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ABSTRACT 

ABSTRACT 

Inborn errors of metabolism (IEM) are considered previously as group of 

disorders caused by the metabolic pathways’ enzymes deficiency; however, recent 

classification precisely label them as any disorder with biochemical pathway 

impairment. Among IEM, Lysosomal Storage Disorders (LSDs) are a vast group, 

each subtype of which is caused by genetic mutation/s of gene/s encoding lysosomal 

protein. Most LSDs are inherited in an autosomal recessive manner thus, current study 

was performed to explore molecular genetics of LSDs in affected families recruited 

from consanguineous Pakistani population. The study was approved from Bioethical 

Committee of Quaid-i-Azam University, Islamabad and followed the rules mentioned 

in Declaration of Helsinki.  

A total of 45 families have been recruited from different regions of Pakistan 

affected with various sub-types of LSDs. After DNA extraction from blood samples, 

initially nine families affected with Mucopolysaccharidosis type I (MPS I) and 

Gaucher disease were put through Sanger’s sequencing of all coding exons, intron-

exon boundaries and un-translated regions of IDUA and GBA gene respectively to 

identify disease causing variants. Data analysis of IDUA regions revealed segregation 

of a disease causing variant in each of MPS-1 affected family including a prevalent 

missense variant p.Leu490Pro segregating with disease phenotype in three un-related 

families, a single nucleotide deletion p.His262Thrfs*55, a 14 nucleotide deletion 

p.Asn190Hisfs*204 and a non-sense variant p.Glu486Ter. A previously reported 

disease causing missense variant p.Leu483Pro of GBA gene was identified in all three 

Gaucher disease segregating families. Remaining thirty-six families were subjected to 

Whole Genome Sequencing (WGS) at Novo Nordisk Foundation Center for Basic 

Metabolic Research, University of Copenhagen, Denmark, during a six month 

research stay under International Research Support Initiative Program (IRSIP) funded 

by the Higher Education Commission, Islamabad, Pakistan. WGS data analysis 

identified pathogenic variants in five MPS-1 affected families in IDUA gene, seven 

MPS-IV type A affected families in GALNS gene, five MPS-III type A affected 

families in SGSH gene, one MPS-III type B affected family in NAGLU gene, one 

Pompe disease affected family in GAA gene, three MPS-II affected families in IDS 

gene, one Hereditary Fructose Intolerance affected family in ALDOB gene, one 
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ABSTRACT 

Intellectual Disability affected family in TRAPPC4 gene, one Mingarelli, Malpeuch, 

Michels and Carnevale (3MC) syndromes affected family in MASP1 gene, one 

Schimke-Immuno Osseous Dysplasia affected family in  SMARCAL1 gene, one 

Alkuraya-Kucinskas Syndrome affected family in KIAA1109 gene, one Intellectual 

Disability affected family in HERC1 gene, one Noonan Syndrome affected family in 

RRAS2 gene, one Cerebral Ataxia affected family in VWA3B gene, one Mucolipidosis 

II/III affected family in GNPTG gene, one Biotinidase affected family in BTD gene, 

three Niemann-Pick disease type C affected families in NPC1 gene, two Niemann-

Pick disease type A/B affected families in SMPD1 gene, one Pycnodysostosis affected 

family in CTSK gene, one Griscelli Syndrome type 2 affected family in RAB27A gene 

and a novel candidate gene (ABCA5) for LSD-like phenotypes. Identification of 

ABCA5 mutation segregating with disease phenotype in this study is the first report of 

ABCA5 involvement in LSD in humans. ABCA5 has previously been associated with 

symptoms strongly related with LSD in animal models. Pathogenicity of all identified 

disease-causing variants was also checked using different In-Silico tools.  

In conclusion, out of 45 families, each of which was initially recruited as 

affected with a subtype of LSD based on clinical protocol followed by clinicians, 

forty-one families were diagnosed at molecular basis. The remaining four families 

were not solved due to poor quality of the available DNA samples for WGS and 

unfortunately re-sampling is not possible due to the death of the patients. Among 

forty-one solved families, LSDs were confirmed in thirty-two families and based on 

molecular results four families were affected with genetic disorders other than LSDs 

e.g., Hereditary Fructose Intolerance, Intellectual Disability, Schimke Immuno 

Osseous Dysplasia and Cerebral Ataxia. An interesting finding was that one family 

was inheriting two LSDs i.e., MPS III type A and Pompe disease, furthermore, five 

families were inheriting more than one genetic disorder. This study highlights the 

importance of searching for homozygous pathogenic variants through WGS in highly 

inbred populations like our Pakistani population and may help in reducing the burden 

of early morbidity and mortality caused by these rare disorders by paving the path for 

future diagnostics. 
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1. INTRODUCTION 

Inborn errors of metabolism (IEM) are considered previously as class of 

disorders caused by the deficiency of enzymes involved in metabolic pathways; 

however, recent studies precisely label them as any disorder with biochemical 

pathway impairment as inborn errors of metabolism (El-Hattab, 2015; Ferreira et al., 

2019). Inborn errors of metabolism have been categorized into three types according 

to their pathophysiology: first include intermediate metabolic pathway causing 

toxication adjacent to metabolic blockage examples include defects of urea cycle and 

maple syrup urine disease (MSUD), second leads to deficiency of energy for example 

mitochondrial respiratory chain defects and third type results in obstruction of 

anabolism or catabolic process of complex molecules in various cell organelles like 

lysosomal storage disorders (Leonard and Morris, 2006).  

Lysosomes were firstly discovered by Christian de Duve and his colleagues in 

early 1960’s, as a cell organelle and function as digestive unit for cell and also recycle 

the macromolecules. The environment of lysosome is highly acidic, ~ 4.5 which is 

due to the presence of ATP driven proton pump, V-ATPase along with the occurrence 

of pantheon luminal hydrolases and ion channels, which collectively make the 

organelle perfect for the breakdown of the macromolecules including 

polysaccharides, lipids and proteins. According to literature, lysosomal biogenesis is 

dependent upon the coordination of biosynthesis of lysosomal proteins and endosome-

lysosome trafficking (Figure 1.1). Lysosomal proteins are firstly synthesized and 

modified in the lumen of endoplasmic reticulum and then transported to Golgi 

complex through vesicles. The tag used for the lysosomal enzymes is mannose-6-

phosphate which interact with mannose-6-phosphate receptor (M6PR) and whole 

complex is then enclosed in a clathrin-coated vesicle at the trans-Golgi network to 

early endosome (Figure 1.1). The delivery of these newly synthesized proteins of 

lysosomes follow direct and indirect pathways. In direct pathway proteins are sorted 

out at trans Golgi network and deliver directly into early endosome while in indirect 

pathway proteins are carried to the plasma membrane and then through endocytosis 

they are transferred into early endosome and then to late endosome which is further 

fused into lysosome. Some proteins not destined for lysosomes are transferred back  
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Figure 1.1: Lysosomal biogenesis through direct and indirect pathways and 

phagocytosis and its degradation through lysosome and reformation of lysosome 

(Adapted from Yang and Wang, 2021). 

to plasma membrane or Golgi network via retromer-dependent or independent 

pathways (Luzio et al., 2014; McNally and Cullen, 2018; Yang and Wang, 2021). 

Lysosomal enzymes are encoded by nuclear genome and are key to maintain the 

internal homeostasis of cell. Disruption of lysosomal proteins including enzymes 

which result in the accumulation of substrate in the lumen, there are some non-

enzymatic proteins like integral membrane proteins, trafficking proteins and proteins 

participating in post-translational modifications leading to malfunctioning of 

lysosomal cellular processes like endocytosis, autophagy, pH regulation, Ca2+ 

homeostasis and exocytosis, leads to lysosomal storage disorders (LSDs) (Figure 1.2) 

(Platt et al., 2012; Scerra et al., 2022). Depending upon the number of enzymatic 

proteins and non-enzymatic proteins, there are more than 60 subtypes of lysosomal 

storage disorders mostly inherited as autosomal recessive except for Danon disease, 

Fabry disease and Hunter syndrome (MPS II), which are inherited as X-linked 

disorders. Most of the LSDs show progressive severity of phenotype and early 

morbidity and mortality in the children (Table 1.1) (De Duve, 2005; Fuller et al., 2006; 



CHAPTER 1                                    INTRODUCTION  

3 

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population           

Forgac, 2007; Linhart and Elliott, 2007; Coutinho et al., 2012; Settembre et al., 2013; 

Luzio et al., 2014; Nair et al., 2019). LSDs affect different cells and organs depending 

upon the type of compounds accumulated in those cells e.g., Mucopolysacchraidoses, 

Gaucher disease etc. Despite of being highly interrelated, LSDs differ variably 

because of accumulation of different compounds in specific tissues e.g., sub-types 

involving central nervous system like Niemann-Pick disease and non-CNS involving 

sub-types like Morquio syndrome (Marques and Saftig, 2019). In few severe cases 

accumulation can occur in almost every organ of the body e.g., Hurler phenotype of 

Mucopolysaccharidosis type I. Early onset of the phenotypes progresses rapidly than 

the late onset or attenuated forms. Literature is also available regarding acquired form 

of LSDs, in which an increased lipid diet intake can leads to the LSDs even when 

there is no mutation in the genes (Ferraz et al., 2016; Rampanelli et al., 2018).  

The incidence rate for overall LSDs is very rare affecting 1:7000-1:8000 live 

births. There is no universal diagnostic procedure to detect LSDs. However, emerging 

advancements and techniques for treating various LSDs make it compulsory for any 

LSD to be diagnosed on time. Tests used to diagnose any certain sub-type of LSD 

depends upon chronological symptoms, patients’ age at the time of presentation and 

clinical signs. There are a number of diagnostic methods available for LSDs. The first 

step is analysis of urine for respective accumulated macromolecules, that usually 

include glycosaminoglycans (GAGs) by using high-pressure liquid chromatography 

(HPLC). But it is used for definite group of LSDs and showed potent risk of false-

negative results specially in patients with severe or attenuated sub-types like MPS III 

and MPS IV (Mabe et al., 2004; Meikle et al., 2004). For enzymatic levels 

measurement from fibroblasts or leukocytes by using dry blood spot (DBS) analysis 

through tendem mass spectrophotometry (TMS), this method is very helpful and 

accurate for diagnosing enzyme levels to narrow down the sub-types of LSDs 

involving deficiency of particular enzyme. DBS is further followed by genetic testing 

for differential diagnosis. The genetic testing for enzymatic/non-enzymatic proteins 

either through whole genome sequencing or whole exome sequencing are proved to 

be the best diagnostic procedures as they are more accurate methods to find out the 

pathogenic variants. Genetic testing also helps in screening of carriers that will further 

help the family to lower the risks for future off-springs by avoiding cousin marriages. 
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Once the index case has been diagnosed with any LSD condition, the fetus at risk for 

LSD can easily be diagnosed through prenatal diagnosis for certain condition. Which 

make it easy to treat the condition at very early stages of life (Meikle et al., 2004; 

Kingma et al., 2015; Mehta and Winchester, 2022). Next generation sequencing is a 

latest technology which helps in advancing genetic make up for exploring and 

diagnosing genetic disorders at such a fast pace to save early morbidity and mortality 

in coming generations (Torshizi et al., 2018; Pruneri et al., 2021). Next-generation 

sequencing (NGS) technologies have revolutionized genetic diagnosis since their 

inception. These advanced techniques, including whole-exome sequencing (WES) 

and whole-genome sequencing (WGS), offer comprehensive and efficient approaches 

to identify genetic variants responsible for various inherited disorders. NGS allows 

for the rapid and cost-effective analysis of a patient's entire genetic makeup, enabling 

the detection of both common and rare genetic mutations (Hu et al., 2021). This has 

significantly improved diagnostic accuracy, especially for conditions with complex 

genetic etiologies. Additionally, NGS has shortened the diagnostic odyssey for many 

patients and their families, leading to earlier interventions and personalized treatment 

strategies (Schuler et al., 2022). Newborn screening for inborn errors of neonates 

including inborn errors of metabolism through DBS followed by genetic screening 

through NGS has incredibly reduced the false positive results during screening 

(Huang et al., 2022). 

To date the accessible treatment options for LSDs, include enzyme 

replacement therapy (ERT), where the required enzyme is injected in the body to cope 

with the needs of cells. But there is a limitation for exogenous enzymes as it is not 

capable of crossing blood brain barrier due to large in size, thus affecting less in all 

those sub-types where there is involvement of central nervous system. Other options 

in-clinical trial phase includes substrate reduction therapy (SRT), pharmacological 

chaperon therapy (PCT), bone marrow transplant (BMT), hematopoietic stem cell 

transplant (HSCT) and gene therapy. For the majority of the treatment options in 

clinical trial phase including BMT, HSCT, early diagnosis is very crucial during the 

first year of birth of the patient (Del Grosso et al., 2022). 
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In Pakistani population the rate of consanguinity is really very high, prevalence of 

genetic diseases is also high but there on time diagnosis is very low. The reason 

observed during current study for late diagnosis is late presentation due to lack of 

awareness and access to advanced clinical facilities. For early diagnosis newborn 

screening also lacks in here including heel prick for detection of inborn errors of 

metabolism (IEM). Also, non-specific clinical tests locally are not enough and 

accurate for diagnosing such complicated disorders with overlapping phenotypes. Dry 

blood spot analysis used for diagnosing LSDs is currently not available in any public 

and private sector hospital within country so, performing such tests from any 

international facility is way too expensive to afford by a common person from low- 

and middle-income families. The goal of current study is to evaluate the landscape of 

LSDs in Pakistan and ease the specific and on time diagnosis by founding the founder 

mutations or highly prevalent variants to reduce the cost and time also helps in 

drawing a genetic map of different sub-types of LSDs, their prevalence and designing 

their therapies. 
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Figure 1.2: Hypothetical cascade of events in lysosomal storage disorders 

pathology (Adapted from Platt et al., 2012). 
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Table 1.1: Some majorly classified subtypes of Lysosomal Storage Disorders both 

enzymatic and non-enzymatic and genes involved in them. 

S. no. CATEGORY AS PER 
SUBSTRATE DISEASES GENES 

Enzymatic Lysosomal defects 

1. Sphingolipids 

Tay-Sachs Disease 
Sandhoff’s disease 

GM1 gangliosidosis 
Fabry’s disease 
Gaucher disease 
Farber’s disease 

Niemann-Pick disease type A/B 
Multiple sulfatase deficiency 

HEXA 

HEXB 

GLB1 

GLA 

GBA 

ASAH1 

SMPD1 

SUMF1 

2. Mucopolysaccharidosis 
(Glycosaminoglycans) 

MPS-I, Hurler, Scheie 
MPS-II, Hunter 

MPS-IIIA, Sanfilippo A 
MPS-IIIB, Sanfilippo B 
MPS-IIIC, Sanfilippo C 
MPS-IIID, Sanfilippo D 
MPS-IV A, Morquio A 
MPS-IV B, Morquio B 

MPS-VI, Maroteaux-Lamy 
MPS-VII, Sly 

MPS-IX 

IDUA 

IDS 

SGSH 

NAGLU 

HGSNAT 

GNS 

GALNS 

GLB1 

ARSB 

GUSB 

HYAL1 

3. Glycogen Pompe disease GAA 

4. Oligosaccharide/Glycopeptides 

α-Mannosidosis 
β-Mannosidosis 
α-Fucosidosis 

Schindler-Kanzaki disease 
Aspertylglucosaminuria 

MAN2B1 

MANBA 

FUCA1 

NAGA 

AGA 

5. Peptides Pycnodysostosis CTSK 

6. Monosaccharides/Amino acid 
monomers Cysteinosis CTNS 

7. Multiple enzyme 
deficiencies/Mucolipidoses 

Mucolipidosis-I, Sialidosis 
Mucolipidosis-II 
Mucolipidosis-III 

NEU1 

GNPTAB 

GNPTG 

8. Acid Anhydrides 

Griscelli type 1 
Griscelli type 2 
Griscelli type 3 

Chediak-Higashi syndrome 

RAB27A 

MLPH 

MYO5A 

LYST 

Non- Enzymatic Lysosomal defects 

9. Transporter Niemann-Pick disease type C1/2 
Salla disease 

NP-C1/2 

SLC17A5 

10. Activator defects Danon disease 
Galactosialidosis 

LAMP2 

CTSA 
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1.1. Mucopolysaccharidosis type I 

Mucopolysaccharidosis I (MPS I, OMIM#252800), an autosomal recessive 

disease and is a subtype of lysosomal storage disorders (LSDs) caused by the 

deficiency of an enzyme α-L-iduronidase (IDUA, EC 3.2.1.76, OMIM#252800) 

(Kiely et al., 2017). MPS I is a rare disease effecting 1:100,000 live births (Beck et 

al., 2014). Patients with MPS I has IQ less than 70 in 25% of cases who remained 

untreated till 2-3 years of age (Shapiro et al., 2015).  

Three sub types of MPS 1 based on disease severity include Hurler (MPS I-H, 

OMIM#607014) the most severe neuropathic form with life expectancy of less than 

10 years, Hurler-Scheie (MPS I-H/S, OMIM#607015) intermediate form with mild or 

no neurological involvement and patients may survive till third decade of life, Scheie 

(MPS I-S, OMIM#607016) mildest form of all having late onset and normal life span 

with available therapies (Muenzer et al., 2009; Bertola et al., 2011; Ngiwsara et al., 

2018). IDUA enzyme is involved in the degradation of two glycosaminoglycans 

(GAGs) that are heparan sulfate and dermatan sulfate (Beck et al., 2014). IDUA 

enzyme has three important domains: a TIM barrel domain accommodating the 

catalytic site, a fibronectin-like domain and a β-sandwich domain. IDUA structure is 

bound to analogs of iduronate exemplify the Michaelis complex and expose a B 

conformation in the intermediate of glycosyl-enzyme, which propose to hold on a 

double displacement reaction involving the general acid/base Glu182 and the 

nucleophilic Glu299. Unexpectedly, the N-glycan is required for enzymatic activity 

and is attached to Asn372 and interacts with analogs of iduronate in the active site 

(Bie et al., 2013). Malfunctioning of IDUA enzyme leads to accumulation of GAGs 

which further activates the TLR4 pathway and leads to activation of NFĸB which start 

producing cytokines and activates the innate immune system (Simonaro et al., 2005; 

Metcalf et al., 2010). There is difference in the structure and sulfation pattern of GAGs 

which is actual pathophysiological event behind MPS-I bone deformities because 

distribution of growth factors depends on the sulfation pattern of GAGs (Kingma and 

Jonckheere, 2021). The IDUA enzyme is encoded by gene IDUA with 13 introns and 

14 exons, which is located on chromosome 4p16.3 and encodes a protein of 653 amino 

acids (Scott et al., 1991, 1992c, 1995).  
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To date there are more than 250 mutations have been reported for IDUA gene 

which include missense, nonsense, deletions, insertions and splicing variants (Human 

Gene Mutation Database, accessed on 5 March 2022). According to a survey in 1998, 

60% of all marriages were consanguineous and among them, more than 80% were 

first cousin marriages (Hussain and Bittles, 1998). A study conducted from Pakistan 

(January 2011 to October 2014) for determining the frequency of inherited metabolic 

disorders showed carbohydrate disorders 51%, followed by lysosomal storage 

disorders 32.7%, organic acid and energy metabolism defects 10%, amino acid 

disorders 3.3% and miscellaneous 2.2%. In addition, 97% of cases had consanguinity 

among the parents (Cheema et al., 2016).  

In previous few studies UK based Pakistani families have been diagnosed with 

MPS I phenotype and genotype, revealed recurrent missense variant p. Leu490Pro, 

and the same variant was also reported from the Indian families and also a novel non-

sense variant p. Glu486Ter was reported from Pakistan (Beesley et al., 2001; Vijay et 

al., 2005; Arora et al., 2007; Uttarilli et al., 2016; Gul et al., 2020; Pakistan Mutation 

Database, 2020). 

Diagnosis for MPS I include initial phenotypic symptoms, but it is very 

challenging to make accurate diagnosis on initial symptoms like hernia and respiratory 

tract infection during early childhood. Therefore, other options involve a sensitive but 

nonspecific quantification test of urinary GAGs analysis in which extra dilution of 

urine can leads to false negative results (Muenzer et al., 2009). Second and the most 

accurate method in practice is analysis of enzyme levels in dry blood spot, cultured 

fibroblast or peripheral blood leukocytes either through tandem mass spectrometry or 

fluorimetric assay (Lin et al., 2013; Scott et al., 2013).  

Treatment options are enzyme replacement therapy (ERT) with Iaronidase 

(Aldurazyme®), but these are the exogenous enzymes not capable of crossing blood 

brain barrier (BBB) so is not effective in case of neurocognitive functions. 

Hematopoietic stem cell transplantation (HSCT) is effective in early age of the patient 

with age limit below 2 years because of reproduction of microglial cells and enzyme 

restoration in brain. In addition, in early age the severity of disease phenotype is less 

so the outcomes for the treatment will show fruitful results. Bone marrow transplant 
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(BMT) in MPS I patients showed mean intelligent quotient of 76 in almost every 

group of patients (Krivit et al., 1995; Aldenhoven et al., 2015; Shapiro et al., 2015; 

Sun, 2018). Some of the treatment options in their clinical trials include gene therapy, 

genome editing, small molecule therapy, anti-inflammatory therapy, and some other 

novel therapies (Ou et al., 2019; Schuh et al., 2020; Kingma and Jonckheere, 2021).  

1.2. Mucopolysaccharidosis type II 

Mucopolysaccsaccharidosis type II or Hunter syndrome (OMIM#309900) is a 

X-linked recessive sub type of lysosomal storage disorders (LSDs). Hunter syndrome 

is caused by the scarcity of enzyme iduronate-2-suphatase (IDS, EC 3.1.6.13, 

OMIM#300823). This is ubiquitously expressed hydrolase and is involved in the 

removal of two sulfate units from heparan sulfate and dermatan sulfate. It affects 1 in 

100,000 live births in male children while few rare cases of females were also reported 

(Neufeld, 2001, Muenzer, 2004).  

In a study, it was shown that in zebra fish heparan sulfate sulfotransferases, 

involved in modification of sulfation pattern of heparan sulfate, are entangled in 

cardiac valve formation, limb development and somite specification (Walsh and 

Stainer, 2001; Bink et al., 2003; Norton et al., 2005).  In a separate study, indecisive 

character of chondroitin sulfate and dermatan sulfate prosteoglycans in development 

has been shown. However, there is an increasing supporting evidence for the role of 

chondroitin sulfate and dermatan sulfate in the development of vertebrate brain and 

motor nerve outgrowth (Bernhardt and Schachner, 2000; Sugahara and Mikami, 

2007). Proteoglycans derived from chondroitin sulfate and dermatan sulfate bind to 

multiple morphogens like family of fibroblast growth factors (FGF) and help in 

regulation of several general biological processes like cellular division and specific 

biological processes like neurogenic activity (Sugahara et al., 2003). Active IDS 

enzyme to get maximum catalytic activity need biotransformation of cysteine residues 

to formyl glycine. Sulfatase-modifying factor 1 (SUMF1) enzyme helps IDS to get 

this biotransformation (Demydchuk et al., 2017; Gleitz et al., 2018; Wada et al., 

2020). Loss of function of IDS enzyme leads to the excessive accumulation of GAGs 

in various organs, which further leads to the multiple organ failure including mental 

retardation, hepatosplenomegaly, stiff joints and many more (Muenzer, 2004; 
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Baehner et al., 2005; Lin et al., 2009; Demydchuk et al., 2017). The enzyme IDS is 

encoded by gene IDS which is mapped on chromosome X long arm q28. It has 9 

coding exons which transcribe into 550 residue protein. In IDS gene, 20 kb 

downstream of the transcribing region there is a pseudogene, IDS2. It has homology 

with exon 2, 3, intron 2, 3, and 7 (Bondeson et al., 1995). IDS2 shows 100% homology 

with exon 3 while 96% with other sequences (Bondeson et al., 1995). Hunter 

syndrome is categorized into two main categories; first one with severe and early onset 

of the disease in which phenotypes appear between 2 to 4 years of age and patient 

shows behavioral and progressive intellectual disability by affecting the peripheral 

and central nervous system and death occur in childhood. Second one is milder and 

have late onset of the disease with normal or partial involvement of the neural 

cognition and survival period is up to adulthood (Young and Harper, 1983; Li et al., 

1999). Clinical profiles of the patients showed few common and prevalent symptoms 

like coarse facial features, hepatosplenomegaly, skeletal deformities, joint 

contractures, cardiovascular and respiratory disorders, delay in achieving milestones 

and intellectual disabilities (Demydchuk et al., 2017).  

