Repeat Protein 40 (GeneCards). CFAP46 localises at chr10q26.3 

and has a size of 134,432 bases (ch10:132,808,392-132,942,823; GRCh38/hg38) 

(ncbi.nlm.nih.gov/gene/54777; Ayadi et al., 2014). It comprises 59 exons and 

various transcripts are expected. The protein has a size of 2,715 amino acids with a 

molecular mass of 303500 Da (UniProtKB/Swiss-Prot). This gene is predicted to be 

located in the axoneme and is likely involved in axoneme assembly (Alliance of 

Genome Resources, 2022). As part of the central apparatus of the cilium, the 

axoneme plays a role in cilium movement (GeneCards Summary for CFAP46). 

 CFAP46 is a protein-coding gene and the phenotypes associated with this 

gene are Retinitis Pigmentosa 63 and Optic Atrophy 8 (GeneCards). As 

demonstrated in the GWAS Catalog, at least five phenotypes, i.e., visual perception 

measurement, BMI-adjusted waist circumference, sclerosing cholangitis, protein 
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measurement, and memory performance were witnessed to be strongly associated 

with CFAP46 SNPs rs71481956, rs61865614, rs61861422, rs115217552, and 

rs76929979, respectively (GeneCards Summary). 

 The CFAP46 protein has been shown to localize to the cytoskeleton, cytosol, 

and nucleus (Confidence scores 4, 1, and 1, respectively). The STRING interaction 

network preview showed that it interacts with AGO2. 

  In order to observe the expression pattern of CFAP46, Ayadi et al., (2014) 

carried out detailed studies in cancer cells and through the use of bisulfide genomic 

sequencing and methylation-specific PCR, witnessed that it was highly methylated in 

nasopharyngeal carcinoma samples compared to nontumor tissues. The authors 

employed RT-PCR analysis and further demonstrated that the extent of methylation 

was associated with transcriptional repression of the gene (Ayadi et al., 2014). 

 The global expression studies for CFAP46 have demonstrated that it has 

ubiquitous expression in a range of tissues ranging from immune, nervous, muscle, 

internal organs, secretory, and reproductive tissues (GeneCards). The highest 

expression was witnessed in the testis, stomach, thyroid, lung, kidney, and brain 

(HPA RNA-seq normal tissues). The study of orthologs for CFAP46 showed that it 

had 96% and 78% similarity, respectively, with Chimpanzee (Pan troglodytes) and 

Dog (Canis familiaris) (genecards.org/cgi-bin/carddisp.pl?gene=CFAP46). 

 In this study, the detected  compound heterozygous variants resulting in 

p.L605P and p.M319V were novel and not reported in any of the public genome 

variation databases, and likely underlie the phenotype in the patient. The segregation 

was  concordant with the disease model.       

8.6: Conclusion  
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 In order to model the patient's craniofacial deformities and evaluate the 

functional impact of patient variants on candidate protein function compound 

heterozygous  variant in CFAP46 was chosen for the current investigation. 

  The reproduction of patients’ craniofacial anomalies with CRISPR/Cas9 

mediated knockout of CFAP46 suggests that functional CFAP46 is important to 

prevent neural tube and  craniofacial defects. This hypothesis was further supported 

by current findings that the patient CFAP46 variants give the craniofacial anomalies 

and neural tube defects. Thus it was concluded that the single nucleotide changes 

seen in the patient were detrimental to CFAP46 protein function. 
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General Discussion 

Any morphological, biochemical, or functional abnormalities that manifest at 

birth are referred to as congenital anomalies (CA), sometimes called birth defects. 

Genetic, epigenetic, environmental, or other factors including consanguinity and 

maternal variables might cause these birth abnormalities. 

The probability that both parents will have affected offspring and have the 

same recessive disease variations increases with consanguinity. When it comes to rare 

disorders, this effect is particularly noticeable because a spouse cannot share a disease 

unless they are related. Because of this, groups with high rates of consanguineous 

marriage also tend to have greater rates of rare recessive illnesses, congenital and 

genetic diseases, and other conditions. Consanguineous unions are very common in 

different regions of the world. In the Middle East and South Asian countries, almost 

40% of all marriages are consanguineous (Abdalla and Zaher, 2013). While in 

Pakistan approximately 65% of marriages are commenced among blood relatives due 

to economic, social, and cultural reasons in different regions of Pakistan (Iqbal et al., 

2022). As a consequence, various types of severe autosomal recessive disorders 

(monogenetic) are common in the Pakistani population (Khan et al., 2016). 