The limited studies from Pakistan regarding the genetics of Hunter syndrome 

have not explained much of the population specific prevalent variants. A Pakistani 

group published a study of Hunter syndrome screening three Pakistani families and 

identified 2 novel variants (c.114_117dupCGTT and c.1006 + 1G>C) and a formerly 

reported nonsense variant p. Gln389Ter (Jonsson et al., 1995; Zubaida et al., 2019). 

Diagnosis for MPS II involve urinary GAGs analysis in which extra dilution 

of urine can leads to false negative results (Muenzer et al., 2009). Second method in 

practice is analysis of enzyme levels in dry blood spot, cultured fibroblast, or 

peripheral blood leukocytes either through tandem mass spectrometry or fluorometric 

assay (Lin et al., 2013; Scott et al., 2013).  

Possible treatment options include enzyme replacement therapy (ERT) 

through idursulfase (Elaprase®) and idursulfase Beta (Hunterase®). Hematopoietic 

stem cell transplantation (HSCT) was not successful at initial stages in MPS II 

patients. Therapeutic iduronate 2-sulfatase production from novel single stranded 

RNA virus (Sendai) vector is in clinical trial phase (Guffon et al., 2009; Nakanishi 
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and Otsu, 2012; Aldenhoven et al., 2015; Sano et al., 2019; BdO et al., 2021; Ohira 

et al., 2021). 

1.3. Mucopolysaccharidosis type III 

Mucopolysaccharidosis type III or Sanfilippo syndrome, discovered 60 years 

ago, is a sub type of lysosomal storage disorders with autosomal recessive mode of 

inheritance. The ratio of Sanfilippo syndrome ranges from subtype to geographical 

location but estimated to affect 1 in 70,000 live births (Sanfilippo, 1963; Valstar et 

al., 2008; Fedele, 2015; Khan et al., 2017).  

MPS III has been further classified into four categories MPS III type A 

(OMIM#252900), MPS III type B (OMIM#252920), MPS III type C 

(OMIM#252930) and MPS III type D (OMIM#252940). The deficiency of enzyme 

N-sulfoglucosamine sulfohydrolase (EC 3.10.1.1, OMIM#605270) lead the way to the 

phenotype of MPS III type A and is encoded by gene SGSH, which is located on 

chromosome 17q25.3 and has 8 exons translating into a 502-residue protein (Scott et 

al., 1995). To date there have been 155 variants reported in SGSH gene (HGMD 

professional 2021.2, assessed on 18 September 2021), MPS III type B is caused by 

the deficiency of enzyme N-acetyl-α-glucosaminidase (EC 3.2.1.50, OMIM#609701) 

which is encoded by gene NAGLU, on chromosome 17q21.1 and has 6 exons which 

produce 743 amino acid protein (Zhao et al., 1996) with more than 160 variants in 

HGMD professional 2021.2 assessed on 18 September 2021, MPS III type C is caused 

by the deficiency of enzyme α-glucosaminide N-acetyle transferase (EC 2.3.1.78, 

OMIM#610453) encoded by gene HGSNAT, localized on chromosome 8p11.1. This 

gene possess 18 exons which translate into a 635 amino acid protein (Fan et al., 2006; 

Hrebicek et al., 2006) with 68 variants reported in HGMD professional 2021.2 

assessed on 18 September 2021 and MPS III type D is caused by insufficiency of 

enzyme N-acetylglucosamine 6-sulfatase (EC 3.1.6.14, OMIM#607664) which is 

encoded on gene GNS, located on chromosome 12q14.3, this gene consists of 14 exons 

translated into 552 residue protein (Robertson et al., 1988) with reports of 25 variants 

only in HGMD professional 2021.2, assessed on 18 September 2021.  Sanfilippo 

syndrome is caused by the excessive accumulation of heparan sulfate (HS) (Bame and 

Rome. 1986 a,b). All these four afore mentioned enzymes are involved in the 
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degradation of heparan sulfate (HS) chains, so deficiency of any of these enzymes 

leads to the accumulation of heparan sulfate and ultimately to Sanfilippo phenotype. 

Neurological manifestations are also involved in the patients of Sanfilippo syndrome, 

which includes the delayed behavioral and developmental milestones starting from 

early years of life (Shapiro et al., 2017; Ozkinay et al., 2021). In most severe forms, 

there are decrease of 9 to 15 points in the developmental quotient (Shapiro et al., 

2016). Prevalence for each type varies from population to population, as subtype A is 

common in northern part of Europe and sub-type B is common in southern part of 

Europe, subtype C is in general less common and subtype D is the rarest form (Zelei 

et al., 2018; Beneto et al., 2020). Heparan sulfate (HS) is involved in the central 

nervous system (CNS) development, which explains the pathology of neurological 

manifestations in the children affected from Sanfilippo syndrome having dementia 

from childhood (De Pascuale and Pavone, 2019). Recent studies have confirmed a 

direct connection between Sanfilippo and Parkinson’s disease. Patients affected with 

Sanfilippo mutations, have higher chances for developing Parkinson’s disease 

(Winder et al., 2012). General clinical phenotypes presented by all subtypes of 

Sanfilippo syndrome include central nervous system deterioration in first decade of 

life including cortical atrophy, hyperactivity, motor deterioration, aggressive 

behavior, delayed learning, sleeping apnea, severe mental retardation and some 

somatic manifestation including hepatosplenomegaly, hirsutism, dysphagia, joint 

stiffness, hypoacusia, hypertrichosis, skeletal deformities, and loss of speech. Death 

usually occurs in second or third decade of life, but there are some exceptions up to 

fourth and fifth decade (Neufeld, 2001; Ruijter et al., 2003; Valstar et al., 2011; 

Andrade et al., 2015).  

There was no previous study conducted from Pakistan related to Sanfilippo 

cases to the best of my knowledge. However, some of the international groups have 

published some research revealing different variants from Pakistani born 

patients/parents in different parts of the world. In literature, the novel or reported 

variants of Sanfilippo syndrome from Pakistani patients include a novel deletion 

causing Sanfilippo syndrome type D, c.1169delA in exon 10, which causes a pre 

mature termination codon (Beesly et al., 2003), a novel non sense variant leading to 
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Sanfilippo syndrome type C, p. Ser296Ter in exon 10 and splice site variant c.744-

2A>G in intron 7 (Feldhammer et al., 2009 a,b). 

Diagnosis for MPS III involve either the urinary heparan sulfate excretion 

measurement or the enzyme level measurements from dry blood spot (DBS) through 

tendem mass spectrometry (TMS) or fluorimetry (Seker Yilmaz et al., 2020).  

Not a single therapeutic approach has been found successful against reverting 

the symptomatology of Sanfilippo syndrome and neuronal cognitions caused by it. 

However, some of the approaches tested commonly include delivering enzyme 

replacement therapy (ERT) into central nervous system (CNS), pharmacological 

chaperon therapy (PCT), substrate reduction therapy (SRT), gene therapy and human 

stem cell transplantation (HSCT) (Valstar et al., 2010; Beneto et al., 2020). Some 

other approaches used on different cell and animal models include coenzyme Q10 

(Matalonga et al., 2014), over expression of TFEB (Lotfi et al., 2018), master 

regulator of lysosomal biogenesis (Bajaj et al., 2019) and modified RNAs use to revert 

aberrant splicing processes (Matos et al., 2014). 

1.4. Mucopolysaccharidosis type IV 

Mucopolysaccharidosis type IV, also termed Morquio syndrome, firstly 

discovered by a pediatrician Luis Morquio (1867-1935). It has autosomal recessive 

mode of inheritances (Morquio, 1929). It is a rare disorder with prevalence of 1 in 

40,000 live births (Nelson et al., 2003). Clinical profile includes pectus carinatum, 

short stature, genu valgum, forearm deformity, hip dysplasia, scoliosis/kyphosis, 

atlantoaxial instability, dental deformities, odontoid hypoplasia, corneal clouding, 

obstructive or restrictive lung disease, hearing loss and cardiac arrhythmias. There is 

no neuronal cognition in Morquio patients. At the mean height at age of 18 years for 

males is 122.4±21.5 cm and in females it is 113.1±22.6 cm (Montano et al., 2008).  

There are two types of Morquio syndrome, clinically difficult to diagnose on 

the basis of phenotype, type A (OMIM#253000) being the most severe one, caused 

by the scarcity of enzyme N-acetylgalactosamine-6-sulfatase (GALNS, EC 3.1.6.4, 

OMIM#612222) (Hendriksz et al., 2013; Sun et al., 2018). Type B (OMIM#253010), 

which is less severe and rare, is caused by the deficiency of enzyme β-d-galactosidase 
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(GLB1, EC 3.2.1.23, OMIM#611458) is also allelic with GM1 gangliosidosis 

(Chudley and Chakravorty, 2002; Stockler‐Ipsiroglu et al., 2021). GALNS enzyme is 

encoded by the GALNS gene, which is located on chromosome 16q24.3 and consists 

of 14 exons and translated into 522 amino acid protein (Masue et al., 1991; Masuno 

et al., 1993). GLB1 enzyme is encoded by GLB1 gene, which is mapped on 

chromosome 3p21.33. It has 16 exons, which are translated into 677 amino acid 

protein (Brunetti-Pierri and Scaglia, 2008). GALNS enzyme is involved in the 

degradation of chondroitin-6-sulfate (C6S) and keratin sulfate (KS), while GLB1 

enzyme is involved in the degradation of keratin sulfate only (Celik et al., 2021). 

GALNS is phosphorylated with 6-mannose phosphate which helps to transport the 

protein to lysosome through endocytic pathway. GALNS is activated through post-

translational modification at Cys79 into formyl glycine aldehyde (Dahms et al., 1989; 

Dierks et al., 1998; Rivera-Colon et al., 2012). The enzyme GALNS is a member of 

sulfatase family including 10 different human sulfatases showing close similarity of 

20-30% at amino acid residue level and conservation of Cys79 catalytic site in all of 

them (Schmidt et al., 1995). Generally, sulfatases are involved in the catalysis of 

hydrolysis of ester bonds from broad spectrum of substrates (Rivera-Colon et al., 

2012). GLB1 enzyme is also involved in the hydrolyzation of terminal beta galactosyl 

residues of GM1 gangliosides and glycoproteins (Okada and John, 1968). Thus, in 

absence of beta galactosidase enzyme there is accumulation of polysaccharide 

substrate with non-reducing end, glycans without O- and N- linkage and beta-linked 

galactosyl residues (Wolfe et al., 1974; Lawrence et al., 2019). Rising evidence but 

from very limited studies performed for Morquio type B suggested that these 

elevations of intracellular GAGs trigger the inflammation inside the cell through 

apoptosis of cells of connective tissues, break up of cartilage tissues and increasing 

levels of pro-inflammatory cytokines. These up levels of cytokines in the cells cause 

the pathophysiology of pain and inflammation in the patients suffering from Morquio 

syndrome type B. The thickness of articular cartilage was also observed more in 

animal models of Morquio type B with hyperplastic synovium (Simonaro et al., 2005). 

The location of mutant variants describes the pathogenesis of the GLB1 clinical 

presentation and phenotype, ranging from skeletal abnormalities in Morquio type B 

to neurological manifestations in GM1 gangliosidosis. Both the allelic forms share 

some phenotypes in common i.e there are mild skeletal abnormalities observed in 



CHAPTER 1                    INTRODUCTION
          

16 

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population           

GM1 gangliosidosis and mild neuronal cognitions in Morquio syndrome type B 

(Abumansour et al., 2020).  

From Pakistan, few studies previously performed on some cases of Morquio 

syndrome, reported five novel variants p. Phe216Ser, p. Met38Arg, p. Ala291Ser, p. 

Glu121Argfs*37, p. Tyr294Terfs and two reported variants p. Pro420Arg, p. 

Arg386Cys (Tomatsu et al., 2004; Morrone et al., 2014; Ullah et al., 2017; Zubaida 

et al., 2018). 

Initial diagnosis for MPS IV (A and B) involves the clinical presentation and 

radiological findings (X-Ray) of the body. Further followed by urinary excretion or 

liquid chromatography-mass spectrometry (LC-MS/MS) based method for KS 

measurements from dry blood spot (DBS) or urine and molecular genetic analysis 

(Piraud et al., 1993; Martell et al., 2011; Peracha et al., 2018; Chien et al., 2020; Lin 

et al., 2020). 

Treatment options for MPS IV include enzyme replacement therapy 

(Elosulfase alpha, VIMIZIM®) which reduces the keratan sulfate when assessed 

through 6 minute walk test (6MWT) and is working for MPS IV type A but not for 

MPS IV type B, molecular chaperon therapy, substrate reduction therapy, 

hematopoietic stem cell transplantation (HSCT), in-vivo adeno-associated viral gene 

therapy, anti-oxidant therapy, inhibiting protein aggregation, stop-codon read through 

therapy and anti-inflammatory therapy (Hendriksz  et al., 2014; Akyol et al., 2019; 

Seker Yilmaz et al., 2020). In a recent study, recombinant human GALNS enzyme 

(rhGALNS) was infused with hydrogel like polyethylene glycol to deliver the 

exogenous enzyme successfully into the fibroblasts for sustainable and longer release 

but this might be the expensive and frequently required treatment (Jain et al., 2020). 

1.5. Gaucher Disease 

Gaucher disease (GD) was first discovered by a medical doctor names 

Gaucher in 1882. He noticed fluid filled spaces inside the macrophages which is now 

called as ‘Gaucher bodies’ (Gaucher, 1882). The fatty substance stored in the 

macrophages was a glycolipid known as glucocerebroside. Which is accumulated by 

the deficiency of the enzyme glucocerebrosidase (GCase, EC 3.2.1.45, 
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OMIM#606463) (Figure 1.3) in the lysosomes of macrophages, primarily in liver, 

spleen, osteoclasts, brain, bone marrow, less often in lungs, kidneys, heart, 

conjunctivae, and skin. In normal functioning cell, saposin C presents the substrate 

glucocerebroside to the glucosidase, beta, acid (GBA), which activates the enzyme. 

This enzyme then causes the hydrolytic breakdown of glycosylceramide into glucose 

and ceramide (Orvisky et al., 2002; Hoops et al., 2007). GD affects 1:40,000–100,000 

live births. It has an autosomal recessive mode of inheritance. The most common 

phenotypes of GD patients include supranuclear gaze palsies, auditory processing 

defect, ataxia, occasional seizures, myoclonus, hepatosplenomegaly, anemia, and 

abdominal distention (Hughes et al., 2019).  

The variation of phenotypes in the GD patients with same genotype has been 

under debate since a decade ago, for example, one of the most prevalent variant p. 

Leu444Pro in homozygous state had severely affected autistic children with seizures 

and also successful students with brilliant academic record and mild symptoms 

(Sidransky et al., 2003). There are three main types of GD: most common form in 

Western world is type 1 non-neuronopathic (GD1, OMIM#230800) which can be 

differentiated from other two types on the basis of un-involvement of central nervous 

system (CNS) during early stages, type 2 acute neuronopathic (nGD2, 

OMIM#230900) which typically don’t have any ethnic predilection and has very early 

onset of central nervous system manifestations in the patient starting at the age of 6 

month or before, and cause death of the affected individual within 2 years of life but 

some exceptions also lye in case with proper medical care and support and live up to 

4 years, and type 3 chronic neuronopathic (nGD3, OMIM#231000) with slight later 

onset as nGD2, showing central nervous system cognitions after months or years of 

birth with slightly slow progressions than nGD2 (Goker-Alpan et al., 2003; Daykin et 

al., 2021; Motta et al., 2021). In 5% of GD patients, an extra pyramidal disease 

develops, which resembles Parkinson’s disease (Bultron et al., 2010; Schapira, 2015). 

GCase is encoded by gene GBA, present on chromosomal locus 1q21 consists of 11 

exons which translated into 536 amino acid protein. To date there are 459 variants 

reported in Human Genome Mutation Data Base for causing Gaucher disease in 

humans. From GBA gene, 16 kb downstream lye a pseudo gene (GBAP) which has 

more than 96% exonic homology with GBA. The region of chromosome with GBA 
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gene is a gene rich region with 7 genes and 2 pseudogenes within 85 kb of 

chromosome 1q. Between GBA and GBAP gene lye another pseudogene metaxin 

(MTX1), which also transcribe with GBA. These pseudogenes seem to be produced by 

the duplication of this region (Long et al., 1996; Winfield et al., 1997; Martínez-Arias 

et al., 2001; HGMD Professional 2021.2, Accessed on 15-10-2021). In all three sub-

forms, the complexity and heterogeneity of genotype-phenotype makes it difficult to 

diagnose them solely on the basis of genotype except the presence of p. Asn409Ser 

allele make the exclusion of nGD involvement (Schiffmann et al., 2020). In non-

European population like Taiwan, China, Japan, Pakistan, Egypt, Korea and India 

nGD3 is the most prevalent form of disease (Eto and Idda, 1999; Choy et al., 2007; 

Abdelwahab et al., 2016). 

From Pakistan few published studies revealed the disease causing alleles p. 

Leu444Pro/Leu483Pro (Naz et al., 2018; Gul et al., 2021), g.9551G>A (no aa 

change), p. Ile379Phe, p. Glu381Asp, p. Arg385Lys, c.1170C>A (no aa change), p. 

Glu395His, c.1152G>A (no aa change), p. Ala400Pro (Sattar et al., 2021). 

Diagnosis of GD involve measurement of activity of β-glucosidase in 

leucocytes or fibroblasts and biopsies of spleen, liver and bone marrow showing 

striated cytoplasm on Leishman staining or pink sheets in tissue sections stained with 

hematoxylin and eosin (H&E) (Thomas et al., 2013; Hughes et al., 2019). With 

advancement in technology next generation sequencing (NGS) is also a commonly 

used method in order to get better insight into genotype-phenotype correlation 

(Hagege et al., 2017; Abou Tayoun and Heather, 2019; Han and Lee, 2020). 

Treatment options for GD include enzyme replacement therapy, which was 

developed firstly in 1990s after extraction of enzyme (alglucerase) from human 

placenta and now a number of pharmaceuticals in the world are providing with the 

exogenous recombinant GCase including Cerezyme®, Sanofi-Genzyme, Vpriv®, 

Shire, authorized in 2010 and Elelyso®, Pfizer (Goker-Alpan, 2011; Stirenemann et 

al., 2017). But ERT in case of neuronopathic GDs is not effective because of the 

inability of exogenous enzymes to cross blood brain barrier (BBB). So other options 

like pharmacological chaperon therapy, intrathecal gene therapy are in their advanced 

clinical trials (Schiffmann et al., 2020). 
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Recent COVID-19 pandemic hits many people with severe infection 

particularly the ones already infected or suffering from some under-laying 

diseases/infections. In a study, it was reported that the patients of GD have high levels 

of angiotensin-converting enzyme (ACE) beside other elevated biomarkers, although 

the relation between ACE-2 receptors and Covid-19 infection is not clear, but luckily 

no GD patient have been reported with severe infection or death with Covid-19 

(Zimran et al., 2020) 

 

Figure 1.3: Glucoceramide (GlcCer) hydrolysis by enzyme glucocerebrosidase 

(GCase) inside lysosomal cavity. (A) Saposin actiates GCase and its deficiency 

leads to the accumulation of substrate GlcCer (B) Which further form aggregates 

inside macrophages which appears as “crumples tissue paper” (Courtesy by 

Stirnemann et al., 2017). 
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1.6. Niemann-Pick Disease 

Niemann-Pick disease (NPD) was first discovered by Albert Niemann and 

Ludwig Pick in late 1920’s. NPD is heterogeneous group of autosomal recessive 

disorders which is lysosomal lipid storage disease. Prevalence of NPD varies from 1: 

250,000 to 1:120,000 in different sub-types (Abghari et al., 2019). The most common 

clinical profiles include hepatosplenomegaly, sphingomyelin storage in 

reticuloendothelial tissues and involved neurological cognition in some but not all 

cases (Vanier, 2010). 

NPD is further classified into four categories, type A (no enzyme) 

(OMIM#257200) which has severe and early central nervous system deterioration, 

type B (partial enzyme) (OMIM#607616) which has chronic visceral involvement but 

no nervous system malfunctioning, type C and D have moderate or slow sub-acute 

nervous system involvement and mild visceral storage (Croker, 1961). Type A and B 

have showed mutations in the gene SMPD1 which encode an enzyme acid 

sphingomyelinase (EC 3.1.4.12, OMIM#607608), which causes the accumulation of 

sphingomyelin. SMPD1 gene is located on chromosome 11p15.4 preferably expressed 

from maternal chromosome i.e paternally imprinted. SMPD1 gene has 6 exons which 

translated into 631 amino acid proteins (Schuchman et al., 1992; Simonaro et al., 

2006; Henry et al., 2013). In types A and B NPD large, lipid-laden foam cells are 

present in the spleen, lymph nodes, liver, bone marrow, adrenal cortex, and lung 

airways (Niemann and Link, 1933; Iaselli et al., 2011). Almost half of infants affected 

with NPD-A have cherry red spot in macula (Schuchman, 2001; McGovern et al., 

2006). In type B, there is no clear involvement of central nervous system, but profound 

hepatosplenomegaly was found accompanying the liver failure (Hollak et al., 2012). 

Type C is caused by two genes NPC1 (95%) (OMIM#607623) chromosome 18q11-

q12, NPC2 (5%) (OMIM#601015) chromosome 14q24.3. The products of these genes 

are not involved directly in the metabolism but help in trafficking of the lipids. 

Cholesterol, which normally exits the endocytic pathway and go to the endoplasmic 

reticulum, accumulates in the lysosomes in this scenario, which leads to NPD type C 

(Newton et al., 2018). NPC1 has 25 exons encoding a 1278 amino acid protein located 

in late endosome, which is intracellular cholesterol transporter 1, which by binding 

cholesterol to its N terminus and has 13 transmembrane domains (Kwon et al., 2009). 
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NPC2 has 5 exons encoding a 151 amino acid protein localized in the lumen of 

lysosomes (Vanier and Millat, 2003). It is suggested that NPC1 protein is an efflux 

pump for cholesterol and maintains the lipid (cholesterol) contents of the membranes 

and interact with NPC2 protein. Although knowledge for NPC1 and NPC2 is not 

complete and clear yet (Scott and YA, 2004; Trinh et al., 2018; Winkler et al., 2019). 

Most pathogenic variants in NP-C are missense comprising of 70-80% of total 

variants reported so far while less common (20-30%) are splicing, frameshift or pre-

mature stop codon causing mutations (Dardis et al., 2020). Niemann-Pick disease type 

D is only related to a certain ethnic group Acadian couple who married in ~1700, 

today present in Nova Scotia. NPD type D is also caused by the same NPC1 gene, 

suggested that these two disorders are allelic variants (Winsor and Welch 1978; Greer 

et al., 1997). 

From Pakistan only study that reported variants from our population are p. 