At present, new interventions and better control reduce the burden of 

communicable diseases but meanwhile hereditary and genetic disorders appear as a 

major problem in healthcare systems. However genetic counseling, prenatal testing 

and awareness among families having history of recessive disorders can prevent 

transmission of genetic disorders. 
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The current research, which was described in the dissertation, was a 

multitiered study that made use of sampling at several levels as well as experimental 

and analytical techniques. Initially, data on individuals with genetic illnesses from 

Pakistan's Hazara population were gathered using an epidemiological approach. The 

prevalence-pattern of congenital/hereditary abnormalities was established for the 

Hazara division of Pakistan using first-hand data on 1,189 patients from independent 

subjects/families. Second, the prevalence and phenotypic pattern of 141 independent 

patients with congenital limb defects (CLD) were determined. These subjects were 

selected from the province of Khyber Pakhtunkhwa (KP) in Pakistan. 

Further five families in which the patients had various presentations like 

intellectual disability, skeletal dysplasia, anophthalmia, scoliosis and blindness, and 

craniofacial anomalies, were selected for molecular study. Disorders in the families 

were diagnosed by medical specialists/radiologists working in government and 

private hospitals. Disease-causing genes in the families were searched by genotyping 

microsatellite markers, SNPs array, whole exome sequencing, and Sanger 

sequencing. Next, the family five underwent CRISPR/Cas9 mediated genome editing 

in order to model the patient's craniofacial anomalies and evaluate the functional 

impact of patient variants on candidate protein function.  
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Family 1 was a large family with multiple affected subjects exhibiting the 

symptoms of intellectual disability, SNP-based genotyping data were generated. 

Homozygosity mapping approach was adopted in order to detect regions of 

homozygosity shared among the affected subjects. Two of the affected individuals in 

this family were subjected to exome sequencing. Analyses of these data led to the 

shortlisting of rare variants that are pathologically relevant to the phenotype and also 

fall in the homozygous intervals detected in the SNP scan. Further in families 2, 3 and 

4, mutation analyses through exome sequencing for candidate genes led to the 

identification of novel variants in already known genes responsible for causing 

skeletal deformities. These included GRIP1  linked with Fraser syndrome 3 

(FRASRS3), FLNB associated with  Spondylocarpotarsal synostosis syndrome (SCT) 

and  DYM1 causing skeletal dysplasia.  While in family 5,  a novel gene CFAP46 was 

found to be associated with craniofacial anomalies. The disease was modeled in vivo 

using CRISPR/Cas9-mediated genome editing in frog tadpoles, and the functional 

effects of the patient variant on candidate protein function were evaluated. The whole 

mount in situ hybridization technique was then adapted to explore the role of the 

CFAP46 protein in embryonic development. The patient had a number of syndromic 

features, including severe craniofacial anomalies. The craniofacial anomalies induced 

by the CRISPR/Cas9-mediated genome editing of CFAP46 mimicked the patient's 

condition. Thus it was concluded that the single nucleotide changes seen in the patient 

were detrimental to CFAP46 protein function. 
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Next-generation sequencing (NGS) allows the discovery of recessive disease 

genes in even a single affected person. In addition, both the number and size of the 

affected families required to locate a causal gene have decreased. Each NGS 

technology, including whole exome sequencing (WES), whole genome sequencing 

(WGS) and panel sequencing, has its advantages. The majority of genes have been 

discovered through NGS using WES, while WGS is better at spotting copy number 

variations, chromosomal rearrangements, and repeat-rich regions. Panels, on the other 

hand, produce manageable amounts of data with no chance of unexpected results and 

are incredibly cost-effective, so they are frequently utilized for diagnostic purposes. 

However, when there is diagnostic uncertainty, selecting the right panel can be quite 

difficult. Therefore, under these conditions, WES and WGS can be considered as the 

most comprehensive second-tier test. 

WES is less efficient in sequencing exome regions with high GC content.  