Trp573Ser, p. His423Tyr, p. Arg443Ter, p. Arg498His, compound heterozygote with 

p. Gly247Asp, p. Arg498His in SMPD1 gene (Cheema et al., 2020). 

NPD is difficult to diagnose through clinical profiles and phenotypic 

presentation due to quite overlapping features. Therefore, biochemical and genetic 

screening is important (McGovern et al., 2017). 

Treatment options involve: 1) enzyme replacement therapy, recently 

introduced for NPD type B by introducing olipudase alpha is in the final clinical trials 

and showing promising results by alleviating the symptoms without any markable side 

effects and 2) substrate reduction therapy (Barton et al., 1991; Cox et al., 2000; 

Wasserstein et al., 2018; Thurberg et al., 2020). While other treatment options in 

clinical trials include chaperon therapy (Han et al., 2020), gene therapy (Massaro et 

al., 2020), SapC-DOPS nanovesicles (Saposin C, phospholipid 

dioleoylphosphatidylserine) (Tylki-Szymańska et al., 2011), novel modified amino 

acid N-acetyl-L-leucine for treating NPD particularly NPD type C is also in progress 

and in utero enzyme replacement therapy (IUERT) (Goasdoué et al., 2017; Fields et 

al., 2021). 
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1.7. Pycnodysostosis 

Pycnodysostosis (OMIM#265800, Greek: pycnos = dense; dys = defective; 

osteon= bone), is a rare autosomal recessive disease with elevated density of bones 

and is caused by the deficiency of an enzyme which is member of papain-like cysteine 

protease family, called cathepsin K (CTSK, OMIM#601105) which was reported 

firstly by Maroteaux and Lamy in 1962 (Maroteaux and Lamy, 1962 a, b; Bizaoui et 

al., 2019). It affects 1-1.7 per million and only ~200 patients suffering from 

pycnodysostosis have been reported in the medical literature with 54 pathogenic 

variants. Interestingly, all of the pathogenic variants in pycnodysostosis patients in 

CTSK gene are loss-of-function mutations that leads to absence of cathepsin K enzyme 

(Li et al., 2009; Bertola et al., 2010; Khan et al., 2010; Turan, 2014; LeBlanc and 

Savarirayan, 2020; HGMD, Professional 2021.2, Accessed on 17-Oct-2021).  

There are 11 members of cathepsins in humans (B, C, F, H, K, L, O, S, V, W 

and Z), differentiated based on structure, catalytic functions and type of substrate they 

act upon (Turk et al., 2001). This huge family of protease have a conserved active site 

with a triad of residues Cys-Asn-His (Vasiljeva et al., 2007). CTSK is the only 

protease that is involved in the degradation and cleavage of triple helix and telopeptide 

of type 1 collagen and matrix protein during resorption (Garnero et al., 1998; Dai et 

al., 2020). Clinical presentations of patients include short stature, frequent fractures, 

respiratory problems, strabismus, obstructive sleep apnea (OSA) (>60%) and 48% of 

patients with OSA between age range of 5 to 10 years may require non-invasive 

ventilation , stubby hands and feet with dysmorphic nails and also dental issues 

(increased caries , hypodontia, enamel hypoplasia and malocclusion), neuronal 

cognition is generally not involved in these patients with exception of mild 

psychomotor  abnormalities in 30% of affected individuals (Turan, 2014; Otaify et 

al., 2018; Bizaoui et al., 2019). The fracture rate in pycnodysostosis patients is really 

high on average up to 0.2 fractures per year and first fracture within first decade of 

life (Bizaoui et al., 2019). Incomplete remodeling of osteoclasts, fracture healing 

ability is delayed in these patients and surgical fixation is also another complicity due 

to sclerotic bones and narrow medullary canal which causes intraoperative iatrogenic 

fracture (Grewal et al., 2019). Reported average height in adults pycnodysostosis 

patients in males is <150 cm and in females is 130-134 cm (Bizaoui et al., 2019). 
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CTSK is encoded by gene CTSK, which is mapped on chromosome 1q21, with 8 exons 

translated into 329 amino acid protein. And CTSK predominantly expressed in the 

osteoclasts where the number of osteoclasts remain same as healthy individuals but 

the region of demineralized bones surrounding those osteoclasts (Everts et al., 1985; 

Gelb et al., 1995; Polymeropoulos et al., 1995). In 50% of the patients, growth 

hormones are deficient and almost all of them have low levels of IGF1. When growth 

hormones are administered to such patients the insuline like growth factors 1 (IGF1) 

level restored satisfactorily (Rothenbuler et al., 2010). 

Few studies from Pakistan had previously shown the genetic variants from 

cohort including p. Ala277Val, p. Gly243Glu and p. Arg46Trp (Naeem et al., 2009; 

Khan et al., 2010; Kausar et al., 2017). 

Diagnosis of CTSK involve clinical presentations like short stature and hands 

and feet structure, radiological findings confirm the increased bone density and 

recurrent multiple fractures and finally the genetic testing (Mujawar et al., 2009; 

Arman et al., 2014; Baglam et al., 2017). But pycnodysostosis is confusing with other 

osteopetrosis syndromes so molecular genetic testing is the only proven way to 

exclude other osteopetrosis syndromes overlapping (Sayed et al., 2021). 

There is no cure or treatment strategy currently available for CTSK patients 

other than regular dental hygiene and tooth extraction and avoid fractures, however 

novel therapies are in trials to find some better option for treating CTSK (Fonteles et 

al., 2007). Early hematopoietic stem cell transplant (HSCT) could be one of the 

successful therapies for pycnodysostosis patients (Stark and Savarirayan, 2009). In a 

few reports, the treatment of some patients with growth hormones also had shown 

some betterment in growth and attaining height near to a normal length (Verma and 

Singh, 2020; Sayed et al., 2021). 

1.8. Chediak-Higashi Syndrome 

Chediak-Higashi syndrome (CHS, OMIM#214500) with atypical large 

granules in leukocytes and was firstly reported by a Cuban pediatrician Bagues Cesar, 

and later by Chediak and Higashi (Bagues-Cesar, 1943; Chediak, 1952; Higashi, 

1954). CHS is an exceptionally rare autosomal recessive disorder with less than 500 
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cases reported in the previous research studies, showing multiple degrees of 

oculocutaneous albinism, neutropenia, pyogenic infections, late neurological 

manifestations and many more. About 50-85% of cases showed accelerated phase 

called as hemophagocytic lymphohistiocytosis (HLH), caused by the enlargement of 

lysosomes and lysosome related organelles (LROs) leading to cytotoxicity of thymus 

(T) and natural killer (NK) cells, which if left untreated can be lethal (Kaplan et al., 

2008; Lozano et al., 2014; Sharma et al., 2020). 

The gene involve in causing this disorder is CHS1 also termed as LYST 

(OMIM#606897) which is 87.9% homologous with Lyst, a murine gene for beige that 

is a developed mouse model for human CHS1 gene, mapped on chromosome 1q42-

44 with total 53 exons among them 51 are coding and translated into a protein of 3801 

amino acid (Barbosa et al., 1996; Nagle et al., 1996). Which encodes a lysosomal 

trafficking regulator whose exact function is not known yet, but it is thought to involve 

in the regulation of lysosomal-related organelle size, fission, and secretion (Perou et 

al., 1996; Durchfort et al., 2012). LYST is highly expressed in the bone marrow, 

spleen, cerebellum, and thymus. Its carboxy termini contains three important domains: 

Pleckstrin homology domain (PH), Beige and Chediak-Higashi domain (BEACH) and 

tryptophan aspartic acid-40 (WD-40) domain (Nagle et al., 1996; Sharma et al., 2020). 

Patients with CHS were diagnosed during the first decade of their life due to multiple 

organs and system failure. Mostly death occur during the first decade of their life. 

Hypopigmentation is also seen in the CHS patients particularly in hair, eyes and skin. 

Hairs appears to be like blonde, gray, or white with a distinguishing metallic or silvery 

sheen where pigment clumps are scattered throughout hair shaft but are not properly 

transferred to the epithelial cells, causing hypopigmentation. Eyes have nystagmus, 

strabismus, photophobia and decreased visual acuity. Iris and retina have lower levels 

of pigmentation (Zalickson et al., 1967; Kaya et al., 2011; Ho et al., 2013; Lozano et 

al., 2014; Sharma et al., 2020). Position of LYST is important to determine the 

number and size of lytic granules in the natural killer cells (Gil-Krzewska et al., 2016). 

To the best of my knowledge there was not a single study reported from Pakistani 

population related to Chediak-Higashi syndrome. 

Diagnosis for Chediak-Higashi syndrome is made through laboratory 

evaluation, imaging studies, histological findings (Sánchez‐Guiu et al., 2014). 
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Previously, the criterion of oculocutaneous albinism was one of the flags to identify 

the CHS, which now is challengeable because some patients have no signs of 

oculocutaneous albinism (Introne et al., 2016). 

The best known and effective treatment option for HLH or accelerated phase 

is hematopoietic stem cell transplant (HSCT), although the efficiency of HSCT for 

delaying or stopping the progressiveness of the disease is not reported yet (Eapen et 

al., 2007; Kaplan et al., 2008; Jackson et al., 2013). According to recent research, an 

advanced technique known as haploidentical HSCT (haplo-HSCT), has now evolved 

with more effective outcomes against CHS (Sachdev et al., 2021). 

In a most recent study during the pandemic of COVID-19, a case of a 6-week-

old infant was reported with SARS-CoV-2 infection and lateral diagnosed with HLH 

phase of Chediak-Higashi syndrome. Despite of immunosuppression with HLH-2004, 

the infant recovered from the SARS-CoV-2 infection suggesting that the patients of 

HLH are more prone to the infection, but early accurate diagnosis can be of real help 

to prevent the mortality due to infection (Lange et al., 2021). 

1.9. Griscelli Syndrome 

Griscelli syndrome (GS), was discovered by Griscelli in 1978, is an autosomal 

recessive disorder (Griscelli et al., 1978). The most common clinical profiles of the 

patients showed partial albinism, hepatosplenomegaly, cytopenia, 

immunodeficiencies followed by frequent fever, silvery grey hair and bronze skin 

upon exposure to sun (Griscelli et al., 1978; Castaño‐Jaramillo et al., 2002). 

Formerly, termed as Elejalde syndrome, it is caused by the mutations of any 

member of MYO5A-RAB27A-MLPH tripartite complex. Each gene is responsible for 

causing each type of griscelli syndrome i.e griscelli syndrome type 1 (GS1, 

OMIM#214450), griscelli syndrome type 2 (GS2, OMIM#607624) and griscelli 

syndrome type 3 (GS3, OMIM#609227) (Pastural et al., 1997; Huizing et al., 2008; 

Mohammadzadeh et al., 2015). Two genes involved in causing GS are mapped on 

chromosome 15; RAB27A (OMIM#603868) mapping on chromosome 15q15-q21.1 

having total 7 exons with 5 coding exons translating into 221 amino acid protein and 

MYO5A (OMIM#160777), located on chromosome 15q21 with 42 exons producing 
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1880 amino acid long protein and on chromosome 2. While the third member of 

tripartite complex is MLPH (OMIM#606526) located on chromosome 2q37.3, 

comprises of total 16 exons and among them 15 exons coded the 600 amino acid 

protein (Ensembl Genome Browser 104, Accessed on 19-Oct-2021). In GS1, there is 

hypopigmentation accompanied by severe neurological impairment, caused by 

mutations in gene myosin 5A (MYO5A) that encode an organelle motor protein 

Myosin Va which has an important role in neuron functioning (Langford et al., 1998; 

Bahadoran et al., 2001; Gironi et al., 2019). GS2 has same albinism with immune 

defect that leads to hemophagocytic syndrome (HS). It is caused by the deficiency of 

a small GTPase protein Rab27a encoded by gene RAB27A, which is involved in the 

regulation of intracellular regulated secretory pathway (Ménasché et al., 2000; 

Pastural et al., 2000; Wilson et al., 2000; Stinchcombe et al., 2001). The third type is 

caused by the defect in gene melanophilin (MLPH), which interacts with the RAB27A 

gene as an effector protein (GTPase) for protein trafficking and has expression in 

melanocytes and lymphocytes but not in the cells of brain. For pigment distribution 

in the melanocytes RAB27A interacts with MYO5A and MLPH which clearly explains 

why it causes the hypopigmentation of melanocytes (Matesic et al., 2001; Hume et 

al., 2002; Strom et al., 2002; Ménasché et al., 2003; Krzewski and Cullinane, 2013; 

Shah et al., 2016). GS2 represents 0.1% of all inborn errors of immunity and 2.2% of 

all disorders related to dysregulations (El-Helou et al., 2019). There is not a single 

published study from Pakistan or Pakistani patients until now. 

Diagnosis for Griscelli syndrome can be made through laboratory and 

microscopic analysis of hair shaft which show uneven small and large clumps of 

pigment. And also, skin biopsy shows irregular and dense pigment granules trapped 

in the basal epidermal layer and not transferred to the keratinocytes (Ridaura-Sanz et 

al., 2018). The GS patients also have immune deficiency with low levels of 

immunoglobulins and isohaemagluttinins (Griscelli et al., 1978; Castano-Jaramillo et 

al., 2021). And finally, the genetic testing for GS patients (Çağdaş et al., 2012). 

Only treatment option for GS2 is only bone marrow transplant (Ménasché et 

al., 2003), but no other effective treatment option is currently available or in practice 

for GS patients except for some medications for HLH phase (Marsh and Haddad, 

2018; Kim et al., 2019; Henter et al., 2020). 
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1.10. Pompe Disease 

Pompe disease (OMIM#232300) was firstly discovered by a Dutch 

pathologist, Johannes Cassianus Pompe while performing an autopsy of a seven-

month-old child. The disease is also termed glycogen storage disease type II (GS II). 

The phenotypes include severe myopathies of cardiac and skeletal muscles (Pompe, 

1932). There are 1:8684-138,000 live births worldwide (Spada et al., 2018). 

Pompe disease is caused by the deficiency of enzyme acid alpha-glucosidase 

(GAA, OMIM#606800) involved in the degradation of glycogen inside lysosome. 

Accumulation of glycogen in muscle cells leads to lethal myopathies. GAA enzyme 

is encoded by gene GAA located on chromosome 17q25, comprising of 20 exons 

translated into 952 long amino acids protein (Hoefsloot et al., 1990). Enzyme acid 

alpha-glucosidase was discovered firstly in 1963 by a Belgian biochemist Henry-Gery 

Hers. Dr. Hers was the first who triggered the search for lysosomal storage disorders 

by predicting that like Pompe disease other deposition disorders can also be explained 

on the principle of insufficiency/absence of other lysosomal enzymes. Pompe disease 

is the distinctive disease in LSD group because it was first among all sub-types to be 

documented as storage disorder (Hers, 1963; Kohler et al., 2018). Proper folding and 

glycosylation of GAA in endoplasmic reticulum is critical for transport to Golgi body 

where it attaches a mannose 6-phosphate (M6P), a targeting signal for lysosome. The 

phosphorylated M6P then adds the binding of enzyme with M6P receptor (M6PR). 

This bounded enzyme is then pinched off from the Golgi in an endosome and 

transported to the lysosome where enzyme dissociates from receptor and enters 

lysosome while receptor cycle back to carry other enzymes. After synthesis GAA 

undergo extensive post-translational modifications i.e., cleaved proteolytically at 

carboxyl and amino termini, enroute from rough endoplasmic reticulum to lysosome 

adding the efficiency of enzyme by making it catalytically active (Hermans et al., 

1993; Wisselaar et al., 1993; Moreland et al., 2005). There are two subsets of Pompe 

disease, one with severe cardiac myopathies, obstruction of left ventricular outflow, 

muscle weakness, hypotonia and respiratory distress, with age of onset less than 12 

months and without proper medical care patients could not survive above one year of 

age termed as classic infantile onset Pompe disease (IOPD), while second subset have 

all similar features except for severe cardio myopathies termed as non-classic IOPD 
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(Van den Hout et al., 2003; Kishnani et al., 2006). The reported variants from 

Pakistani population include p. Arg854Gln and p. Asn925His for causing IOPD 

(Ullah et al., 2020). 

Diagnostic tools for Pompe disease patients include serum level measurements 

for creatin kinase (CK), aminotransferases (AST), alanine aminotransferases (ALT), 

lactate dehydrogenase (LDH), urinary glucose tetra saccharide (Glc4), chest x-ray, 

electrocardiogram (ECG), echocardiography (Echo), magnetic resonance imaging 

(MRI), muscle biopsy and leukocytes enzyme levels measurements (Kishnani et al., 

2006; Burton et al., 2017). 

Treatment options used for Pompe disease patients include enzyme 

replacement therapy (ERT), substrate reduction therapy (SRT), genetic suppression 

of autophagy, stimulation of lysosomal exocytosis and gene therapy (Douillard-

Guilloux et al., 2008; Douillard-Guilloux et al., 2010; Hahn et al., 2014; Settembre 

and Ballabio, 2014; Kohler et al., 2018). 

1.11. Mucolipidosis type II/III 

Mucolipidoses (ML), a very rare disorder affecting 2.5 to 10 individuals per 

1,000,000 live births and inherited as autosomal recessive disorder (Maroteaux and 

Lamy 1966; Cathey et al., 2010). 

It has three sub-types depending upon the sub-unit of enzyme that lacks its 

functional activity. ML II (OMIM#252500) also known as cell disease, ML III also 

termed as pseudo-Hurler dystrophy has ML III α/β (OMIM#252600), ML III γ 

(OMIM#252605) (Leroy and Martin 1975; Raas-Rothschild et al., 2000, 2012; Cathey 

et al., 2010). Mutations in any of the above-mentioned sub-types reduced the activity 

of hexameric membrane bounded enzyme UDP-N-acetyl glucosamine-1-

phosphotransferase (GlcNAc-PTase) comprise of three sub-units namely α2, β2 and 

γ2 (Reitman and Kornfeld, 1981; Raas-Rothschild et al., 2000). The membrane bound 

α/β sub-units are encoded by GNPTAB gene (OMIM#607840) located on 

chromosome 12q23.3 having 21 exons encoding 1256 amino acids and soluble γ-sub-

unit is encoded by gene GNPTG (OMIM#607838) located on chromosome 16p13.3 

with 11 exons translated into a 305-residue protein. The soluble γ subunit binds with 
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α subunit directly and enhances its enzymatic activity to transport M6P (Di Lorenzo 

et al., 2018). Inside Golgi bodies, GlcNAc-PTase is responsible for the first step of 

phosphorylation of enzyme-bounded mannose residues into mannose-6-phosphate. 

M6P serves as the recognition marker for the newly synthesized lysosomal proteins. 

If this marker is absent, the newly synthesized proteins are released in the cytoplasm 

and wasted out without performing their functions to degrade the substrates resulting 

in their accumulation leading to multiple organ failure (Reitman and Kornfeld, 1981). 

Phenotypes of all three sub-types vary ranging from severe to mild in ML III α/β and 

milder in ML III γ. Some died in early childhood while some survive to the adulthood 

with skeletal deformities (Maroteaux and Lamy, 1966; Raas-Rothschild et al., 2000; 

Cathey et al., 2010; Liu et al., 2014; Yang et al., 2017; Tüysüz et al., 2018). Some of 

the common clinical profiles found in all patients of ML II/III include 

craniosynostosis, osteopenia, rickets, neonatal hyperparathyroidism, deformed long 

tubular bones, joint stiffness, thoracic deformity, kyphosis, dysplasia of hip bone, 

clubfeet, joint contractures, waddling gait, carpal tunnel syndrome and spinal 

deformity. Most of the times ML III is misdiagnosed as juvenile arthritis or 

progressive pseudo rheumatoid arthropathy because of the presenting clinical features 

(Pohl et al., 2010; Alegra et al., 2014; Yang et al., 2017; Oussoren et al., 2018).  

Some studies published pathogenic variants causing ML from Pakistani 

population including p. Gln9Ter, p. Ala387Val in GNPTAB gene in compound 

heterozygous form and a four base pair deletion c.478_479insTAGG (p. Ala160fs) in 

GNPTG gene (Khan et al., 2018; Khan et al., 2020).  

Clinically ML II/III can be diagnosed through enzyme level measurements 

from plasma, dried blood and cultured media of fibroblasts. Another diagnostic tool 

is single-chain antibody fragments bind and identify M6P residues through western 

blotting (Pohl et al., 2010; Alegra et al., 2014; Velho et al., 2014). 

Currently there is no treatment available for treating ML II/III (α, β, γ). Like 

other rare LSDs e.g., Mucopolysaccharidoses (MPS), natural history and data 

collected from various ethnicities will help to identify therapies for future to treat such 

complex and rare disorders (Oussoren et al., 2018). 
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1.12. Aim and Objectives 

The aim of this study was to perform molecular analysis of lysosomal storage 

disorders in Pakistani population. 

The objectives of this study are: 

1. Recruitment of approximately 50 LSD affected families from local population 

through expert pediatricians, diagnosed on clinical basis. 

2. Molecular genetic screening of enrolled families using Sangers and Next 

Generation Sequencing to identify causative variants. 

3. In-silico analysis of identified variants to explore their effect on 

structure/function of protein and to establish genotype-phenotype correlation. 

4.  To provide genetic diagnosis to affected families to help patients to get 

accurate treatment (if any) and genetic counseling to affected families.  
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2. MATERIALS AND METHODS 

❖ SUMMARY 

To perform this study, following were the major steps followed to 

complete the study: 

1. Field Work 

This step includes patients’ recruitments on the basis of their presenting 

clinical profiles, phenotypes and basic medical evaluations through tests like 

blood complete picture, radiological findings, bone marrow test, urine testing etc. 

2. Laboratory Work 

Firstly, DNA was extracted. The quantity and quality of the extracted DNA 

was measured through NanoDrop. Nine families were selected to subject to 

Sanger sequencing based on availability of the facility, their data analysis, In-

Silico analysis and the data was published (Gul et al., 2020; Gul et al., 2021). 

Remaining 36 families were subjected to Whole Genome Sequencing 

during International Research Support Initiative Program (IRSIP) sponsored by 

the Higher Education Commission (HEC), Pakistan for six months stay at the 

University of Copenhagen Denmark, and their data analysis, In-Silico analysis 

were performed and publications are in progress. 

2.1. Ethical Approvals 

This study was approved by the Institutional Review Board (IRB)/Bioethics 

Committee (BEC) of Quaid-i-Azam University, Islamabad, Pakistan with reference 

to meeting number BEC-FBS-QAU2019-198 (Annexure 1 {1.4}).  

2.2. Patients’ Recruitment 

The child physician helped to diagnose each type with respective diagnostics 

techniques based on radiological and biochemical analysis. All patients were informed 

before taking their details, pictures and blood samples, and written informed consents 
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were obtained to participate and publish their required details as per Rules of Helsinki 

(World Helsinki Association, 2013) (Annexure 1 {1.1, 1.2, 1.3}). Detailed pedigrees 

were drawn from the gathered information provided by the parents/guardians of the 

patients by using HaploPainter 1.043®. Pictures of the patients with specific diagnostic 

features and medical history containing all the helpful data were also collected. 5-10 

ml of peripheral blood samples were collected from patients and their accompanying 

parents/guardians/siblings in a 10 ml vacutainer tubes (Becton Dickinson and 

Company (BD), USA, vacutainer K2 EDTA 18 mg). All collected blood samples were 

stored at 4°C in the Lab of Molecular Biology, Department of Zoology, Quaid-i-Azam 

University, Islamabad, Pakistan, till DNA extraction. 

2.2.1 Inclusion and Exclusion Criteria 

All families have been diagnosed through clinical examination and some basic 

available tests like X-ray, complete blood count (CBC), bone marrow test (BMT), 

computer tomography (CT) scan, magnetic resonance imaging (MRI) were performed 

and for few families enzyme analysis was also performed (Table 3.6). The families 

recommended as strong candidates for LSDs after clinical confirmation by expert 

child physician have been included in this study. 

2.3. DNA Extraction 

The protocols used for the extraction of genomic DNA (gDNA) from collected 

blood samples were modified and mixed protocols of Proteinase K-Phenol-

Chloroform methods (Miller et al., 1988; Sambrook and Russel, 2006). The steps 

followed during the experiments were: 

• Day 1 

❖ The blood samples were thawed and poured in a 50 mL falcon tubes (SPL 

Lifesciences). 

❖ A washing buffer was prepared by using Tris-Ethylene Diamine Tetra Acetate 

(EDTA) (TE) buffer (10mM Tris HCl, 2mM EDTA, pH 8.0). Total 40 mL volume 

was made by pouring this washing buffer in the falcon tube containing blood sample 

(5 mL blood + 35 mL TE buffer and vice versa).  
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❖ Tubes were centrifuged (BECKMAN COULTER Allegra X-30R Benchtop 

Centrifuge, USA) at 3000 rounds per minute (RPM) for 20 minutes at 20° C. The 

supernatant was discarded by using the glass pipettes with a manual sucker up to 

maximum of 20 mL out of 40 mL so that the white blood cells (WBCs) pellet should 

not be disturbed. 

❖ Again 20 mL of TE washing buffer was added to make final volume of 40 mL 

and did a second centrifugation at 3000 rpm for 20 minutes at 20° C, to collect the 

remaining suspended white blood cells (WBCs) and washed away the red blood cells 

(RBCs). This time up to 30 mL of supernatant was discarded by using glass pipettes 

and manual sucker.  

❖ These washing steps were repeated for three to four times to eliminate any 

traces of RBCs and clearing out the pellet of WBCs. 

❖ In last washing step all of the supernatant was discarded and in the pellet 25 

μL of proteinase K (PK) (20 mg/ mL), 50 μL of 20% sodium dodecyl sulfate (SDS) 

and 3 mL of Tris+NaCl+EDTA (TNE) buffer (10 mM Tris HCl, 400 mM NaCl, 2 

mM EDTA) was added and kept incubated at 37° C for overnight digestion. 

• Day 2 

❖ On second day of gDNA extraction, the pellet was completely dissolved out 

so, for precipitation of proteins 1 ml of 6 molar (M) NaCl was added and after vigorous 

shaking the tubes were placed immediately on ice for 15 minutes. 

❖ A mixture of phenol:chloroform:isoamylalcohol with a proportion of 25:24:1 

was added to the falcon tubes in a volume of 1 mL each. 

❖ Another round of centrifugation was performed for 20 minutes at 3000 rpm 

and 20° C to separate the layers of precipitated proteins, lipids, salts, cellular debris 

in the lower and gDNA in upper layer. 

❖ Upper layer was separated in another 50 mL falcon tube carefully. Added 

approximately 5 mL of chilled isopropanol to the separated layer and mixed 

thoroughly to precipitate out the gDNA thread. The tubes were then centrifuged again 

at 3000 rpm for 20 minutes at 20° C to settle down the suspended gDNA thread into 

a pellet at the bottom of the falcon tube.  

❖ Supernatant was completely discarded off and added 70% ethanol to washout 

any remaining traces of solvents used previously. Centrifuged at 3000 rpm, 20° C for 

20 minutes.  
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❖ Discarded the ethanol and let the pellet in falcon air dry at room temperature 

for 3 to 4 hours. Once ethanol was completely dried, dissolving Tris buffer (0.2 mM) 

was added in a suitable quantity ranging from 300-500 μL and incubated at 37° C for 

a whole night to get a suspension with completely dissolved gDNA. 

• Day 3 

❖ On the last day of gDNA extraction, the dissolved gDNA was heat shocked at 

70° C in a water bath for 1 hour to deactivate any remaining nucleases and let it cool 

at room temperature. After a short spin of 1000 rpm for 2 minutes at 20° C, the stock 

gDNA was shifted to screw caps (1.5 mL Axygen™, USA). 

❖ Extracted DNA was quantified by using nanodrop (Titertek, BERTHOLD, 

Germany) and gel electrophoresis. Then stock samples were stored at -20° C for future 

use. 

2.3.1. Agarose Gel Electrophoresis for gDNA Quality and Quantity Assurance 

In order to check the quality and concentration of the extracted gDNA, agarose 

gel electrophoresis was performed as follow: 

❖ 1X Tris-Boric acid-EDTA (TBE) buffer was prepared from the stock solution 

of 10X TBE buffer (1 mM of Tris borate, 0.5 mM EDTA, pH 8.0) by taking 5 mL of 

10X TBE buffer and adding 45 mL of distilled water and made a final volume of 50 

mL 1X TBE buffer. 

❖ For gDNA 1% of agarose gel was prepared by putting 0.5 g of agarose 

(Ultrapure TM Agarose-1000, ThermoFisher Scientific, USA), in 50 mL of 1X TBE 

buffer in a 100 mL conical glass flask and heated it in a microwave oven for 3 minutes 

to melt the gel powder and prepared a suspension. 

❖ After taking out from microwave, 3 μL of 1% ethidium bromide was added 

and mixed thoroughly. 

❖ The suspension was poured into a gel casting apparatus with combs to make 

wells for sample loading, gradually and slowly to avoid any bubble formation (Hinder 

the gDNA running). And allowed gel to solidify at room temperature for 30 minutes. 

❖ When gel solidified, combs and stoppers were removed carefully and placed 

the gel inside of gel tank (CS-3000V, Cleaver Scientific Limited, UK) filled with 1X 

TBE buffer. 
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❖ For gDNA samples loading, 5 μL of loading dye (Bromophenol blue 0.25%, 

sucrose 40%) was used to locate our samples during run. 5 μL of sample was mixed 

in each 5 μL of loading dye and loaded the whole mixture in each well. 

❖ As, amount of florescence is proportional to amount of DNA present. 

Therefore, in one well a DNA standard (with known DNA concentration) was also 

loaded to compare each test sample with standard for visual assurance of DNA 

quantity. 

❖ Samples were run at 120 Volts, 120 Amperes for thirty minutes. 

❖ Once gel running was completed, the gel was removed from the tank and 

placed on the stage of gel documentation system (Biometra, Gottingen, Germany) to 

visualize the samples under ultraviolet radiation with complete care and protection. 

2.4. Genotyping 

When all samples were quantified then next step was the genotyping of all 

samples to identify the disease-causing variants. For genotyping several steps has 

been performed as mentioned in detail below: 

2.4.1 The Sanger Sequencing 

Nine families were selected for polymerase chain reaction (PCR) based 

amplification and Sanger sequencing in Molecular Biology Lab at Quaid-I-Azam 

University, Islamabad, Pakistan, based on their monogenic status, which include six 

MPS I and three Gaucher disease families because for each disease a single gene is 

reported i.e IDUA and GBA, respectively. Beside this, both genes were not too long 

to scan through Sanger sequencing as Sanger sequencing involves individual exon 

scanning through forward and reverse primers which is time taking process. 

2.4.2 Primer Designing and PCR Amplification 

For primer designing, the whole sequence of IDUA and GBA genes including 

Untranslated regions (3’, 5’ UTRs), introns and exons, were obtained through 

Ensembl Genome Browser (https://asia.ensembl.org/index.html) and the transcripts 

used for primer designing for IDUA was ENST00000247933.9 and for GBA was 

ENST00000327247.9, for getting the best primers Primer 3 Web (Version 4.1.0) was 

https://asia.ensembl.org/index.html
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used (https://primer3.ut.ee/), Then blast like alignment tool (BLAT) 

(http://genome.ucsc.edu/cgi-bin/hgBlat) was applied in order to confirm the 

specificity of each primer set to respective gene as it is used to check the single hit for 

each set of primer. For checking the product size of primer, melting temperature and 

GC contents, the In-silico PCR (https://genome.ucsc.edu/cgi-bin/hgPcr) was 

performed. In order to check the properties of the primers including their melting 

temperatures, Primer stats was performed 

(https://www.bioinformatics.org/sms2/pcr_primer_stats.html). The primers set used 

for IDUA are given below in the table 2.1 and GBA are given in table 2.2. 

Table 2.1: List of primers used for the amplification of exons of IDUA gene. 

Primer 
no. 5'-3' sequence 

Primer 
length 
(bp) 

Product 
size 
(bp) 

GC 
contents Tm 

1 F CAACTCACATAGCACCAACG 20 
532 

50 57.8 
1 R TCTCTGAAGCTCTCACAGTGC 21 52 58.5 
2 F GGCTTGAACGTGTGTGTCA 19 

274 
52 59.3 

2 R TCCCATCTGTGCCTCTGTAA 20 50 59.2 
3,4 F CATACCAGGCCTTCATAGGG 20 

708 
55 59.4 

3,4 R CCAACCTATCCCTTGTCACC 20 55 59.3 
5 F TGAGGCGAGATTCACCTGT 19 

288 
52.6 59.4 

5 R CGAGCAGGCATCGTAGTAGTT 21 52.4 59.6 
6,7 F CAGACCACCACGACTTTGAC 20 

841 
55 59.2 

6,7 R GGTAGCTCAGGAAGGCATTG 20 55 59.8 
8 F CGGACACCCCCATTTACA 18 

582 
55.6 60.2 

8 R TCCCCTTGGTGAAGGAGTC 19 57.9 60 
9,10 F CTGGGGACTCCTTCACCAA 19 

821 
57.9 61.1 

9,10 R ACGTGCACCAGCAAAAGC 18 55.6 61 
11, 12 F TACCTGGACAACGGGCTCT 19 

872 
57.89 60.7 

11,12 R CAGCCTCATTCCCTCAAGC 19 57.89 60.9 
13,14 F GCCTTGTTCTTGGCCTGA 18 

592 
55.56 59.9 

13, 14 R TCAACCCGAGACTGACCTGT 20 55 60.7 

A: adenine, bp: base pair, F: forward, GC: guanine cytosine, R: reverse, T: thymine, Tm: 

melting temperature 

 

 

https://primer3.ut.ee/
https://www.bioinformatics.org/sms2/pcr_primer_stats.html
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Table 2.2: List of primers used for the amplification of exons of GBA gene. 

Primer 
no. 5'-3' sequence 

Primer 
length 
(bp) 

Product 
size 
(bp) 

GC 
contents Tm 

1,2 F GGGAAGCCGGAATTACTTG 19 
850 

52.63 59.51 

1,2 R GAGCCAAAATTGCACCACT 19 47.37 58.71 

3,4 F ACCGTGTTCAGTCTCTCCTAGC 22 
652 

54.5 62.9 
3,4 R GACAGAATGGGCAGAGTGAG 20 55 59.9 
5,6 F AGGAGCCCAAGTTCCCTTT 19 

806 
52.63 60 

5,6 R CTGATGGAGTGGGCAAGATT 20 50 60 

7 F AGGCTGTTCTCGAACTCCTG 20 
496 

55 59.6 

7 R GGGAATGGTGCTCTAGGAATC 21 52.38 59.92 
8 F GTTGCATTCTTCCCGTCACC 20 

367 
55 62.8 

8 R CTGGACAGGAAGGGCTTCTG 20 60 62.3 
9 F CTCTCCCACATGTGACCCTTA 21 

399 
52.3 59.9 

9 R GCCTCCATGGTGCAAAAGGGG 21 52.9 59.1 
10, 11 F GCAGAAAAGCAGGGTCAGTG 20 

575 
55 60.98 

10, 11 R TGCTGTGCCCTCTTTAGTCA 20 50 59.59 

A: adenine, bp: base pair, F: forward, GC: guanine cytosine, R: reverse, T: thymine, Tm: 

melting temperature 

For amplification of both genes primers through polymerase chain reaction (PCR) the 

conditions used were described as follow: 

• The reaction mixture was prepared in a 200 μL PCR tubes (Axygen, USA) 

containing a total volume of 25 μL. 

• Reagents used were from SOLIS BIODYNE KIT, Estonia. 

• Mixture contained 2 μL of extracted DNA sample, 10X Taq buffer (NH4)2SO4 

2.5 μL, 2.5 mM MgCl2 2.5 μL, 10 mM dNTPs 2.5 μL, 10pmol/ μL of forward and 

reverse primers 0.37 μL each, 5U/ μL Taq Polymerase 0.3 μL and at the end total 

volume was raised to 25 μL by putting ultra-pure PCR water 14.46 μL. 

• The mixture was vortexed and short spinned to mixed and collect all 

ingredients well. PCR tubes were then placed in thermo cycler (BioRad T100) to 

amplify the required exons of both genes. The specific thermal cycling used for each 

primer pair of IDUA and GBA are mentioned in table 2.4 and 2.5 respectively. 

•  
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Table 2.3: Thermal cycling conditions for IDUA gene primers pairs. 

S. 
no 

Primer 
pairs 

Initial 
denaturation 

°C 

First 10 cycles of 
amplification 

°C 

Second 30 cycles 
of amplification 

°C 

Extension 
°C 

Hold 
∞ 

1. 1 F 
1 R 95 57.5 57.5 72 25°C 

2. 2 F 
2 R 95 68 58 72 25°C 

3. 3,4 F 
3,4 R 95 68 58 72 25°C 

4. 5 F 
5 R 95 68 58 72 25°C 

5. 6,7 F 
6,7 R 95 70.5 60.5 72 25°C 

6. 8 F 
8 R 95 67 57 72 25°C 

7. 9,10 F 
9,10 R 95 65 69.5 72 25°C 

8. 11,12 F 
11,12 R 95 66 65 72 25°C 

9. 13,14 F 
13,14 R 95 69 59 72 25°C 

F: forward, R: reverse 

Table 2.4: Thermal cycling conditions for GBA gene primers pairs. 

S. no. Primers 
pairs 

Initial 
denaturation 

°C 

First 10 cycles 
of amplification 

°C 

Second 30 cycles 
of amplification 

°C 

Extension 
°C 

Hold 
∞ 
°C 

1. 1,2 F 
1,2 R 95 68 58 72 25 

2. 3,4 F 
3,4 R 95 68 58 72 25 

3. 5,6 F 
5,6 R 95 68 58 72 25 

4. 7 F 
7 R 95 68 58 72 25 

5. 8 F 
8 R 95 68 58 72 25 

6. 9 F 
9 R 95 68 58 72 25 

7. 
10,11 F 
10,11 

R 
95 68 58 72 25 

F: forward, R: reverse 
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2.4.2. Agarose Gel Electrophoresis for PCR Products 

The amplified products were quantified once again through agarose gel 

electrophoresis as follows:  

❖ 1X Tris-Boric acid-EDTA (TBE) buffer was prepared from the stock solution 

of 10X TBE buffer (1 mM of Tris borate, 0.5 mM EDTA, pH 8.0) by taking 5 mL of 

10X TBE buffer and adding 45 mL of distilled water to make a final volume of 50 mL 

1X TBE buffer. 

❖ For amplified DNA 2% of agarose gel was prepared by putting 1 g of agarose 

(Ultrapure TM Agarose-1000, ThermoFisher Scientific, USA), in 50 mL of 1X TBE 

buffer in a 100 mL conical glass flask and heated it in a microwave oven for 3 minutes 

to melt the gel powder and prepared a suspension. 

❖ After taking out from microwave, 3 μL of 1% ethidium bromide was added 

and mixed thoroughly. 

❖ The suspension was poured into a gel casting apparatus with combs to make 

wells for sample loading, gradually and slowly to avoid any bubble formation (Hinder 

the PCR product running). And allowed gel to solidify at room temperature for 30 

minutes. 

❖ When gel solidified, combs and stoppers were removed carefully and placed 

the gel inside of gel tank (CS-3000V, Cleaver Scientific Limited, UK) filled with 1X 

TBE buffer. 

❖ For amplified PCR samples loading, 5 μL of loading dye (Bromophenol blue 

0.25%, sucrose 40%) was used to locate our samples during run. 5 μL of sample was 

mixed in each 5 μL of loading dye and loaded the whole mixture in each well. 

❖ Loaded samples were run at 120 volts (V), 120 ampere (A) for 30 minutes. 

❖ To check fragment size for each PCR product a 1 kb ladder was also loaded in 

first well and visualization of photograph confirmed the desired size fragment in each 

sample. 

Once gel running was completed, the gel was removed from the tank and 

placed on the stage of gel documentation system (Biometra, Gottingen, Germany) to 

visualize the samples under ultraviolet (UV) radiation with complete care and 

protection. 
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2.4.3. Purification and Sanger Sequencing of Amplified Products 

Before performing Sanger sequencing, all amplified products were purified to 

eliminate all unused reagents. For purification WizPrepTM Gel/PCR Purification Mini 

Kit-WIZBIO, Korea, was used. The steps followed are mentioned below: 

➢ GP binding buffer 100 μL was added to each PCR tube (Axygen, USA), and 

mixed thoroughly and left at room temperature for 10 minutes. 

➢ This mixture was then transferred to spin columns labelled in advance and 

centrifuged (BECKMAN COULTAR, Microfuge 16 Centrifuge, USA) at 13000 

rpm for 2 minutes. 

➢ Columns were washed with 350 μL washing buffer and centrifuged again. The 

supernatant was discarded. Same step of washing was repeated again to wash out 

any impurity left. For removing all washing buffer out of spin columns, a spin of 

13000 rpm for additional 2 minutes was performed. 

➢ Spin columns were shifted to 1.5 mL labelled Eppendorfs ®(Autoclaved).  

➢ Elution buffer 30 μL was poured in the spin column and centrifuged for 3 minutes 

at 13000 rpm, to elute the purified amplified product from spin columns into 1.5 

mL Eppendorfs. 

➢ In order to confirm the quantity of purified product, 5 μL of product was loaded 

onto 2% agarose gel and performed electrophoresis. 

After purification the products along with their respective forward and reverse 

primers were sent for commercial Sanger Sequencing. 

2.4.4. Data Analysis and Variants Identification 

The sequenced data when received was analyzed through BioEdit 7.2. and the 

identified variants were confirmed through Mutation Taster2 

(https://www.mutationtaster.org/). Further variants were studied through In-silico 

analysis to confirm the pathogenicity of the identified variants by using tools like 

Sorting Intolerant from Tolerant (SIFT) (https://sift.bii.a-star.edu.sg/), Protein 

Variation Effect Analyzer (PROVEAN) (http://provean.jcvi.org/index.php), 

Polymorphism Phenotyping v2 (PolyPhen-2) 

(http://genetics.bwh.harvard.edu/pph2/), Have (y)our Protein Explained (HOPE) 

https://www.mutationtaster.org/
https://sift.bii.a-star.edu.sg/
http://provean.jcvi.org/index.php
http://genetics.bwh.harvard.edu/pph2/


  
CHAPTER 2                                                     MATERIALS AND METHODS
          

          40 

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population 

(https://www3.cmbi.umcn.nl/hope/), Iterative Threading ASSEmbly Refinement (I-

TASSER) (https://zhanggroup.org/I-TASSER/), Mutation Prediction Loss of 

Function (MutPred LOF) (http://mutpred2.mutdb.org/mutpredlof/). I-Mutant2.0 

(https://folding.biofold.org/i-mutant/i-mutant2.0.html), Protein Analysis Through 

Evolutionary Relationships (PANTHER) (http://www.pantherdb.org/), Single 

Nucleotide Polymorphisms & Gene Ontology (SNPs&GO) (https://snps-and-

go.biocomp.unibo.it/snps-and-go/index.html), Predictor of Human Deleterious Single 

Nucleotide Polymorphisms (PHD-SNP) (https://snps.biofold.org/phd-snp/phd-

snp.html), Mutation Assessor (http://mutationassessor.org/r3/), Python module 

(PMut) (http://mmb.irbbarcelona.org/PMut/), Prediction of Protein Stability Changes 

for Single Site Mutations from Sequences (MUpro) 

(http://mupro.proteomics.ics.uci.edu/), Functional Analysis through Hidden Markov 

Models (fathmm) (http://fathmm.biocompute.org.uk/), Search Tool for the Retrieval 

of Interacting Genes/Proteins (STRING) (https://string-db.org/), ConSurf 

(https://consurfdb.tau.ac.il/), and Genome Aggregation Database (gnomAD) 

(https://gnomad.broadinstitute.org/). 

2.5. Next Generation Sequencing 

The use of NGS is one of the best methods to diagnose complicated and rare 

disorders like LSDs. During this study 36 families affected with various suspected 

LSDs sub-types, were subjected to Whole Genome Sequencing to identify their 

pathogenic variants in either already reported genes or in novel genes.  

2.5.1. Whole Genome Sequencing and Variant Calling 

Whole genome sequencing was performed by using MGISEQ-T7 

(DNBSEQTM), a recently developed sequencing platform (2019) by MGI Tech and 

Complete Genomics, that uses combined probe anchor synthesis and DNA nanoball 

for generating short reads at a very large scale. The read length for MGISEQ-T7 is 

100 bp paired-end (PE). It has rough coverage of ×30. MGISEQ-T7 has showed the 

lowest percent of low-quality reads i.e 4.2%, moderate levels of K-mer errors i.e 

6.39% and highest ratio of duplication with a percentage of 3.04% (Kim et al., 2020).  

Read mapping and genotype calling were performed using an open-source 

pipeline implemented in PALEOMIX (Schubert et al., 2014). The modified pipeline 

https://www3.cmbi.umcn.nl/hope/
https://zhanggroup.org/I-TASSER/
http://mutpred2.mutdb.org/mutpredlof/
https://folding.biofold.org/i-mutant/i-mutant2.0.html
http://www.pantherdb.org/
https://snps-and-go.biocomp.unibo.it/snps-and-go/index.html
https://snps-and-go.biocomp.unibo.it/snps-and-go/index.html
https://snps.biofold.org/phd-snp/phd-snp.html
https://snps.biofold.org/phd-snp/phd-snp.html
http://mutationassessor.org/r3/
http://mmb.irbbarcelona.org/PMut/
http://mupro.proteomics.ics.uci.edu/
http://fathmm.biocompute.org.uk/
https://string-db.org/
https://consurfdb.tau.ac.il/
https://gnomad.broadinstitute.org/
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and detailed instructions are available at https://github.com/Hansen-Group/Gul2022. 

Briefly, pre-analyses quality assurance was performed using FastQC v0.11.9 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC v1.10 

(Ewels et al., 2016). Read pairs were subsequently processed using fastp v0.20.1 

(Chen et al., 2018) to trim adapter sequences, remove reads with low complexity, and 

merge and correct overlapping read pairs (with a minimum overlap of 11 bp). Reads 

were mapped using BWA mem v0.7.17-r1188 (Li, 2013) against the hg38 human 

reference genome distributed as part of the GATK (McKenna et al., 2010) resource 

bundle (https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-Resource-

bundle), including alternative and decoy contigs. Mapped reads were post-processed 

using samtools v1.11 (Danecek et al., 2021) and the ‘bwa-postalt.js’ script included 

in the BWA-kit which post-processes alignments mapping to alternative contigs such 

as HLA variants. Duplicate, unmapped, and orphaned reads, and secondary and 

supplementary alignments were filtered. The resulting BAMs were recalibrated using 

GATK ApplyBQSR trained using dbSNP release 151 (Sherry et al., 2001) for known 

variable sites. 

Genotypes (GVCFs) were called for each sample using GATK 

HaplotypeCaller, merged, and called using GATK GenotypeGVCFs. Variant 

recalibration was carried out separately for SNPs and indels using GATK 

ApplyVQSRNode, trained using positive lists from the GATK resource bundle. 