Moreover, WES was unable to cover the mutation discovered in the non-coding 

region. Consequently, the purpose of WES is not fulfilled; on the other hand, the 

novel PCR-free WGS offers coverage of the exome and other genomic sequences that 

are clinically meaningful. Because of its wider exome coverage, WGS is therefore not 

only superior to WES in detecting non-coding pathogenic variation, but it is the 

superior WES overall. With the further decrease in sequencing costs and the use of 

suitable virtual panels, WGS might eventually completely replace WES and other 

methods involving the targeted collection of sequences.  
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The genetic basis of many disorders is now well understood because of recent 

developments in NGS methods. Studies employing animal models, such as Xenopus, 

have considerably added to this knowledge at the cellular and molecular levels 

(Dubey and Saint-Jeannet, 2017). Frog embryos have long been used as a model 

organism for studying the early developmental disorders. The advent of transgenesis, 

Xenopus tropicalis and Xenopus Leavis genome sequencing, and knockdown in the 

last ten years have all contributed to the model's growing importance for studying 

early development (Pegoraro and Monsoro-Burq, 2012). 

Genome editing (GE) alters a particular DNA segment by base substitutions, 

insertions and/or deletions (indels) in the target sequences (Aglawe et al., 2018). 

Direct targeting and modification of the genomic sequences across all eukaryotic cells 

are now possible; thanks to genetically engineered or bacterial nucleases. GE 

increased our ability to understand the genetic process underlying a specific disease 

by accelerating the development of more accurate models of disease conditions 

(Manghwar et al., 2019). Most recently, CRISPR/Cas9 system (Li et al., 2020) is 

proving game-changing in editing the genome. Due to CRISPR/Cas9 system, the area 

of gene therapy is now rapidly growing and becoming more adaptable for the 

treatment of human genetic disorders. CRISPR/Cas9 genome editing is uses the 

CRISPR/Cas9 system that bacteria or archaea employ to cut and destroy invading 

DNA from sources including viruses (Makarova et al., 2020). CRISPR/Cas9-based 

gene therapy can be utilized to delete, replace, or fix abnormal, disease-causing 

genes.   
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Prevalent genetic abnormalities place a huge socioeconomic load on families 

that impacts their social security and places a financial strain, not just on families and 

communities but on the whole country where healthcare systems are struggling to 

cope. Poverty and the low likelihood that genetic diseases can be treated to full, or 

even partial recovery, has life-long impacts where disability has negative effects on 

people's lives, preventing them from taking advantage of possibilities including basic 

healthcare, education, and social advancement, which would otherwise be available to 

them. Therefore public awareness should be initiated about close unions and its 

consequences in the form of hereditary disorders/defects. 

In summary, a multitiered strategy was used to elucidate the clinical, genetic, 

and functional aspects of individuals and families with rare hereditary diseases. The 

discovery of new genes and pathogenic variations causing a variety of genetic 

illnesses promotes the development of genotypic-phenotypic associations and makes 

it easier to apply various genetic tests (like carrier screening). The functional genomic 

analysis of this study was limited to a single family; further investigation of the 

remaining mutations at the cellular level is necessary, in addition to examining the 

pathways in which a given gene functions. That will increase our comprehension and 

knowledge of hereditary disorders. 

Future directions 

High prevalence of genetic disorders place a  financial strain on individuals, families, 

and the national economy as a whole. Therefore, to manage the rate of such diseases, 

strategies and policies are desperately required.  

The following actions may be ordered by the health ministry or health department: 
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• To prevent the future spread of the defective gene pool, every citizen should 

receive screening and diagnoses during parental selection at government 

hospitals from expert geneticists. 

• International partnerships are necessary in order to build next generation 

sequencing (NGS) technologies in the nation and undertake research at the 

highest levels. 

• Further support the utility of X. tropicalis and similar animal system in the 

modelling of human genetic disorders. 
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List of databases and in silico tools 

Database Description Homepage 

 

1000 Genome The detailed catalog of human genetic variation and project designed for 

the sequence of 1000 anonymous individuals from different ethnic groups. 

http://www.internationalgenome.org/1000-genomes-

browsers  

ClinVar ClinVar aggregates information about genomic variation and its 

relationship to human health. 

https://www.ncbi.nlm.nih.gov/clinvar/ 

  

CRISPRscan CRISPRscan is a novel scoring algorithm from the Giraldez Lab (Yale 

University) that helps you select the best gRNAs. 

https://www.crisprscan.org/ 

 
ENSEMBL Genome 

Browser 

Scientific project at European Bioinformatics Institute to provide a 

centralized resource for studying the genome of our and different species. 

https://asia.ensembl.org/index.html 

Gene Cards The database provides genomic, transcriptomic, proteomic, genetic, and 

functional information on all known and predicted human genes. 

https://www.genecards.org/ 

Gene Ontology (GO) Bioinformatics tool to unify the gene and gene products across all species. http://geneontology.org/ 