Features used in the calibration were ExcessHet, DP, MQ, QD, SOR, FS, 

ReadPosRankSum, MQRankSum, and BaseQRankSum (only for SNPs). We kept 

only variables within the upper 98.0 tranche for indel and 99.6 tranche for SNPs. The 

resulting VCFs were annotated using VEP v104 (McLaren et al., 2016) using the 

Ancestral Allele, ExACpLI, GERP Conservation Scores, and LOFTEE v1.0.3 

(Karczewski et al., 2020, https://github.com/konradjk/loftee) plugins. Additional 

custom annotation was included as described in the github repository. 

2.4.6. Data Analysis and Variant Prioritization 

All variants were evaluated as per ACMG guidelines (Richard et al., 2015). 

Variants that were classified to be pathogenic, likely pathogenic or uncertain 

significance according to ACMG guidelines were prioritized. 

https://github.com/Hansen-Group/Gul2022
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Runs of homozygosity (ROH)-based inbreeding coefficient (F) was calculated 

using PLINK (v1.90b6) on a dataset including both affected and unaffected 

individuals as well as 77 additional individuals with Pakistani origin that are part of 

an ongoing LSDs study (unpublished) for better allele frequency estimates. Results 

are only shown for the individuals in present study. For ROH calculation, only 

variants with minor allele frequency (MAF>5%), and no missingness were used. 

ROHs were defined as having more than 100 variants, a total length larger than 1MB, 

on average at least 1 variant per 50 kB, consecutive variants less than 1 MB apart, and 

at most 1 heterozygous call per window of 50 variants. The total length of ROHs was 

then divided by the total length of the genome (3 GB).  

Principal component analysis was performed on by first merging with the 1000 

genomes project (https://www.nature.com/articles/nature15393). Non-overlapping 

sites and sites with a MAF difference between LSD-samples and the 1000 genomes 

South Asian super population of more than 25% were removed. The PCA was 

calculated using PLINK -pca function on remaining overlapping sites with overall 

MAF > 0.05, no missingness, and LD-pruned (window size of 1MB, step size of 1, 

R2-threshold of 0.8). 

Non-synonymous variants including missense, nonsense, frameshift and 

indels in coding and splice sites changes in non-coding regions with a MAF of less 

than 0.01 in large, outbred populations (gnomAD exomes of South Asian population) 

were considered as putative causal candidates. Further prioritization of these rare 

variants was based on segregation with disease phenotypes within respective family. 

As a first phase for WGS data analysis, already reported genes causing MPS were 

screened for pathogenic variants and during second phase, unsolved families were 

checked for variants in other LSDs related genes. 

In autosomal recessive disorders, variants that were homozygous in affected 

individuals and in heterozygous state in their parents were prioritized based on 

recessive inheritance pattern of the disease and consanguinity among parents revealed 

by their pedigrees. The lists of heterozygous variants in each family were searched for 

compound heterozygous or digenic inheritance. In X-linked disorders, pathogenic 

variants on X-chromosome segregated from the mother were extracted. In families 
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where genotypes of parents were available, exomes of each family were analyzed for 

dual molecular diagnosis. As a reference population, more than a 100 healthy control 

samples from the general Pakistani population were analyzed for the prevalence of 

potentially causal variant as per ACMG guidelines. 
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3. RESULTS 

3.1. Summary 

During this study from December 2017 to December 2019, total forty-five 

families affected with various types of LSDs had been recruited from different regions 

of Pakistan including Punjab, Khyber Pakhtunkhwa, Balochistan, Islamabad Capital 

Territory and Azad Jammu and Kashmir (Table 3.1, Figure 3.1). Six families affected 

with MPS type I and three families affected with Gaucher disease have been selected 

to scan through Sanger Sequencing at Lab of Molecular Biology, Department of 

Zoology, Faculty of Biological Sciences, Quaid-i-Azam University, Islamabad, 

Pakistan. While thirty-six families have been subjected to Whole Genome 

Sequencing at Novo Nordisk Foundation Center for Basic Metabolic Research, 

Faculty of Health and Medical Sciences, University of Copenhagen, Denmark 

through International Research Support Initiative Program (IRSIP) provided by the 

Higher Education Commission (HEC), Pakistan (Annexure 2 {2.1, 2.2}). 

 

 

Figure 3.1: Pie chart showing the gathered families from different regional areas 

of Pakistan (Punjab, Khyber Pakhtunkhwa (KPK), Islamabad Capital Territory 

(ICT), Balochistan) and Azad & Jammu Kashmir (AJK). 
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Principal component analysis of the present LSDs families merged with the 

1000 genomes projects showed the LSDs families clustering with the South Asian 

(SAS) superpopulation (Figure 3.2). The SAS population includes a Punjabi 

population (PJL) verifying the genetic ancestry of the LSDs families.  

Table 3.1: Total number of identified diseases through phenotypes and genotype 

in the families collected during this study from December 2017 to December 

2019. 

S. No. Type of diseases Collected 
families 

Sanger 
sequencing 

Next 
Generation 
Sequencing 

1. Mucopolysaccharidosis type I 18 6 12 
2. Mucopolysaccharidosis type II 2 N/A 2 
3. Mucopolysaccharidosis type III 6 N/A 6 
4. Mucopolysaccharidosis type IV 8 N/A 8 
5. Gaucher disease 6 3 3 
6. Niemann-Pick disease 2 N/A 2 
7. Pycnodysostosis 1 N/A 1 
8. Griscelli syndrome 1 N/A 1 
9. Chediak-Higashi syndrome 1 N/A 1 

N/A: not applicable 

                       

Figure 3.2: Principal component analysis (PCA) of the LSDs families merged 

with the 1000 Genomes project colored according to super population: African 

Ancestry (AFR), East Asian Ancestry (EAS), European Ancestry (EUR), and 

South Asian Ancestry (SAS). 
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3.2. RESULTS OF FAMILIES SUBJECTED TO SANGER SEQUENCING 

3.2.1. Study of Clinical Aspects and Genetic Screening of Six 

Mucopolysaccharidosis type I Families. 

Out of eighteen collected families, initially recruited on the basis of their 

presenting clinical phenotypes, six were subjected to Sanger Sequencing (Table 3.2). 

Parental consanguinity or non-consanguinity is mentioned in figure 3.3. Sequencing 

data analysis revealed a novel variation, which is a non-sense variation NM_000203.5 

(IDUA); c.1456G>T, (p.Glu486Ter*) (Gul et al., 2020) (Figure 3.4A) in pedigree A 

which is pathogenic as per American College of Medical Genetics (ACMG) 

guidelines (Richard et al., 2015), and second is a reported missense variant 

NM_000203.5 (IDUA); c.1469T>C, (p.Leu490Pro) in pedigree C, E and F (Tieu et 

al., 1995) (Figure 3.4B) which too is pathogenic, thirdly a novel fourteen nucleotide 

deletion NM_000203.5 (IDUA); c.568_581delAACGTCTCCATGAC, 

(p.Asn190Hisfs*204) (Figure 3.5A) in pedigree B, which is a pathogenic variant as 

per ACMG classification and lastly  another reported deletion NM_000203.5 (IDUA); 

c.784delC, (p.His262Thrfs*55) (Figure 3.5B) (Al-Jasmi et al., 2012) in pedigree D 

which is also a pathogenic variant (Table 3.3). There are also some benign variants 

identified and then classified as per American College Medical Genetics (ACMG) 

guidelines during the sequence data analysis (Table 3.4).  

The conservation analysis in multiple orthologues showed highly conserved 

pattern of the amino acids during fourteen nucleotide and single nucleotide deletions 

(Figure 3.6 a,b). Furthermore, modeling of wild type and both frameshift mutant 

variants of the IDUA protein identified in pedigree B and pedigree D families 

respectively was performed using I-Tasser (Figure 3.7). 
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Table 3.2: Clinical details, age and cast of six unrelated patients with 

Mucopolysaccharidosis type I subjected to Sanger Sequencing. 

Pedigree 
ID 

Patient 
ID Age Cast Clinical Profile 

A IV-1 1.5y Pakhtoon 

Coarse facial features, joint contractures, 
aggressive behavior, umbilical hernia, abdominal 
distention, hepatosplenomegaly, delay in achieving 
milestones, excessive hair growth, flat nasal 
bridge, gibbus formation 

B IV-2 1.5y Sayed 

Delay in achieving milestone, abdominal 
distention, speech delay, hernia, gibbus formation, 
short stature, coarse facial features, joint 
contractures 

C V-2 6y Chalotra 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, umbilical hernia, 
short stature, respiratory/ear infection, coarse facial 
features, joint contractures, dysostosis/multiplex, 
hepatosplenomegaly, mild IQ, 

D V-3 6m Jutt 

Delay in achieving milestone, short stature, chest 
problem, coarse facial features, joint contractures, 
J shaped sella, inferior beaking of lumber 
vertebrae, oar shaped ribs, subtle opening of 
proximal ends of metacarpal bones 

E IV-2 8y Mughal 

Delay in achieving milestone, abdominal 
distention, hepatosplenomegaly, aggressive 
behavior, speech delay, short stature, corneal 
opacity, joint contractures, coarse facial features 

F 

IV-1 3y 

Awan 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 
umbilical hernia, gibbus formation, short stature, 
respiratory/ear infection, coarse facial features, 
waddling in gait, joint contractures, scoliosis, 
hepatosplenomegaly, corneal clouding, hyper 
cellular fragment and trails in bone marrow 
RBC = 1.77×106/ul (3.5-5.5), Hemoglobin = 5.5 
g/dL (13-18), HCT = 17.3% (35-50), MCV = 98 fl 
(76-96), MCHC = 31.7 g/dL (32-36), Platelets = 
69×103/ul (150-400), 

IV-2 10.5
y 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 
hernia, gibbus formation, short stature, 
respiratory/ear infection, coarse facial features, 
waddling in gait, joint contractures, scoliosis, 
hepatosplenomegaly, corneal clouding, cranio 
facial disproportion due to enlarged calvarium, J 
shaped sella, oar shaped ribs, hypoplastic L2 
vertebrae with posterior displacement 
ALP = 226 U/L (upto 135), Red cell count = 5.7 
million/ul (3.5-5.5), Hemoglobin = 8.7 g/dL (12-
15), HCT = 33.5 fl (35-55), MCV = 58.9 fl (75-
100), MCH = 15.3 pg (25-35), Reticulocytes = 
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0.7% (2-6), RDW-CV = 20.1% (11-15), 
Neutrophils = 56.9% (60-70), Anisocytsosis ++, 
Microcytes ++, Hypochromia ++, Poikilocytsosis 
++, Serum ferritin = 17.5 ng/ml (24-336) 

IV-4 13y 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 
umbilical hernia, gibbus formation, short stature, 
respiratory/ear infection, coarse facial features, 
waddling in gait, joint contractures, scoliosis, 
hepatosplenomegaly, corneal clouding 

IV-3 11y 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 
hernia, gibbus formation, short stature, 
respiratory/ear infection, coarse facial features, 
waddling in gait, joint contractures, scoliosis, 
hepatosplenomegaly, corneal clouding, heart 
anomaly 

ALP: alkaline phosphatase, HCT: hematocrit, IQ: intelligent quotient, MCV: mean corpuscle volume, 

MCH: mean corpuscle hemoglobin, MCHC: mean corpuscle hemoglobin concentration, RBC: red 

blood cells, RDW-CV: red cell distribution width, y: years 
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a)        b)      c)  

       Pedigree A              Pedigree B   Pedigree C 

d) e) f)  

         Pedigree D                Pedigree E               Pedigree F 

Figure 3.3: Pedigrees of families inheriting MPS I phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual.  
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Table 3.3: Patient’s characteristics along with identified pathogenic variants of 

IDUA gene as predicted by Mutation Taster. 

Family 
ID Gender Age at 

enrollment Nucleotide change Protein 
change 

ACMG 
classification Status/exon 

A Male 1.5y c.1456G>T p.G486Ter 
Pathogenic 
PVS1, PP5, 

PM2 

Homozygous/
10 

B Male 1.5y 
c.568_581del 

AACGTCTCCAT
GAC 

p.N190Hfs*
204 

Pathogenic 
PVS1, PM2, 

PP5 
 

Homozygous/
5 

C Female 6y c.1469T>C p.L490P 
Pathogenic 
PP5, PS3, 
PP3, PM2 

Homozygous/
10 

D Female 6m c.784delC p.H262Tfs*
55 

Pathogenic 
PVS1, PP5, 

PM2 

Homozygous/
6 

E Female 8y c.1469T>C p.L490P 
Pathogenic 
PP5, PS3, 
PP3, PM2 

Homozygous/
10 

F Male 3y c.1469T>C p.L490P 
Pathogenic 
PP5, PS3, 
PP3, PM2 

Homozygous/
10 

A: adenine, C: cytosine, G: guanine, m: months, PM: moderate pathogenic, PP: possibly pathogenic, 

PS: strong pathogenic, PVS: very strong pathogenic, T: thymine, y: years 

Table 3.4: Benign variants identified during Sanger Sequencing of MPS-I 

families. 

S. No Nucleic 
Acid change 

Amino 
acid 

change 

ACMG 
interpretation 

Strongly benign 
(BS1) 

Global Minor 
Allele 

Frequency 
(GMAF) 
ClinVar 

Exon/ 
Intron dbSNP ID 

 Exonic variants 

1 c.24C>A No 
change BS1 0.39257 Exon 1 rs11248061 

2 c.60G>A No 
change BS1 0.39437 Exon 1 rs10902762 

3 c.99T>G H33Q BS1 0.10803 Exon 1 rs10794537 

4 c.314G>A R105Q BS1 0.16873 Exon 3 rs3755955 

5 c.543T>C No 
change BS1 0.21985 Exon 5 rs6815946 

6 c.942G>C No 
change BS1 0.21865 Exon 7 rs6830825 
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7 c.1164G>C No 
change BS1 0.21865 Exon 8 rs6836258 

8 c.1081G>A A361T BS1 0.21765 Exon 8 rs6831280 

9 c.1230C>G No 
change BS1 0.21785 Exon 9 rs115790973 

10 c.1232T>C V411A N/A N/A Exon 9 Current 
study 

11 c.1292C>T A431V N/A N/A Exon 9 Current 
study 

12 c.1360G>A V454I BS1 0.21865 Exon 9 rs73066479 

13 c.1364C>G A455G N/A N/A Exon 9 Current 
study 

14 c.1654A>T T552S N/A N/A Exon 12 Current 
study 

15 c.1786A>C S596R N/A N/A Exon 13 Current 
study 

 Intronic variants 

16 g.15984T>C No 
change BS1 0.21885 Intron 9/10 rs115134980 

17 g.15989C>G No 
change N/A N/A Intron 9/10 Current 

study 

A: adenine, ACMG: American college of medical genetics, BS: strongly benign, C: cytosine, G: 

guanine, N/A: not applicable, T: thymine 
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   C  

Figure 3.4: (A) DNA sequence chromatogram showing novel variant c.1456G>T 

causing a (p.Glu486Ter*) in affected individual (right) and unaffected control 

(left). (B) DNA sequence chromatogram showing previously reported missense 

variant c.1469T>C causing a (p.Leu490Pro) in affected individual (right) and 

unaffected control (left). (C) In-silico prediction of (p.Leu490Pro) as generated 

by HOPE. Wild type amino acid residue is colored as green while mutant is 

colored as red. 
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          A  

           B   

Figure 3.5: (A) Chromatograms showing the novel deletion of fourteen 

nucleotides i.e., c.568_581delAACGTCTCCATGAC leading to p.N190Hfs*204, 

(i) Homozygous wild type (ii) Heterozygous carrier (iii) Homozygous mutant. (B) 

Chromatograms showing the novel deletion of cytosine nucleotide i.e., c.784delC 

causing p.H262Tfs*55. (i) Homozygous wild type (ii) Heterozygous carrier (iii) 

Homozygous mutant. 
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 b  

Figure 3.6: Conservation of amino acid residues altered by a) novel fourteen 

nucleotide deletion i.e., c.568_581delAACGTCTCCATGAC resulting in 

p.N190Hfs*204 b) deletion of cytosine i.e., c.784delC causing p.H262Tfs*55 

among other IDUA orthologs. 

 

 

 

 

a 
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Figure 3.7: Protein structure prediction using I-TASSER software. a) wild type 

protein b) the truncated IDUA protein caused by 14 nucleotide deletions leading 

to p.N190Hfs*204 and c) the truncated IDUA protein caused by cytosine 

nucleotide deletion leading to p.H262Tfs*55 as compared to wild type protein. 

The tertiary structure of wild type and both mutants, the predicted active site of 

enzyme and the predicted ligand binding sites of the WT and mutant proteins 

are shown as indicated. 
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3.2.2. Study of Clinical Aspects and Genetic Screening of Three Gaucher Disease 

(GD) Families. 

During this study total six families affected with Gaucher disease on the basis 

of presenting clinical profiles have been recruited (Table 3.5). Parental consanguinity 

is shown in Figure 3.8. Three were subjected into the Sanger sequencing for GBA gene 

which revealed a missense variant NM_000157.4 (GBA); c.1448T>C, (p. Leu483Pro) 

(Table 3.6) (Figure 3.9) in all of the three explored families (Tsuji et al., 1987; Gul et 

al., 2021).  

Table 3.5: Clinical details, age and caste of three unrelated patients with Gaucher 

disease subjected to Sanger Sequencing. 

Pedigree 
no. 

Patient 
ID Age Cast Clinical profile 

A V-4 4y Chodhary 

Chronic diarrhea, abdominal distention, hepatosplenomegaly, 
anemia, histiocytes with wrinkled tissue paper appearance 
Hemoglobin = 11.9 g/dL (12-15), RDW-CV = 16.7% (11.6-
15), Neutrophils = 45.6% (60-70), Lymphocytes = 45% (30-
40), Monocytes = 6.3% (0-5), ALP = 279 U/L (upto 135), 
AST = 70 U/L (upto 35), Sodium = 132 mmol/L (135-145) 

B IV-1 13m Pathan 

Macrocephaly, coarse facial features, abdominal distention, 
hepatosplenomegaly, everted umbilical, gum hypertrophy, 
seizures, paralysis, gross ascites 
WBC = 16.6×103/ul (4-11), RBC = 3.2×106/ul (4-6), 
Hemoglobin = 7.4 g/dL (11.5-17.5), HCT = 23.5 fl (36-54), 
MCV = 73 fl (76-96), MCH = 23 pg (27-33), MCHC = 31.5 
g/dL (33-35), Platelets = 16×103/UL (150-450), Neutrophil = 
35% (40-75), Lymphocytes = 60% (20-45), ALT = 52 U/L 
(10-50) 

C IV-1 1y Cheema Abdominal distention, hepatosplenomegaly, anemia, delay in 
achieving milestones 

ALP: alkaline phosphatase, ALT: alkaline transferase, AST: aspartate aminotransferase, HCT: 

hematocrit, m: months, MCV: mean corpuscle volume, MCH: mean corpuscle hemoglobin, MCHC: 

mean corpuscle hemoglobin concentration, RBC: red blood cells, RBG: random blood glucose, RDW-

CV: red cell distribution width, WBC: white blood cells, y: years 
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a)            b)          c)  

          Pedigree A         Pedigree B                    Pedigree C 

Figure 3.8: Pedigrees of families inheriting Gaucher disease phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual.  

Table 3.6: Demographic, biochemical and molecular genetics diagnosis details of 

proband of three Gaucher disease family subjected to Sanger Sequencing. 

Clinical data Pedigree A Pedigree B Pedigree C 
Gender M F M 
Age at diagnosis/ age 
at examination 

± 1 year/ 6.5 years 3 months/ 13 
months 

6 months/ 1 year 

Region Punjab KPK Punjab 
Treatment ERT N/A ERT 
Splenectomy Yes N/A N/A 
GCase activity 0.63 nmol/ml/hr N/A 0.5 μmol/l/h 

RBCs 4.55 million/μl 3.22×10-6/μl 4.33 106/uL 

ALT 22 U/L 52 U/L 16 U/L 
WBCs N/A 16.6×10-3/μl 4.8 103/uL 

Age at diagnosis 5 months 3 months 14 months 
Hemoglobin 11.9 g/dL 7.4g/dL 13.4 g/dL 
Platelets 220×10-3/μl 16×10-3/μl 105 103/uL 

 
Genotype 

DNA 
mutation 

c.1448T>C/ 
c.1448T>C 

c.1448T>C/ 
c.1448T>C 

c.1448T>C/ 
c.1448T>C 

Protein 
change 

p.L483P/ p.L483P p.L483P/ p.L483P p.L483P/ p.L483P 

M: male, F: female, N/A: not available, ERT: enzyme replacement therapy 
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Figure 3.9: (A) Sequence chromatogram of normal allelic sequence. (B) Sequence 

chromatogram of heterozygous carrier for c.1448T>C. (C) Sequence 

chromatogram of homozygous mutant for c.1448T>C in affected individuals of 

Gaucher affected families. (D) Structural effect of the amino acid substitution as 

shown by HOPE analysis. Mutated amino acid is shown in red color while wild 

type amino acid is shown in green color. 
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3.3. RESULTS OF FAMILIES SUBJECTED TO WHOLE GENOME 

SEQUENCING 

Thirty-six families were subjected to Next Generation Sequencing (NGS) to find the 

genetic basis of disease phenotype in each of these analyzed families. Whole Genome 

Sequencing was performed at Novo Nordisk Foundation Center for Basic Metabolic 

Research, University of Copenhagen, Denmark during six months stay sponsored and 

funded by the Higher Education Commission (HEC), Islamabad, Pakistan under 

International Research Support Initiative Program (IRSIP). Details of NGS data 

analysis as per disease subtype is given below: 

3.3.1. Study of Clinical Aspects and Genetic Screening of Twelve 

Mucopolysaccharidosis type I Families. 

As described in section 3.3.1, out of total 18 collected MPS 1 segregating 

families, six were subjected to Sanger Sequencing at Molecular biology lab, 

Department of Zoology, Faculty of Biological Sciences, Quaid-I-Azam University, 

Islamabad, Pakistan, and twelve were subjected to NGS. Interestingly among these 

twelve clinically diagnosed as MPS I families by local Physician (Table 3.7), six 

families were segregating disease causing variant in MPS-1 causing reported gene i.e., 

IDUA gene, NM_000203.5 (IDUA); c.1172-1173insGCTGCTGGC, 

(p.Gly391insLeuLeuAla) in family B, NM_000203.5 (IDUA); c.1469T>C, 

(p.Leu490Pro) in family E, F, G, I and K. However, six families (A, C, D, H, J, L) 

despite of initial clinical diagnosis as MPS I, didn’t show any disease-causing variant 

in IDUA gene. Their detailed genotypes are mentioned as: NM_000512.5 (GALNS); 

c.871G>A, (p.Ala291Thr) in family A; NM_000199.5 (SGSH); c.220G>A, 

(p.Arg74Cys) and NM_000152.5 (GAA); c.1930G>T, (p.Ala644Ser) in family C; 

NM_172232.4 (ABCA5); c.26569G>A, (p.Arg857Cys) in family D; NM_000035.4 

(ALDOB); c.264G>T, (p.Asp88Glu) in family H; NM_016146.6 (TRAPPC4); 

c.454+3A>G and NM_003922.4 (HERC1); c.5941G>A, (p.Val1981Ile) in family J; 

and NM_014140.4 (SMARCAL1); c.1810C>T, (p.Gln604Ter*) and NM_012250.6 

(RRAS2); c.439C>T, (p.Arg147Trp) in family L. Five families were identified with 

multigenic inheritances affected with both IDUA and other gene or affected with both 

other genes instead of IDUA. Their genotypes are mentioned as: NM_000199.5 



 
CHAPTER 3                                                                                        RESULTS
          

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population 

          60 

(SGSH); c.220G>A, (p.Arg74Cys) and NM_000152.5 (GAA); c.1930G>T, 

(p.Ala644Ser) in family C; NM_000203.5 (IDUA); c.1469T>C, (p.Leu490Pro) and 

NM_001384125.1 (KIAA1109); c.1297A>G, (p.Thr4033Ala) in family I, 

NM_016146.6 (TRAPPC4); c.454+3A>G and NM_003922.4 (HERC1); c.5941G>A, 

(p.Val1981Ile) in family J; NM_000203.5 (IDUA); c.1469T>C, (p.Leu490Pro) and 

NM_139125.4 (MASP1); c.C73T, (p.Arg25Ter*) in family K and NM_014140.4 

(SMARCAL1); c.1810C>T, (p.Gln604Ter*) and NM_012250.6 (RRAS2); c.439C>T, 

(p.Arg147Trp) in family L. All the variants were found in homozygous state in 

affected individuals while heterozygous in their parents. Phenotypically normal 

siblings were either wild type or carrier of the respective variants in each family. 

Detailed family history and consanguinity are mentioned in figure 3.10. Runs of 

homozygosity-based F-coefficient of the affected individuals showed that the high 

rate of consanguinity in MPS I families was also reflected in the genetic data (Figure 

3.11) and close to 0 for the non-consanguineous MPS 2 affected individuals. 

These variants were predicted deleterious/disease causing/pathogenic by 

different mutation effect prediction tools including MutationTaster, Polyphen2, SIFT, 

CADD, PROVEAN, VarSome, VARSEAK etc (Table 3.8). None of the identified 

variants was found in homozygous state in any human genome variations databases 

including gnomAD, ExAC, dbSNP, 1000 Genome Project and ethnically matched 

healthy controls. 
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Table 3.7: Clinical details, age and cast of twelve unrelated patients with 

Mucopolysaccharidosis type I subjected to Whole Genome Sequencing. 

Pedigree 
no. 

Patient 
ID Age Cast Clinical profiles 

A V-4 1y Rajpoot 

Squint eyes, tip-toe walking, kyphosis/scoliosis, 
gibbus formation, frontal bossing, depressed nasal 
bridge, umbilical hernia, narrowing of spinal cord, 

dysostosis, throat problem, weak muscles, more 
crying episodes, two central incisors widely 

spaced, joint contractures, coarse facial features, 
Pectus carinatum, Haemoglobin = 8.6 g/dL (12-
15), HCT = 32 (35-55), MCV = 63.9 fl (75-100), 
MCH = 17.2 pg (25-35), MCHC = 26.9 g/dL (31-

38), Neutrophils = 40.4% (60-70), ESR = 28 
mm/Hr (0-15) 

B V-1 1y Malik 

Delay in achieving milestone, speech delay, 
hernia, short stature, coarse facial features, joint 

contractures, hepatosplenomegaly, delayed 
developmental Q, depressed nasal bridge, 

squinted eyes 

C V-1 4y Pathan 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 
short stature, respiratory/ear infections, coarse 

facial features, broad based gait, joint 
contractures, short trunk, scoliosis/kyphosis, 

hepatosplenomegaly, low IQ, intellectual 
disability, low haemoglobin 

D IV-1 1.5y Sheikh 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 
gibbus formation, short stature, upper airways 

obstruction, kyphosis, hazel corneas, coarse facial 
features, hearing loss, joint contractures, 

hepatosplenomegaly, intellectual disability, 
hypertrichosis 

E 

VI-4 8y 

Rajpoot 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 

hernia, gibbus formation, short stature, 
respiratory/ear infection, coarse facial features, 
waddling in gait, joint contractures, scoliosis, 

hepatosplenomegaly, corneal clouding 

VI-2 3y 

Delay in achieving milestone, abdominal 
distention, aggressive behavior, speech delay, 

hernia, gibbus formation, short stature, 
respiratory/ear infection, coarse facial features, 
waddling in gait, joint contractures, scoliosis, 

hepatosplenomegaly, corneal clouding 

F IV-1 16.5y Narman 

Delay in achieving milestones, abdominal 
distention, hernia, short stature, coarse facial 

features, joint contractures, short trunk, 
hepatosplenomegaly 



 
CHAPTER 3                                                                                        RESULTS
          

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population 

          62 

G IV-4 6y Rajpoot 

Delay in achieving milestones, abdominal 
distention, aggressive behavior, short stature, 

respiratory/ear infection, joint contractures, short 
trunk, speech delay, coarse facial features, 
hepatosplenomegaly, intellectual disability 

H IV-2 14y Suddhan 

Delay in achieving milestones, abdominal 
distention, coarse facial features, aggressive 

behavior, short stature, respiratory/ear infections, 
hip dysplasia, joint stiffness, hepatosplenomegaly, 

difficulty in walking 
Craniofacial disproportion, J-shaped sella, L1 

vertebral body is hypoplastic and slightly 
posteriorly displaced, exaggerated lumbar 

lordosis, RBG = 71 mg/dL (80-160), serum urea = 
10 mg/dL (12-50), loss of biconcavity of 

metacarpals with proximal tapping 

I V-1 12y Mughal 

Joint contractures, corneal clouding, very less 
eyesight, abdominal distention, coarse facial 

features, short stature, underweight, umbilical 
hernia, cannot walk, developmental delay, cardiac 
issues, hearing issues, respiratory problems/loud 

snoring 

J V-2 2.5y Mughal 

Delay in achieving milestones, aggressive 
behavior with multiple crying episodes, 

respiratory/ear infection, no walk, intellectual 
disability 

K IV-4 8.5y Abbasi 

Delay in achieving milestones, abdominal 
distention, aggressive behavior, speech delay, 

umbilical hernia, gibbus formation, short stature, 
constipation, coarse facial features, cannot walk 
(wheel-chair bound), joint contractures, scoliosis 
and kyphosis, hepatosplenomegaly, fish mouth 

vertebrae, oar shaped ribs, low IQ, widely spaced 
eyes, narrowing of eye opening (right), drooping 

eyelids, intellectual disability, developmental 
delay 

Red cell count = 2.68 million/ul (4-5.2), 
Haemoglobin = 7.2 g/dL (11.5-15.5), HCT = 21.8 
(35-45), Platelet count = 141×1000/ul (170-450), 

Neutrophils = 53.4% (60-70) 

L IV-5 8y Yousafzai 

Delay in achieving milestones, abdominal 
distention, aggressive behavior, speech delay, 

hernia, short stature, coarse facial features, joint 
contractures, hepatosplenomegaly, low IQ, 
intellectual disability, dysostosis multiplex 

ESR: erythrocytes sedimentation rate, HCT: hematocrit, IQ: intelligent quotient, MCV: mean corpuscle 

volume, MCV: mean corpuscle volume, MCH: mean corpuscle hemoglobin, MCHC: mean corpuscle 

hemoglobin concentration, RBG: random blood glucose, y: years 
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a) b) c)  
         Pedigree A                    Pedigree B         Pedigree C 
 

d)  e) f)  
           Pedigree D                             Pedigree E                   Pedigree F 
 

g)     h)      i)    
       Pedigree G                        Pedigree H                                      Pedigree I 
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j)   k)   l)   
        Pedigree J                                      Pedigree K                         Pedigree L 
 
Figure 3.10: Pedigrees of twelve families (A-L) inheriting MPS I phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 

 

                      

Figure 3.11: Distribution of runs of homozygosity-based F-coefficient of the MPS 

families. 
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Pedigree/Patient 
ID Gene variant Patients’ 

Genotype dbSNP 

In-Silico 
tools with 

deleterious 
output 

MAF 
gnomAD 

Classification 
ACMG VarSome 

HGMD 
accession 
number 

A/V-4 NM_000512.5 (GALNS); c.871G>A 
(p.Ala291Thr) Homozygous rs118204448 4/7 0.00001972 

Pathogenic 
PP3, PP4, PP5, 

PM1, PM2 
Pathogenic CM950535 

B/V-1 
NM_000203.5 (IDUA); c.1172-

1173insGCTGCTGGC 
(p.Gly391insLeuLeuAla) 

Homozygous rs1560548356  2/4 0.000007 Likely pathogenic 
PP4, PM2, PM4 

Likely 
pathogenic 

Current 
study 

C/V-1 

NM_000199.5 (SGSH); c.220G>A 
(p.Arg74Cys) 

Homozygous 

rs104894636 17/17 0.0002270 
 
 
0.00003306 

Pathogenic 
PP5, PS3, PM1, 
PM2, PM5, PP3 

Pathogenic CM971355 

NM_000152.5 (GAA); c.1930G>T 
(p.Ala644Ser) rs752735168 16/18 

Likely pathogenic 
PM1, PM2, PP3, 

PP4 
Pathogenic Current 

study 

D/IV-1 
NM_172232.4 (ABCA5); 

c.26569G>A 
(p.Arg857Cys) 

Homozygous rs747667004 7/7 0.0001090 
Likely pathogenic 
PM1, PM2, PP3, 

PP4 

Uncertain 
significance 

Current 
study 

E/IV-2, IV-4 NM_000203.5 (IDUA); c.1469T>C 
(p.Leu490Pro) Homozygous rs121965027 7/7 0.00004681 

Pathogenic 
PS3, PM1, PM2, 
PP4,  PP5, PS3 

Pathogenic CM950685 

F/IV-1 NM_000203.5 (IDUA); c.1469T>C 
(p.Leu490Pro) Homozygous rs121965027 7/7 0.00004681 

Pathogenic 
PS3, PM1, PM2, 
PP4, PP5, PS3 

Pathogenic CM950685 

G/IV-4 NM_001166550.4 (IDS); c.353T>A  
(p.Leu118Ter) Hemizygous - 4/4 - 

Pathogenic 
PVS1, PM2, PP3, 

PP4 
Pathogenic Current 

study 

H/IV-2 NM_000035.4 (ALDOB); c.264G>T 
 (p.Asp88Glu) Homozygous rs200585150 11/18 0.0004219 

VUS 
PM1, PM2, PP3 

BP1,  

Uncertain 
significance  CM1618755 

Table 3.8: Genotype, In-Silico analysis and ACMG classification status of the identified variants in twelve MPS I recruited patients subjected 
to Whole Genome Sequencing. 
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I/V-1 

NM_000203.5 (IDUA); c.1469T>C 
(p.Leu490Pro) 

Homozygous 

rs121965027 7/7 
 

0.00004681 
 
 
 
 

0.00001213 

Likely pathogenic 
PS3, PM1, PM2, 

PP4, PP5 
Pathogenic CM950685 

NM_001384125.1 (KIAA1109); 
c.1297A>G 

(p.Thr4033Ala) 
rs773658128 6/7 VUS 

PM1, PM2 
Uncertain 

significance 
Current 
study 

J/V-2 

NM_016146.6 (TRAPPC4); 
c.454+3A>G 

Homozygous 

rs375776811 N/A 0.0002403 
 
 
- 

Pathogenic 
PP5, PM2, PP3 

Likely 
pathogenic 

Not 
available 

NM_003922.4 (HERC1); 
c.5941G>A 

 (p.Val1981Ile) 
- 4/7 VUS 

PM2, BP4 
Uncertain 

significance 
Current 
study 

K/IV-4 

NM_000203.5 (IDUA); c.1469T>C 
(p.Leu490Pro) 

Homozygous 

rs121965027 7/7 0.00004681 
 
 
 

0.0001591 

Likely pathogenic 
PS3, PM1, PM2, 

PP4, PP5 
Pathogenic CM950685 

NM_139125.4 (MASP1); c.C73T 
 (p.Arg25Ter) rs369042881 N/A VUS 

PM2, BS1, BS2 
Uncertain 

significance 
Current 
study 

L/IV-5 

NM_014140.4 (SMARCAL1); 
c.1810C>T 

(p.Gln604Ter) 
Homozygous 

- 6/7 - 
 
 
 
- 

Pathogenic 
PVS1, PM2, PP3 

Likely 
pathogenic 

Current 
study 

NM_012250.6 (RRAS2); c.439C>T 
 (p.Arg147Trp) - 16/18 

Likely pathogenic 
PM1, PM2, PP2, 

PP3 

Likely 
pathogenic 

Not 
available in 

HGMD 

HGMD: human genome mutation database, MAF: minor allele frequency, N/A: not applicable, PM: moderate pathogenic, PP: possibly pathogenic, PS: strong pathogenic, PVS: very 
strong pathogenic, VUS: variant of uncertain significance 



CHAPTER 3                                                                                        RESULTS 

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population 

          67 

3.3.2. Study of Clinical Aspects and Genetic Screening of Two 

Mucopolysaccharidosis type II Families. 

Two suspected families for MPS II or hunter syndrome have been recruited 

based on their presenting clinical profiles (Table 3.9). WGS data analysis revealed 

two pathogenic variations in gene IDS located on X-chromosome (Table 3.10). 

Parental consanguinity could not be linked in these families as it is X-linked disorder 

(Figure 3.12). 

Table 3.9: Clinical details, age and cast of two unrelated patients with 

Mucopolysaccharidosis type II subjected to Whole Genome Sequencing. 

Pedigree 
no. 

Patient 
ID Age Cast Clinical profiles 

A VI-1 4.5y Rajpoot 
Bhatti/Khosa 

Delay in achieving milestones, abdominal 
distention, aggressive behavior, speech 
delay, short stature, constipation, coarse 

facial features, joint contractures, 
hepatosplenomegaly, intellectual disability, 

hernia 

B III-1 5y Aryn 
Delay in achieving milestones, hernia, short 

stature, coarse facial features, intellectual 
disability 

y: years 
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a)             b)  

 Pedigree A                              Pedigree B 

Figure 3.12: Pedigrees of families inheriting MPS II phenotype consistent with 

X-linked mode of inheritance of disease.  

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Variants identified 

in the present families are shown below each participating individual 

Table 3.10: Genotype, In-Silico analysis and ACMG classification status of the 
identified variants in two MPS II recruited patients subjected to Whole Genome 
Sequencing. 

Pedigree
/ Patient 

ID 
Gene variant Patients’ 

Genotype 

In-Silico 
tools with 

deleterious 
output 

Classification 
ACMG VarSome 

HGMD 
accession 
number 

A/VI-1 

NM_000202.8 
(IDS); 

c.1264C>G 
(p.Cys422Ser) 

Hemizygous 17/23 

Likely 
pathogenic 
PM1, PM2, 

PP3, PP4, BP1 

Likely 
pathogenic 

Current 
study 

B/III-1 

NM_000202.8 
(IDS); 

c.1035C>T 
(p.Trp345Ter) 

Hemizygous 11/11 
Pathogenic 

PVS1, PM2, 
PP3, 

Pathogenic Current 
study 

ACMG: american college of medical genetics, BP: benign supporting, HGMD: human genome 
mutation database, PM: moderate pathogenic, PP: possibly pathogenic, PVS: very strong pathogenic
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3.3.3. Study of Clinical Aspects and Genetic Screening of Six 

Mucopolysaccharidosis type III or Sanfilippo Syndrome Families. 

There were six families recruited based on their presenting clinical profiles as 

MPS III or Sanfilippo syndrome affected. There were various overlapping features 

among all patients mentioned in detail in table 3.11. Detailed pedigrees showing 

non/consanguineous parents are mentioned in figure 3.13. After subjected to the 

WGS, five families were affected with MPS III including sub-type A and B: 

NM_000263.4 (NAGLU); c.2020C>T, (p.Arg674Cys) in pedigree A; NM_000199.5 

(SGSH); c.221C>T, (p.Arg74His) in pedigree B; NM_000199.5 (SGSH); c.364C>T, 

(p.Gly122Arg) in pedigree D; NM_000199.5 (SGSH); c.258A>C, (p.Asn86Lys) in 

pedigree E and NM_000199.5 (SGSH); c.817G>A, (p.Asp273Asn) in pedigree F 

while one family had shown variant in the gene causing Spinocerebral Ataxia, 

NM_144992 (VWA3B); c.2951A>C, (p.Glu984Ala) in pedigree C. All variants were 

found in homozygous state in patients while in heterozygous state in parents. 

Phenotypically normal siblings in families were either homozygous wild type or 

heterozygous carriers for that particular variant. 

These variants were predicted to be deleterious/pathogenic by various 

mutation prediction tools like MutationTaster, SIFT, Polyphen-2, CADD, VarSome, 

VARSEAK and PROVEAN (Table 3.12). All these predicted variants were not found 

in any human genome variation databases including ExAC, gnomAD, 1000 Genome 

Project, dbSNP and healthy control samples from same ethnicity. 
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Table 3.11: Clinical details, age and cast of six unrelated patients with 

Mucopolysaccharidosis type III subjected to Whole Genome Sequencing. 

Pedigree 
no. 

Patient 
ID Age Cast Clinical profiles 

A VII-4 5y Sardar 

Delay in achieving milestone, abdominal distention, aggressive 
behavior (sometime), speech delay, short stature, increased body 
hair, coarse facial features, broad based gate, joint contracture, 
short trunk, hepatosplenomegaly, self-biting, intellectual 
disability 
ALT = 49 U/L (up to 40), AST = 46 U/L (up to 40), Bilirubin 
total = 1.9 mg/dL (<1.2), Hb = 11.1 g/dL (12-1.4), RBC count = 
4.08 mil/cmm (4.75-4.85), Hematocrit = 34% (36-42), 
Monocytes = 06% (4-5), Serum Sodium = 155 mmol/L (132-
145), Serum Potassium = 5.5 mmol/L (3.1-5.1), Serum Ferritin = 
27.84 ng/mL (30-400), beaking at L1 and L2 vertebrae, Glucose 
(R) = 76 mg/dL (80-130) 

B 

VII-2 14.5y 

Khawaja 

Delay in achieving milestone, chronic diarrhea, abdominal 
distention, aggressive behaviors, few words speech only, hernia 
(surgery), short stature, constipation, coarse facial features, 
hepatosplenomegaly, poor IQ 

VII-5 10.5y 

Delay in achieving milestone, chronic diarrhea, abdominal 
distention, aggressive behaviors, few words speech only, hernia 
(surgery), short stature, constipation, coarse facial features, 
hepatosplenomegaly, poor IQ 
Hb = 9.9 g/dL (13.5-19.5), RBC = 3.92×106/ul (4.0-5.9), MCH = 
25.2 pg (28-32), MCHC = 27.7 g/dL (29-37), Neutrophils = 76.1 
% (50-75), Eosinophils = 0.1 % (1-6) 

VII-3 9y 

Delay in achieving milestone, chronic diarrhea, abdominal 
distention, aggressive behaviors, few words speech only, hernia 
(surgery), short stature, constipation, coarse facial features, 
hepatosplenomegaly, poor IQ 

C 
V-1 5y 

Aryn 

Delay in achieving milestones, chronic diarrhea, aggressive 
behavior, speech delay, short stature, coarse facial features, joint 
contractures, hepatosplenomegaly, intellectual disability 

V-4 1.5y Delay in achieving milestones, chronic diarrhea,, short stature,  
joint contractures, hepatosplenomegaly, intellectual disability 

D 

IV-1 2y 

Qaisrani 
baloch 

Delay in achieving milestones, abdominal distention, aggressive 
behavior, speech delay, short stature, respiratory and ear 
infection, coarse facial features, joint contractures, 
hepatosplenomegaly, intellectual disability 
3rd and 4th ventricle dilation, Mild periventricular ischemia, Wide 
cisterna magna, Mild cerebral atrophy, Urea = 12 mg/dL (15-45), 
Creatinine = 0.5 g/dL (0.6-1.1), ALT = 39 u/L (5-31), Hb = 10.1 
g/dL (12-16), HCT = 35.7 % (37-47), MCV = 67.2 fL (80-97), 
MCH = 19 pg (26-32), MCHC = 28.3 g/dL (32-36), Microcytes 
= Positive, Hypochromia = Positive, Poikilocytes = Positive 

IV-2 1y 

Delay in achieving milestones, abdominal distention, aggressive 
behavior, speech delay, short stature, respiratory and ear 
infection (otitis media), coarse facial features, joint contractures, 
hepatosplenomegaly, intellectual disability 
Mild cerebral atrophy, mild mucosal thickness of right ethmoid 
and right maxillary sinus, Urea = 10 mg/dL (15-45), Creatinine 
= 0.5 mg/dL (0.7-1.4), Uric acid = 2.8 md/dL (3.6-7.7), Serum 
Ferritin = 4.75 µg/L (30-400), Hb = 10.1g/dL (14-18), HCT = 
36.5 % (41-51), MCV = 69.4 fL (80.97), MCH = 19.2 pg (26-
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32), MCHC = 27.7 g/dL (32-36), Microcytes = Positive, 
Hypochromia = Positive, Poikilocytes = Positive 

E 

VI-1 14y 

Pathan 

Delay in achieving milestone, aggressive behavior, speech delay, 
gibbus formation, short stature, respiratory/ear infection, coarse 
facial features, excessive hair growth, broad based/waddling, 
joint contractures, short stature, scoliosis/kyphosis, intellectual 
disability 
Diffuse cerebral cortical atrophy, AV and VA concordance, 
Dolichocephaly, Mild atrophy, Hb = 11.4 g/dL (14-18), 
Neutrophils = 44% (50-75), Lymphocytes = 49% (20-40), 
Monocytes = 01% (2-6) 

VI-2 8y 

Delay in achieving milestone, aggressive behavior, speech delay, 
gibbus formation, short stature, respiratory/ear infection, coarse 
facial features, excessive hair growth, broad based/waddling, 
joint contractures, short stature, scoliosis/kyphosis, intellectual 
disability 
Small acquired porencephalic cyst left peri-sylvian mid parietal 
region, Hb = 11 g/dL (14-18), WBCs = 3900/cmm (4000-11000), 
Lymphocytes = 47% (20-45), Monocytes = 01% (2-6) 

F 

IV-1 10y 

Kakakhel 

Delay in achieving milestones, abdominal distention, aggressive 
behavior, speech delay, respiratory/ear infection (decreased 
hearing), coarse facial features, joint contractures, 
hepatosplenomegaly, intellectual disability 
Spina bifida S1, Irregular acetabular margins, Pallor = Positive, 
Thick calvarium 

IV-2 7y 

Delay in achieving milestones, abdominal distention, aggressive 
behavior, speech delay, respiratory/ear infection, coarse facial 
features, joint contractures, hepatosplenomegaly, intellectual 
disability 
Hb = 11.7 g/dL (12-15), Neutrophils = 16.7% (60-70), 
Eosinophils = 25.2% (0.0-4.0), Irregular acetabular with small 
lytic areas with small femoral epiphysis, Spina bifida S1, Thick 
calvarium, J-shaped sella, Hip joint juvenile arthritis 

 
ALT: alanine transaminase, AST: aspartate aminotransferase, AV/VA: 

atrioventricular/ventriculoarterial, Hb: hemoglobin, HCT: hematocrit, IQ: intelligent quotient, MCV: 

mean corpuscular volume, MCHC: mean corpuscular hemoglobin concentration, MCH: mean 

corpuscular hemoglobin, RBC: red blood cells, WBCs: white blood cells, y: years 
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a)     b)    c)  

             Pedigree A                          Pedigree B                           Pedigree C  

d)       e)              f)  

           Pedigree D                               Pedigree E                           Pedigree F 

Figure 3.13: Pedigrees of families inheriting MPS III phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 
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Pedigree/Patient 
ID Gene variants Patient 

genotype dbSNP 

In-silico 
tools with 

deleterious 
output 

ACMG 
classification Varsome 

HGMD 
accession 
number 

A/VII-4 
NM_000263.4 

(NAGLU); c.2020C>T 
(p.Arg674Cys) 

Homozygous rs763299645 9/9 
Pathogenic 
PP5, PP3, 
PM5, PM2 

Pathogenic CM981369 

B/VII-2, VII-3, 
VII-5 

NM_000199.5 (SGSH); 
c.221C>T (p.Arg74His) Homozygous rs778336949 9/9 

Pathogenic 
PP5, PS3, 
PM5, PP3, 

PM2 

Pathogenic CM971354 

C/V-1, V-4 
NM_144992 (VWA3B); 

c.2951A>C 
(p.Glu984Ala) 

Homozygous N/A 8/9 
Likely benign 

BP1, BP4, 
PM2 

Uncertain 
significance Current study 

D/IV-1, IV-2 
NM_000199.5 (SGSH); 

c.364C>T 
(p.Gly122Arg) 

Homozygous rs761607612 9/9 Pathogenic 
PP5, PP3, PM2 

Likely 
pathogenic CM971358 

E/VI-1, VI-2 
NM_000199.5 (SGSH); 

c.258A>C 
(p.Asn86Lys) 

Homozygous N/A 8/9 
Uncertain 

significance 
PM2, PP3 

Uncertain 
significance Current study 

F/IV-1, IV-2 
NM_000199.5 (SGSH); 

c.817G>A 
(p.Asp273Asn) 

Homozygous rs1046551417 7/9 
Uncertain 

significance 
PM2, PP5 

Uncertain 
significance CM002397 

Table 3.12: Genotype, In-Silico analysis and ACMG classification status of the identified variants in six MPS III recruited patients 
subjected to Whole Genome Sequencing. 