GeneDistiller The tool that is used to query, select and project genes from within a 

linkage interval. 

http://www.genedistiller.org/ 

Genome Aggregation 

Database (gnomAD) 

A resource developed by international collaborations with the goal of 

aggregation and harmonizing both exome and genome sequencing data. 

http://gnomad.broadinstitute.org/ 

HGMD The Human Gene Mutation Database (HGMD®), which is kept up to date 

in Cardiff by D.N. Cooper, E.V. Ball, P.D. Stenson, A.D. Phillips, and K. 
Evans, S. Heywood, M.J. Hayden, M.M. Chapman, M.E. Mort, L. 

https://www.hgmd.cf.ac.uk/ 

  

http://www.internationalgenome.org/1000-genomes-browsers
http://www.internationalgenome.org/1000-genomes-browsers
https://www.ncbi.nlm.nih.gov/clinvar/
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http://geneontology.org/
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https://www.hgmd.cf.ac.uk/
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Azevedo, and D.S. Millar, represents an effort to compile all known 

(published) gene lesions responsible for human inherited disease 

HomoloGene Tool designed for the automated detection of homologs among the 

annotated genes of completely sequenced eukaryotic genomes. 

https://www.ncbi.nlm.nih.gov/homologene 

HomozygosityMapper A tool used to obtain the homozygosity intervals across the genome. http://www.homozygositymapper.org/ 

Human Splicing Finder 

3.1 
An online bioinformatic tool designed to predict the splicing signals. http://umd.be/Redirect.html 

IGV The Integrative Genomics Viewer (IGV) is a high-performance, easy-to-

use, interactive tool for the visual exploration of genomic data. 

https://software.broadinstitute.org/software/igv/ 

 
Mendelian Clinically 

Applicable Pathogenicity 

(M-CAP) 

The first pathogenic tool is used for the classification of a rare missense 

variant in the human genome. 

http://bejerano.stanford.edu/mcap/ 

Mutation Taster2 Web-based tool to evaluate the DNA sequence variants for their disease-

causing potential. 

http://www.mutationtaster.org/ 

NCBI PubMed The database comprised more than 29M citations for biomedical literature 

from MEDLINE, life science journals, and online books. 

https://pubmed.ncbi.nlm.nih.gov/ 

Online Mendelian 
Inheritance in Man 

(OMIM) 

OMIM is an online continuously updating database with human genes and 

genetic traits, with a focus on the genotype-phenotype relationship. 

https://www.ncbi.nlm.nih.gov/omim 

Polymorphism 

Phenotyping (PolyPhen-2) 

The tool that predicts the possible impact of an amino acid on the structure 

and function of the protein. 

http://genetics.bwh.harvard.edu/pph2/ 

https://www.ncbi.nlm.nih.gov/homologene
http://www.homozygositymapper.org/
http://umd.be/Redirect.html
https://software.broadinstitute.org/software/igv/
http://bejerano.stanford.edu/mcap/
http://www.mutationtaster.org/
https://pubmed.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/omim
http://genetics.bwh.harvard.edu/pph2/
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Primer3 software A computer program that suggests PCR primers for a variety of 
applications e.g. creation of sequence tag sites for radiation hybrid 

mapping. 

https://bioinfo.ut.ee/primer3-0.4.0/ 

Protein Variation Effect 

Analyzer (PROVEAN) 

Software that is used to predict whether amino acids substitution or indels 

has an impact on the biological function of a protein. 

http://provean.jcvi.org/index.php 

SIFT (Sorting Intolerant 

from Tolerant) 

A tool that predicts the potential impact of amino acid substitution on 

protein function. 

https://sift.bii.a-star.edu.sg  

STRING STRING is a biological database and online resource for protein-protein 

interactions that have been observed and predicted in molecular biology. 
Information from a variety of sources, including experimental data, 

computer prediction techniques, and public text collections, is included in 

the STRING database. 

https://string-db.org/ 

  

UCSC Genome Browser Online genome browser that provides access to genomic sequence data of 

vertebrate and invertebrate species. 

https://genome.ucsc.edu/ 

UniProt (Universal 

Protein Resource) 

Database that provides comprehensive, high-quality, and freely accessible 

resources of the protein sequence. 

https://www.uniprot.org/ 

Xenbase Xenbase is a web-accessible resource that integrates all the diverse 
biological, genomic, genotype and phenotype data available from Xenopus 

research. 

https://www.xenbase.org/ 
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