ACMG: american college medical college, BP: benign supporting, HGMD: human genome mutation database, N/A: not applicable, PM: moderate pathogenic, PP: 
possibly pathogenic, PS: strong pathogenic 
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3.3.4. Study of Clinical Aspects and Genetic Screening of Eight 

Mucopolysaccharidosis type IV or Morquio Syndrome Families. 

From clinical and phenotypic diagnosis, eight families affected with Morquio 

syndrome (MPS IV) were recruited to be the part of this study spanning on duration 

of 2017 to 2020. MPS IV patients showing overlapping features like short stature, 

coarse facial features, scoliosis/kyphosis, gibbus formation and many others (Table 

3.13). All families of MPS IV show consanguinity except pedigree C (Figure 3.14). 

Data analysis revealed six families affected with MPS IVA: NM_000512.5 

(GALNS); c. 1365-2A>G in pedigree A; NM_000512.5 (GALNS); c.107A>C, 

(p.Leu36Arg) in pedigree B; NM_000512.5 (GALNS); c.1259G>C, (p.Pro420Arg) in 

pedigree D; NM_000512.5 (GALNS), c.423-1G>A in pedigree F; NM_000512.5 

(GALNS); c.107A>C, (p.Leu36Arg) in pedigree G; NM_000512.5 (GALNS); 

c.107A>C, (p.Leu36Arg) in pedigree H and one family affected with Mucolipidosis 

III gamma i.e NM_032520.5 (GNPTG); c.179G>A, (p.Gly60Glu) in pedigree E; and 

one family with multigenic inheritance including MPS IVA and Biotinidase 

deficiency, NM_001281723.2 (BTD); c.1336G>C, (p.Asp446His) in pedigree H. All 

variants were found in homozygous state in patients while in heterozygous state in 

parents. Phenotypically normal siblings in families were either homozygous wild type 

or heterozygous carriers for that particular variant. In pedigree C (MPS IV) initial 

analysis of coding regions in patients did not reveal any pathogenic variant. 

These variants were predicted to be deleterious/pathogenic by various 

mutation prediction tools like MutationTaster, SIFT, Polyphen-2, CADD, VarSome, 

VARSEAK and PROVEAN (Table 3.14). All these predicted variants were not found 

in any human genome variation databases including ExAC, gnomAD, 1000 Genome 

Project, dbSNP and healthy control samples from same ethnicity. 
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Table 3.13: Clinical details, age and cast of eight unrelated patients with 

Mucopolysaccharidosis type IV subjected to Whole Genome Sequencing. 

Pedigree 
no 

Patient 
ID Age Cast Clinical profiles 

A IV-1 3y Gujjar 

Delay in achieving milestones, abdominal distention, gibbus 
formation, short stature, height 95 cm,12 kg weight, head 
circumference 48 cm, coarse facial features, broad based gate, 
joint contractures, kyphosis/scoliosis, bullet shaped 
metacarpals, beaking of vertebrae, oar shaped ribs, widening 
of medullary canal, coarse trabecular pattern 
Metaphyseal dysplasia, Blood sugar Random = 70 mg/dL (80-
160), Hb = 11.7 g/dL (14-18), HCT = 34.3% (35-55), 
Neutrophils = 39.8% (60-70), Lymphocytes = 42.1% (30-40), 
Vitamin D3 = 18ng/mL (Deficient <20) 

B 

IV-5 7.5y 

Awan 

Speech delay, gibbus formation, short stature, (92 cm height, 
weight 15 kg, head circumference 49 cm {F}), coarse facial 
features, broad based gate, bone pain, joint contractures, short 
trunk, scoliosis/kyphosis, pectus carinatum 

IV-4 5y 
Abdominal distention, aggressive behavior, short stature, 
constipation, (89 cm height, 14 kg weight, head 
circumference 51 cm {M}) 

C 

III-1 12y 

Pathan 

Asthma (use inhaler), sleep apnea (suddenly wake up), no 
hearing, very loose joints, thin bones, underweight, deep 
voice, macrocephaly, carpel tunnel syndrome, short stature, 
spinal cord is bent, all body muscles and bones deform, weak 
muscles, aggressive, coarse facial features, jerky movement, 
widely spaced teeth, large tongue, mild ID, flat nasal bridge, 
skin problem 

III-2 9y 

Sleep apnea (suddenly wake up), very loose joints, thin bones, 
underweight, deep voice, macrocephaly, short stature, spinal 
cord is bent, all body muscles and bones deform, weak 
muscles, aggressive, coarse facial features, jerky movement, 
widely spaced teeth, large tongue, mild ID, flat nasal bridge 

D 

IV-1 10.5y 

Mohmand 

Delay in achieving milestone, abdominal distention, 
aggressive behavior, gibbus, short stature, respiratory/ear 
infection, coarse facial features, joint contractures, short 
trunk, scoliosis/kyphosis, hernia, broad band 

IV-2 9y 

Delay in achieving milestone, abdominal distention, 
aggressive behavior, gibbus, short stature, respiratory/ear 
infection, coarse facial features, joint contractures, short 
trunk, scoliosis/kyphosis, hernia, broad band 

IV-3 8y 

Delay in achieving milestone, abdominal distention, 
aggressive behavior, gibbus, short stature, respiratory/ear 
infection, coarse facial features, joint contractures, short 
trunk, scoliosis/kyphosis, hernia, broad band 

E 

VI-1 10y  
Aggressive behavior, short stature, gibbus formation, 
waddling gait, joint contractures, short trunk, 
scoliosis/kyphosis, liver problem, anemia, sleep apnea 

VI-2 8y Qureshi 
Aggressive behavior, short stature, gibbus formation, 
waddling gait, joint contractures, short trunk, 
scoliosis/kyphosis, liver problem, anemia, sleep apnea 

F IV-1 13y Rana 

Short stature, gibbus formation, joint contractures, short 
trunk, scoliosis/kyphosis, coarse facial features, 
spondyloepiphyseal dysplasia, Height = 80cm, Weight = 
10kg 
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G 

IV-3 4y 

Awan 

Speech delay, abdominal distention, short stature, gibbus 
formation, respiratory/ear infection, coarse facial features, 
short trunk, joint contractures, scoliosis/kyphosis, hernia, 
hepatosplenomegaly 

IV-5 3y Speech delay, abdominal distention, short stature, gibbus 
formation, respiratory/ear infection, coarse facial features, 
short trunk, joint contractures, scoliosis/kyphosis, hernia, 
hepatosplenomegaly (maternal twins) 

IV-6 3y 

H V-3 5y Pakhtoon 

Delay in achieving milestones, short stature, coarse facial 
features, scoliosis/kyphosis, abdominal distention, 
hepatosplenomegaly, joint contractures, beaking of chest 
Hb = 11.8 g/dl (12-14), Bilirubin = 16.4 mg/dl (0.1-1.0), 
Serum growth hormone = 1.62 ng/mL (2-5) 

F: female, Hb: hemoglobin, HCT: hematocrit, ID: intellectual disability, Kg: kilogram, M: male, y: 

years 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3                                                                                        RESULTS 

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population 

          77 

a) b)     c)  
            Pedigree A                                  Pedigree B                    Pedigree C 

d)   e)   f)    
                    Pedigree D                     Pedigree E                    Pedigree F 

g)        h)    
                         Pedigree G                                                   Pedigree H 

Figure 3.14: Pedigrees of families inheriting MPS IV phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 
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Table 3.14: Genotype, In-Silico analysis and ACMG classification status of the identified variants in eight MPS IV recruited patients 

subjected to Whole Genome Sequencing. 

Pedigree/ 
Patient ID Gene variants Genotype dbSNP 

In-Silico 
prediction for 
pathogenesis 

ACMG classification Varsome 
HGMD 

accession 
number 

A/IV-1 NM_000512.5 (GALNS); 
c. 1365-2A>G Homozygous rs1281515662 N/A Likely pathogenic 

PVS1, PM2 
Likely 

pathogenic 
Current 
study 

B/VI-3,VI-
4,VI-5 

NM_000512.5 (GALNS); 
c.107A>C (p.Leu36Arg) Homozygous rs755832705 8/9 Pathogenic 

PP5, PM1, PM5, PP3, PM2 Pathogenic CM145571 

C/III-1,III-2 Unsolved N/A N/A N/A N/A N/A N/A 

D/IV-1,IV-
2,IV-3 

NM_000512.5 (GALNS); 
c.1259G>C (p.Pro420Arg) Homozygous N/A 9/9 Uncertain significance 

PP3, PM2, PP5 
Uncertain 

significance CM145597 

E/VI-1,VI-2 NM_032520.5 (GNPTG); 
c.179G>A (p.Gly60Glu) Homozygous N/A 8/9 Uncertain significance 

PP3, PM2 
Uncertain 

significance 
Current 
study 

F/IV-1 NM_000512.5 (GALNS); 
c.423-1G>A Homozygous N/A N/A Pathogenic 

PVS1, PP5, PM2 Pathogenic Current 
study 

G/IV-3/IV-
5,IV-6 

NM_000512.5 (GALNS); 
c.107A>C (p.Leu36Arg) Homozygous rs755832705 8/9 Pathogenic 

PP5, PM1, PM5, PP3, PM2 Pathogenic CM145571 

H/V-3 

NM_000512.5 (GALNS); 
c.107A>C (p.Leu36Arg) Homozygous rs755832705 8/9 Pathogenic 

PP5, PM1, PM5, PP3, PM2 Pathogenic CM145571 

NM_001281723.2 (BTD); 
c.1336G>C (p.Asp446His) Homozygous N/A 8/9 Pathogenic 

PS3, PS1, PP5, PM1, PM5 Pathogenic Current 
study 

 

 

ACMG: american college of medical genetics, HGMD: human genome mutation database, N/A: not applicable, PM: moderate pathogenic, PP: possibly pathogenic, PS: strong 
pathogenic, PVS: very strong pathogenic 
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3.3.5. Study of Clinical Aspects and Genetic Screening of Three Gaucher 

Disease Families. 

Among six collected families based on their presenting clinical profiles as GD 

affected, three were subjected to Sanger Sequencing at Molecular Biology lab, 

Department of Zoology, Faculty of Biological Sciences, Quaid-I-Azam University, 

Islamabad, Pakistan as mentioned in section 3.3.2. While three families were 

subjected to Whole Genome Sequencing at Novo Nordisk Foundation Center for 

Basic Metabolic Research, University of Copenhagen, Denmark during six months 

stay funded by the Higher Education Commission, Pakistan, under International 

Research Support Initiative Program (Annexure 2.1). Their clinical profiles are quite 

resembling with each other (Table 3.15). All patients were born to first degree 

consanguineous couples (Figure 3.15). 

Whole genome sequencing revealed two novel variants of NPC1 gene, 

NM_000271.5 (NPC1); c.1610T>C, (p. Phe537Ser), and NM_000271.5 (NPC1); 

c.3293C>T, (p. Thr1098Ile), in pedigree A. All the variants showed heterozygous 

carrier status in parents and homozygous mutant in patients. Both variants in NPC1 

found in pedigree A are previously not reported in HGMD for causing any 

pathogenesis. The In-Silico analysis showed the pathogenesis of the variant by 

applying various tools (Table 3.16). Remaining two families, pedigree B and pedigree 

C remained unsolved and could not be identified with any genetic variant in coding 

regions. 
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Table 3.15: Clinical details, age and cast of three unrelated patients with 

Gaucher disease subjected to Whole Genome Sequencing. 

Pedigree 
no. 

Patient 
ID Age Cast Clinical profiles 

A IV-1 9m Suddhan 

Delay in achieving milestones, respiratory/ear 
infections, abdominal distention, weak muscles, 

hepatosplenomegaly, hyper cellular fragments and 
trails, microcytosis, hypochromia, anisocytosis, 

poikilocytosis, target cells, fragmented cells 
WBC = 8.6/cmm (6000-14500), Hemoglobin = 9.8 
g/dL (11-15), Hematocrit = 31.5% (40-68), MCV = 
55.9 fl (62-98), MCH = 17.4 pg (25-32), Platelets = 

177/cmm (140,000-450,000), Red cell count = 
6.25×106/uL, MCV = 53.4 fL (78-96), MCHC = 16.8 

pg (27-32), Reticulocyte count = 0.1% (1.0-6.0), ESR = 
15 mm/hr (0-12), Neutrophils = 38% (40-80), 

Lymphocytes = 49% (20-40), ALP = 214 U/L (upto 
135) 

B IV-3 1.5y Chodhary 

Delay in achieving milestones, abdominal distention, 
hepatosplenomegaly, anemia, weak muscles, 

microcytosis, hypochromia, anisocytosis 
Hemoglobin = 8.8 g/dL (12-15), HCT = 29.2 (35-55), 

MCV = 67.5 fL (75-100), MCH = 20.4 pg (25-35), 
MCHC = 30.2 g/dL (31-38), Platelet count = 

2×1000/uL (100-400), RDW-CV = 20% (11-15), 
Neutrophils = 37% (60-70), Lymphocytes = 55% (30-
40), Monocytes = 6% (0-5), Iron binding capacity = 

419 ug/dL (100-400) 

C V-2 1.5y Abbasi 

Delay in achieving milestones, abdominal distention, 
hepatosplenomegaly, nasal bleeding, anemia, 
anisocytosis, fragmented cells, macrocytes, 
leucoerythroblastic picture, poikilocytosis, 

polychromasia 
Red cell count = 2.09 million/ul (3.5-5.5), Hemoglobin 
= 5.8 g/dL (12-15), HCT = 18.5 (35-55), Platelet count 
= 10×1000/uL (100-400), RDW-CV = 22.9% (11-15), 
Neutrophils = 25% (60-70), Lymphocytes = 60% (30-

40), Monocytes = 8% (0-5), ALP = 216 U/L (upto 
135), Serum urea = 10 mg/dL (12-50), Serum Sodium 
= 133 m.mol/l (135-145), Iron = 8.8 µg/dL (40-100), 

TIBC = 495 µg/dL (100-400), Ferritin = 224 ng/ml (5-
67), Uric acid = 1.5 mg/dL (4.5-8.2) 

ALP: alkaline phosphatase, ESR: erythrocyte sedimentation rate, HCT: hematocrit, m: months, MCV: 

mean corpuscular volume, MCHC: mean corpuscular hemoglobin concentration, MCH: mean 

corpuscular hemoglobin, RBC: red blood cells, RDW-CV: red cell distribution width, TIBC: total iron 

binding capacity, WBCs: white blood cells, y: years 
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a)    b)    c)  

Figure 3.15: Pedigrees of families inheriting Gaucher disease phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual 

 

Table 3.16: Genotype, In-Silico analysis and ACMG classification status of the 

identified variants in family recruited with Gaucher disease and subjected to 

Whole Genome Sequencing. 

Pedigree/ 
Patient 

ID 
Gene variant Genotype 

In-Silico 
predictions 

for 
pathogenesis 

ACMG 
classification Varsome 

HGMD 
accession 
number 

A/IV-I 

NM_000271.5 
(NPC1): 

c.3293C>T: 
p.(Thr1098Ile) 

Homozygous 8/9 
Likely 

pathogenic 
PM2, PP3 

Likely 
pathogenic 

Current 
study 

NM_000271.5 
(NPC1): 

c.1610T>C: 
p.(Phe537Ser) 

Homozygous 8/9 

Uncertain 
significance 
PM5, PM2, 

PP3 

Uncertain 
significance 

Current 
study 

ACMG: American college of medical genetics, HGMD: human genome mutation database, PM: 

moderate pathogenic, PP: possibly pathogenic
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3.3.6. Study of Clinical Aspects and Genetic Screening of two Niemann-Pick 

Disease Families. 

Two families were suspected as Niemann-Pick Disease affected based on their 

presenting clinical profiles and bone marrow diagnosis. Most of the phenotypes 

among patients were overlapping like abdominal distention hepatosplenomegaly, 

delay in achieving milestones (Table 3.17). All patients were born to first-degree 

consanguineous couples (Figure 3.16). 

Whole genome sequencing revealed a homozygous sequence variant; 

NM_000543.5 (SMPD1); c.1268A>G, (p. His423Arg) in pedigree A and B. All the 

variants showed heterozygous carrier status in parents and homozygous mutant in 

patients. The missense variant of SMPD1 found in pedigree A and B has been 

previously reported for causing NP disease in population of European/White and 

Ashkenazi Jewish origin (McGovern et al., 2006). The In-Silico analysis showed the 

pathogenesis of the variant by applying various tools (Table 3.18). 

Table 3.17: Clinical details, age and cast of two unrelated patients with Niemann 

Pick disease subjected to Whole Genome Sequencing. 

Pedigree 
no. 

Patient 
ID Age Cast Clinical profiles 

A IV-1 4y Pakhtoon 

Delay in achieving milestones, cannot walk, ear 
problem, recurrent seizures, hypopigmented spots on 
trunk, facial angiofibroma, cherry red spot at macula, 
splenomegaly, exaggerated reflexes, no speech, very 

loose body cannot with stand 

B VI-1 5m Pakhtoon 

Delay in achieving milestones, cherry red spot, 
abdominal distention, respiratory/ear infections, 

hepatosplenomegaly 
TLC = 24.7×109/L (6-18), MCH = 23.6 pg (24-30), 
RDW-CV = 14.7% (11-14), Neutrophils = 30% (60-

70), Lymphocytes = 57% (30-40), Polychromasia +/+, 
Reticulocyte’s count = 0.7% (2.0-6.0), Cholesterol-S = 

5.2 mmol/L (1.8-4.5), Hemoglobin = 11.5 g/dL (12-
15), MCV = 72.3 fl (75-100), MCH = 23.2 pg (25-35), 
Neutrophils = 30.1% (60-70), Lymphocytes = 56.4% 

(30-40), Serum Urea = 11 mg/dL (12-50), Serum ALT 
= 328 U/L (Upto 42), Serum Alkaline Phosphatase = 

500 U/L (Upto 135) 

ALT: alanine transaminase, Hb: hemoglobin, HCT: hematocrit, m: months, MCV: mean corpuscular 

volume, MCH: mean corpuscular hemoglobin, RDW-CV: red cell distribution width, TLC: total 

leukocyte count, y: years 
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                  a)     b)  

                              Pedigree A                            Pedigree B 

Figure 3.16: Pedigrees of families inheriting Niemann Pick disease phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 

 

Table 3.18: Genotype, In-Silico analysis and ACMG classification status of the 

identified variants in two Niemann-Pick disease recruited patients subjected to 

Whole Genome Sequencing. 

Pedigree/ 
Patient 

ID 
Gene variant Genotype 

In-Silico 
predictions 

for 
pathogenesis 

ACMG 
classification Varsome 

HGMD 
accession 
number 

A/IV-1 

NM_000543.5 
(SMPD1); 

c.1268A>G: 
(p.His423Arg) 

Homozygous 7/9 
Pathogenic 
PM1, PM5, 

PM2 
Pathogenic CM068450 

B/VI-1 

NM_000543.5 
(SMPD1); 

c.1268A>G: 
(p.His423Arg) 

Homozygous 7/9 
Pathogenic 
PM1, PM5, 

PM2 
Pathogenic CM068450 

ACMG: American college of medical genetics, HGMD: human genome mutation database, PM: 

moderate pathogenic 
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3.3.7. Study of Clinical Aspects and Genetic Screening of Pycnodysostosis 

Family. 

The patient is a 6 year old boy of a first degree cousin couple (Figure 3.17). 

The patient was anemic with low hemoglobin level (11.1g/dL). The height was 94 cm 

and weight were 12 kg. Nails were deshaped and had fungal infection. There was 

overcrowding of teeth, PCV/HCT was lower than the marginal value i.e 34.3 (35-55), 

platelets counts were higher i.e 537×1000/μl (100-400), RDW-CV value is also higher 

than the marginal value i.e 15.2% (11.6-15), neutrophils are lower than the marginal 

value i.e 52.4% (60-70), serum calcium is higher than the marginal value i.e 2.7 

mmol/l (1.0-2.4) and RBCs are also higher in urine 5-6 HPF (0-1 HPF). 

 

                                     

Figure 3.17: Pedigree of family inheriting Pycnodysostosis phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 

Whole Genome sequencing revealed a previously reported variant 

NM_000396.3 (CTSK); c. 136C>T, (p. Arg46Trp) (Schilling et al., 2007; Kausar et 

al., 2017) in exon 3 of CTSK gene. The variant is in homozygous pattern in the patient 

while both parents were confirmed as heterozygous carriers. As per ACMG the variant 
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is pathogenic (PP5, PM5, PP3, PM2). According to HOPE, tryptophan is bigger in 

size, neutral, and hydrophobic in nature as compared to the wild type of residue i.e 

Arginine. Clustal-W has shown a highly conserved pattern for the wild type of 

Arginine at position 46 in different orthologues (Figure 3.18A). PMut predicted the 

variation as disease causing with a score of 0.58 (82%). PhD-SNP has a reliability 

index of 7 and called it as disease-related polymorphism. The results of PANTHER 

also confirmed this variant as probably damaging with a probability of deleterious 

effect with a score of 0.89 and preservation time as 1629 million years. The interaction 

of CTSK protein with other proteins is mentioned in figure 3.18B. I-Mutant has shown 

decrease in stability of protein with a DDG score of -0.98 due to substitution of 

Arginine with Tryptophan. MUpro also revealed the decrease in protein stability with 

delta g score of -1.07. SIFT explained this variation affects protein structure with a 

score of 0.00 (<0.05 deleterious). PROVEAN also confirms this variant a deleterious 

with score of -6.11 (cutoff value = -2.5). PolyPhen-2 explains it as probably damaging 

with a score of 1.00. Fathmm predicted this variant as damaging with a score of -2.90. 

And MutPred2 probability score 0.28 and P-value of 0.01 (<0.05) with relative loss 

of solvent accessibility. 

 

 

Figure 3.18: (A) Conservation pattern of Arginine at position 46 in different 

orthologues. (B) CTSK protein interactions with other functionally active 

proteins. 
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3.3.8. Study of Clinical Aspects and Genetic Screening of Griscelli Syndrome 

Family. 

One of the recruited family affected with one of the silver hair syndromes 

termed as Griscelli syndrome is subjected to WGS and found to be affected with type 

1 caused by the mutation in gene RAB27A (Table 3.19). The identified variant is 

NM_183235.3 (RAB27A); c.258_260dup, (p. Ala87dup). The identified variant is 

present in homozygous form in both affected siblings and also confirmed as 

heterozygous carrier form in mother. As per ACMG, variant is of uncertain 

significance (PM4, PM2). One of the affected siblings has been died previously from 

same condition as mentioned by the parents. Parents were having first degree 

consanguinity and also showing various cousin marriages in the previous successive 

generations (Figure 3.19). The STRING analysis showed MLPH and MYO5A as 

strong functional partners with a predicted score of 0.999 (Figure 3.20).  

Table 3.19: Clinical details, age and cast of patients with Griscelli syndrome 

subjected to Whole Genome Sequencing. 

Pedigree 
no./Patient ID Age Cast Clinical profiles 

A/VI-1,VI-2 

6.5y 

Rajpoot 

Silvery grey hairs, delay in achieving milestone, 
chronic diarrhea, aggressive behavior, speech 

babbling, blond hair, abdominal distention, waddling 
gate, unable to walk, stand only with support for 
short time, few episodes of fits, fever, vomiting, 

failure to thrive, hypotonia/floppy, lethargy/drowsy,  
RDW-CV= 14.2 % (11-14), Neutrophils = 21.8 % 

(60-70), Lymphocytes = 65.7 % (30-40) 

5.5y 

Delay in achieving milestone, chronic diarrhea, 
aggressive behavior, speech babbling, blond hair, 

abdominal distention, broad based gate 
TLC = 18.1 ×109/L, (6-18), Haemoglobin = 10.9 

g/dL (11.1-14.1), MCH = 24.8 pg (25-29), 
Neutrophils = 0% (60-70), Lymphocytes= 83.1% 

(30-40) 
MCH: mean corpuscular hemoglobin, RDW-CV: red cell distribution width, TLC: total leukocyte 

count, y: years 
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Figure 3.19: Pedigree of family inheriting Griscelli syndrome phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 

 

                                   

Figure 3.20: RAB27A protein interactions with other functionally active proteins 

including MLPH and MYO5A. 
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3.3.9. Study of Clinical Aspects and Genetic Screening of Chediak-Higashi 

Syndrome Family. 

The patient recruited on the phenotypic basis of Chediak-Higashi syndrome 

like grey-silver hairs, weak body, delay in achieving milestones, etc. remained 

unsolved after whole genome sequencing data analysis targeting the coding regions. 

The patient was born to a consanguineous couple with first degree of consanguinity 

and a family history in previous generation depicted with the same clinical 

presentations according to the information provided by one of the family member 

(Figure 3.21). 

                         

Figure 3.21: Pedigree of family inheriting Chediak-Higashi syndrome 

phenotype. 

Squares and circles denote males and females respectively. Filled and unfilled symbols indicate 

affected and unaffected individuals respectively and consanguinity is represented by double marriage 

lines. Asterisk symbol above square or circle shows availability of the individual. Genotypes of 

participating individuals are shown below symbol of each individual. 
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4. DISCUSSION 

During current study, 45 families were enrolled, and their initial recruitment 

was based upon their phenotypic presentation and basic clinical evaluations as 

prescribed by the physician like blood tests, radiological findings, urine sample 

analysis etc. Initial diagnosis was made by an expert pediatrician and all families 

diagnosed to be affected with different sub-types of LSDs like MPS I, MPS II, MPS 

III, MPS IV, Niemann Pick disease, Griscelli disease and Gaucher disease were 

enrolled. There are very few studies published from Pakistan regarding LSDs 

including MPS I, MPS II, MPS IV, Niemann Pick, Pycnodysostosis, and Gaucher 

disease (Kausar et al., 2017; Ullah et al., 2017; Zahoor et al., 2019; Zubaida et al., 

2019; Cheema et al., 2020). These studies were composed mainly of the patients from 

Punjab region, and some patients from KPK as well. As LSDs are rare genetic 

disorders and mainly prevalent in consanguineous populations like Pakistan. Majority 

of the LSDs are autosomal recessive, so their expected prevalence is also high in our 

population where every 8/10 marriages are consanguineous (Gul et al., 2021). The 

diagnosis of LSD’s is complicated and the gold standard method for diagnosis include 

mass spectrophotometry to measure enzyme levels in the leukocytes or fibroblasts 

which is one of the most accurate and quick technique. However, if any LSD is due 

to defect in a non-enzymatic protein, then mass spectrometry can lead us to false 

negative results. For this purpose, whole genome sequencing or whole exome 

sequencing are proved to be the best methods for identifying the underlying causes of 

pathophysiology and provide differential diagnosis for sub-types as well (Han and 

Lee, 2020). As per previous studies including current study published from Pakistan, 

the mortality and morbidity ratio of LSDs affected patients is high due to lack of early 

and advance diagnostic facilities and proper medical treatment like enzyme 

replacement therapy (ERT) (Gul et al., 2021). There are multiple approved enzymes 

for ERTs to treat various LSDs involving enzymatic protein deficiencies that are 

currently being used in the developed countries which are lacking here is Pakistan 

except for Aldurazyme® for treating MPS I, Elaprase® for treating MPS II and Vpriv® 

for treating Gaucher disease on very limited access and availability throughout 

country. These enzymes are being used for treating patients only in one public sector 

hospital in Lahore with the help of a Non-Government Organization (NGO) from the 
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United States of America. For a country like Pakistan heavily populated with more 

than 220 million people and high ratios of consanguinity, this facility equalizes to 

nothing. Early and on time diagnosis is the key to getting some control over early 

morbidity and mortality in the patients. Across the globe, the treatment options in 

practice could only be effective if the diagnosis is early. For example, for bone marrow 

transplant (BMT) or hematopoietic stem cell transplant (HSCT), if the disease is 

identified in the patient during first year of life, then it will be possible to revert 

symptoms except the ones involving central nervous system. The same limitation is 

faced by ERT, as the exogenous enzyme is large enough to cross the blood brain 

barrier and is ineffective in neurological manifestation cases (Afroze and Brown, 

2017; Scarpa et al., 2017). About 60% of the LSDs involve CNS involvement (Gul et 

al., 2021). However, there are a lot of treatment options in their final clinical trials 

that could be the ray of hope for treating such disorders e.g., pharmacological 

chaperon therapy in which chaperons are small enough to cross the blood brain barrier 

and proved to be helpful by stopping the progression of the disease in the patient with 

growing age and also by reverting the symptoms (Schiffmann et al., 2020; Gul et al., 

2021). In a recently published study, there is a successful in-utero enzyme replacement 

therapy for treating infantile-onset Pompe disease, where after receiving in-utero ERT 

and then standard post-natal therapy the patient is showing normal development in 

milestones (Cohen et al., 2022).  

In current study due to diagnostic challenges e.g., unavailability of enzyme analysis, 

diagnosis based on presenting features and radiological findings, after performing 

Next Generation Sequencing (NGS) there are deviations of sub types of LSDs 

between initially diagnosed cases and confirmation after performing whole genome 

sequencing. This study includes cost benefits of WGS supported financially by the 

HEC, Pakistan and Novo Nordisk Foundation Center for Basic Metabolic Research, 

University of Copenhagen, Denmark. Here, MPS I cases have deviation ratio of 83% 

(7/12), MPS III has 16% (1/6), MPS IV has 25% (2/8) and GD has 100% (3/3) Figure 

4.1 (A and B). There are also six families identified with multigenic inheritance, 

confirming the homozygous status of each variant in the affected patients and 

heterozygous carrier’s parents. Due to complexity of phenotypes, late presentation 

due to lack of awareness, poor diagnostics, even no enzyme analysis for all suspected 
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cases and unavailability of molecular genetic testing, there is increased incidence of 

premature mortality caused by LSDs in our population.  

    

Figure 4.1: (A) Pie chart showing families recruited on the basis of their 

phenotypic and initial clinical diagnosis. (B) Pie chart showing families diagnosed 

with LSDs subtypes and other disorders after Whole Genome Sequencing. 

4.1. LSDs’ Families Subjected to Sanger’s Sequencing 

Thirty-five of the families were collected from Children hospital, Pakistan 

Institute of Medical Sciences, Islamabad on course of two years. After one year of 

collection, nine families including six MPS I and three GD families, were subjected 

to Sanger’s sequencing. 

4.1.1. Mucopolysaccharidosis type I 

Among mucopolysaccharidosis, MPS I with different phenotypic variations is 

found to be more prevalent sub-type in the world including Pakistani population 

(Chkioua et al., 2011; Gul et al., 2021). The ratios of different phenotypes of MPS 1 

were reported as Hurler 60.9%, Hurler/Scheie 23%, Sheie 12.9% and 3.2% 

undetermined by Beck et al., (2014). Variants in a single gene are responsible for three 

MPS 1 phenotypes; thus, identification of causative variants for each patient is 

important to develop genotype-phenotype correlation (De R et al., 2012). 

Consequently, molecular genetics diagnosis leads to therapeutic management as 

hematopoietic stem cell transplantation is used for patients presenting with severe 

phenotype i.e., Hurler and show better results with earlier age at treatment (Ghosh et 

al., 2017). This data necessitates molecular genetic screening of MPS 1 cases 
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especially from consanguineous populations that will not only identify prevalent 

variants to establish molecular genetic diagnostic testing but will have clinical utility 

for disease management. For this purpose, the present study was performed to screen 

IDUA gene in the six MPS 1 segregating unrelated consanguineous Pakistani families 

through Sanger Sequencing (Table 3.2). Variant’s analysis of IDUA gene confirmed 

one homozygous disease-causing variant in each of our screened families.  

In pedigree A the novel nonsense mutation p. Glu486Ter, is responsible for 

causing the phenotype. The patient is of 16 months and has severe phenotype with 

presenting features like asthma, sleep apnea, joint contractures, kyphosis, 

ear/nose/throat infections, coarse facial features, hepatosplenomegaly, inguinal 

hernia, aggressive, heavy eyebrows, large tongue, thick lips and rough skin. The 

variant was neither found in ExAC nor in 1000 genome browser. On further analysis 

of the variant this is the deleterious mutation as it causes the truncation of protein 

which is otherwise 653 amino acid long. The trimmed protein is of 485 amino acid 

which is degraded through process of non-sense mediated decay (NMD). All 

transcripts in the mammals which generate pre-mature termination codon (PTC), 50-

55 base pairs upstream of exon-exon junction complex (EJC) undergo the process of 

NMD. Thus, there is no α-L-iduronidase enzyme production for degradation of GAGs 

and results in their excessive accumulation inside the cells which causes the severe 

phenotype i.e. Hurler. Non-sense mutations are more prevalent in Hurler phenotype 

with ranging ratio of 60-80% (Maquat, 2005). The mutation we found in our patient 

is also non-sense, thus we can relate the severe phenotype of our patient with the 

genotype. 

A previously reported missense variant i.e., p. Leu490Pro was detected in 

three out of six analyzed families, and it also provided the possibility of this variant 

to be a founder variant in Pakistani cohort but still more studies are required to confirm 

its status (Table 3.3) (Tieu et al., 1995). The disease phenotype of all of p. Leu490Pro 

carrying patients was Hurler-Scheie similar to previously reported Pakistani patients 

carrying same variant (Arora et al., 2007; Zahoor et al., 2019; Gul et al., 2020). The 

substitution of leucine at position 490 with proline may affect enzymatic activity of 

protein causing an intermediate phenotype (Ghosh et al., 2017). The nature and 

position of substituted amino acid and also newly inserted amino acid describe the 
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impact of that very substitution on structure of protein (Firasat et al., 2018). According 

to HOPE, leucine at position 490 is located in helix-loops-helix region (482-508 

amino acids residues) of β-sandwich domain (482-508) which is important for 

interaction with other two domains of enzyme, and its substitution with proline may 

result in loss of this interaction (Maita et al., 2013; Gul et al., 2020). 

Sequencing of IDUA coding sequence in remaining two families (pedigree B 

and D) revealed, a novel deletion of 14 nucleotides (c. 

568_581delAACGTCTCCATGAC) in exon 5 and a previously reported single 

nucleotide deletion i.e., c.784delC, in exon 6 respectively.  According to mutation 

taster both deletions lead to the frameshift of the coding sequence thus creating a pre-

mature stop codon i.e., c. 568_581delAACGTCTCCATGAC leading to 

Asn190Hisfs*204 and c.784delC causing p. His262Thrfs*55 with truncated proteins 

of 392 and 315 amino acids respectively. Previously, c.784delC causing p. 

His262Thrfs*55 was reported by Al-Jasmi et al., 2012 in an MPS 1 patient of 

Pakistani origin with central nervous system involvement indicating Hurler Phenotype 

(Al-Jasmi et al., 2012). Here in our study Pedigree F patient carrying same variant 

also had by birth onset of the disease. According to Maquat, 2005, all those transcripts 

which generate pre-mature termination codon at 50-55 base pairs upstream of exon-

exon junction complex undergo the process of non-sense mediated decay (NMD) in 

mammals (Maquat, 2005). Furthermore, IDUA variants which cause premature 

protein truncations lead to absence of enzyme and severe phenotype (Keeling et al., 

2013; Huang et al., 2018). Thus, both variants lead to truncating proteins predicted to 

be degraded by NMD leading to absence of α-L-iduronidase enzyme and excessive 

accumulation of GAGs hence showing severe phenotype with by birth onset of the 

disease and neuropathic involvement in our patients. Furthermore, asparagine amino 

acid at 190 positions of IDUA protein is among one of the six potential sites i.e N110, 

N190, N336, N372, N415 and N451 which are subjected to post-translational 

glycosylation (Scott et al., 1991), thus substitution with histidine at this position may 

impact protein function as described previously by Maita et al., (2013).  

Remaining 17 variants including 9 missense and 8 synonymous were benign 

variants according to Mutation taster (Table 3.4). Previously it was reported that 

benign variants may also contribute to variable enzyme activity in healthy subjects 
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(Scott et al., 1993) thus may contribute to the phenotypic variability among patients, 

along with different pathogenic variants. Consequently, including one novel nonsense 

mutation and one novel deletion, we described four variants and their genotypic-

phenotypic correlation in the Pakistani MPS 1 patients. 

4.1.2. Gaucher disease 

Previous reports suggested that among Gaucher disease (GD) cases, type 1 GD 

is the most common which is non-neurological form of the disease (Marques and 

Saftig, 2019; Sheth et al., 2019). However, among our three GD affected families, 

affected members of all except pedigree 1 displayed neurological symptoms (Table 

3.6). To unveil mutational spectrum of GBA in our enrolled GD families we performed 

Sanger’s Sequencing of coding exons of GBA gene. Data analysis showed a 

previously reported missense mutation p. Leu483Pro (rs421016), segregating with 

disease phenotype in all three families (Table 3.6). Recently, Sheth et al., 2019 

identified p. Leu483Pro as the most common GD causing mutation in Indian 

population irrespective of ethnic groups which is consistent with our findings (Sheth 

et al., 2019). This mutation was also reported to be detected with 41% Japanese, 60% 

Thai and 2.84% Jewish GD cases (Grabowski, 1997; Eto and Ida, 1999; Tammachote 

et al., 2013). Although p. Leu483Pro is reported to be associated with all subtypes of 

GD (Koprivica et al., 2000; Tammachote et al., 2013; Sheth et al., 2019) but 

Koprivica et al., 2000 suggested that p. Leu483Pro is mainly associated with GD sub 

types showing neurological involvement which is also found in this study (Koprivica 

et al., 2000). Screening of GBA gene in our enrolled families and identification of 

same mutation in all of them suggest high prevalence of p. Leu483Pro allele in our 

population. Affected individual of one of our GD family (pedigree A) segregating p. 

Leu483Pro has no neurological symptoms which is consistent with GD type 1, but the 

possibility of neuronal manifestations at the later stage of life could not be ruled out 

as reported by Alfonso et al., 2007. 

Leucine at 483 positions of GBA protein lye in β-barrel domain (residues 30–

75 and 431–497) of Beta-glucosidase which resembles an immunoglobulin fold 

(Lieberman et al., 2009). According to previous studies this substitution leads to 

alteration of secondary structure of protein also this variant lye close to the catalytic 
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domain of enzyme thus results in loss of enzyme activity. This is supported by our 

HOPE data as shown in figure 3.9D, the mutated residue is in a domain which is 

important for the activity of the protein and leucine 483 makes contact with residues 

in another domain (Figure 3.9D) further highlighting importance of this amino acid in 

wild type structure and function of GBA protein. 

4.2. LSDs’ Families Subjected to Whole Genome Sequencing 

Remaining 36 families (excluding nine analyzed by Sanger’s Sequencing) 

were subjected to the whole genome sequencing to identify their genetic variations at 

University of Copenhagen, Denmark during six months research stay funded by the 

Higher Education Commission, Islamabad, Pakistan (Annexure 2.2). 

4.2.1. Mucopolysaccharidosis type I 

In the present study, out of eighteen families, twelve (A-L) were clinically 

characterized as MPS I. The diagnosis was based on clinical phenotypes including 

facial features, stature, laboratory tests and inheritance of the phenotypes in pedigree. 

WGS revealed homozygous variants in previously MPS-associated genes (IDUA, 

GALNS, SGSH and IDS) and a novel LSDs-associated candidate gene (ABCA5) in 

affected individuals. In addition to these genes, variants were found in seven genes 

(ALDOB, MASP1, KIAA1109, TRAPPC4, SMARCAL1, HERC1, RRAS2) that were 

previously not reported in MPS but associated with other metabolic disorders.  

Our findings in pedigree A (i.e., MPS I), reported a homozygous sequence 

variant (c.871G>A; p. Ala291Thr) in GALNS. The gene encodes enzyme N-

acetylgalactosamine-6-sulfatase, a lysosomal exohydrolase which is required for the 

degradation of the glycosaminoglycans, chondroitin 6-sulfate and keratan sulfate. 

Previously, the identified variant (p. Ala291Thr) has been reported in compound 

heterozygous and homozygous forms in two different families of Pakistani origin 

segregating MPS IV (Tomatsu et al., 1995; Ullah et al., 2017). In-Silico analysis 

revealed that missense variant (p. Ala291Ser) leads to the formation of additional 

intramolecular interactions, most likely affecting the conformation of the active site 

(Asp288 and Asn289) and its substrate binding ability. Therefore, variation at amino 
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acid position 291 of GALNS would affect structure and enzymatic function of the 

protein.    

Multiple variants in IDUA gene have been identified and associated with MPS 

I (Tieu et al., 1995). A novel homozygous insertion variant (c.1172-

1173insGCTGCTGGC; p. Gly391insLeuLeuAla) in IDUA was identified in an 

affected individual in pedigree B. Glycine at position 391 is involved in the formation 

of torsion angles due to its high degree of rotational ability which maybe lost after the 

insertion of LLA leading to abnormal function of the enzyme. Furthermore, affected 

individuals in pedigree E, F, I and K also revealed a previously reported variant 

(c.1469T>C; p. Leu490Pro) in IDUA (Gul et al., 2020). In these families, a high 

interfamilial variability in the phenotypes of patients segregating same sequence 

variant (IDUA; c.1469T>C; p. Leu490Pro) was observed in our pedigrees (E,F,I,K). 

Deep analysis of the genome of individuals revealed additional pathogenic variants in 

genes (c.1297A>G; p. Thr4033Ala in KIAA1109 in pedigree I, and c.C73T; p. 

Arg25Ter in MASP1 in pedigree K) that may act as modifiers or dual molecular 

diagnosis. Previously sequence variants in KIAA1109 (4q27) encoding a protein 

playing role in endosomal trafficking and endosome recycling of lipids have been 

reported to cause Alkuraya-Kucinskas syndrome characterized by brain abnormalities 

associated with the underdevelopment of cerebral parenchyma, arthrogryposis, 

clubfoot, and global developmental delay (Kumar et al., 2020). Patients in family K 

showed phenotypes of MPS as well as Alkuraya syndrome. Similarly, sequence 

variants in MASP1 (3q27.3) encoding a serine protease having a crucial role in the 

innate and adaptive immunity and have been associated with 3MC syndrome 1 

characterized by widely spaced eyes (hypertelorism), a narrowing of the eye opening 

(blepharophimosis), droopy eyelids (ptosis), highly arched eyebrows (Durmaz and 

Altıner, 2021). Patients in the present pedigree K showed phenotypes of 3MC 

syndrome in addition to MPS I.  

IDUA, KIAA1109 and MAPS1 are located at different loci of human genome. 

Due to higher rate of consanguinity, the number of homozygous regions increases 

leading to a high risk of occurrence of multiple pathogenic variants. This might lead 

to complex phenotypes due to co-segregation of two syndromes in the same patient. 
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Therefore, analyzing genomes of populations with a high rate of consanguinity, dual 

molecular diagnosis should be considered. 

In pedigree C, we can appreciate a multi-genic inheritance, segregating two 

damaging variants in known LSDs enzymes SGSH (c.220G>A; p. Arg74Cys) and 

GAA (c.1930G>T; p. Ala644Ser) in homozygous state, both of which lie within the 

mapped interval at 17q25.3. SGSH encodes a lysosomal enzyme sulfamidase involved 

in the lysosomal degradation of heparan sulfate. Pathogenic sequence variants in the 

gene lead to MPS IIIA (Weber et al., 1997). Arginine at amino acid position 74 is 

likely to be involved in the formation of the active site of sulfamidase. Transition of 

arginine at the position to a non-conserved Cysteine may grossly affect enzyme 

activity. GAA encodes a lysosomal enzyme alpha-glucosidase. The lysosomal alpha-

glucosidase is essential for the degradation of glycogen to glucose in lysosomes. 

Defects in the enzyme lead to glycogen storage disease. In addition to MPS 

phenotypes associated with variants in SGSH, the patient showed low hemoglobin 

concentration which is found in glycogen storage disease. These findings, suggest that 

the disease phenotypes in the present patient could be due to the contribution of 

variants in both genes, SGSH and GAA. 

In pedigree D, we have identified a missense homozygous variant 

(c.26569G>A; p. Arg857Cys) in ABCA5. The ABCA5 protein is a member of the 

superfamily of ATP-binding cassette (ABC) transporters. ABC proteins play an 

important role in transporting various molecules across extra- and intracellular 

membranes. Loss of function variants in human ABCA5 have been associated with 

hair overgrowth in human (De Stefano et al., 2014; Raza et al., 2022). On the other 

side, abca5-/- knockout mice developed lysosomal disease-like symptoms (Kubo et 

al., 2005). Interestingly, the affected individual in pedigree 4 carrying ABCA5 

missense variant showed phenotypes overlying with MPS associated with hair 

overgrowth. To the best of our knowledge, this is the first human case associating a 

variation in ABCA5 with LSD associated with hair overgrowth.   

ABCA5 has 1642 amino acids long lysosomal peptide which is composed of 

two domains including ABC transporter 1 (478-713) and ABC transporter 2 (1290-

1533). The protein determines the fate of cholesterol derived from lipoprotein. The 
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functional loss of this protein impairs the integrity of lysosomes, disrupts the 

intracellular flow of free cholesterol, and causes cholesterol to accumulate intra-endo-

lysosomally, adding to the organelles’ malfunction (De Stefano et al., 2014; Raza et 

al., 2022). The substitution p. Arg857Cys, replaces a positively charged, less 

hydrophobic bigger amino acid (Arginine) to a neutral, more hydrophobic, and 

smaller amino acid (Cysteine). Change in charge, size, and nature of amino acids 

(Arginine and Cysteine) at position 857 may affect interactions of the protein with 

other molecules and residues leading to improper protein folding and intra-lysosomal 

accumulation of cholesterol.  

In pedigree G, a hemizygous nonsense variant c.353T>A; p. Leu118Ter was 

identified in IDS gene which is involved in the X-linked inheritance of Hunter 

syndrome. IDS gene encodes a protein iduronate 2-sulfatase that catalyzes the 

degradation of heparan sulfate and dermatan sulfate (Gomes et al., 2020). 

In pedigree H, a homozygous missense variant (c.264G>T; p. Asp88Glu) was 

identified in ALDOB gene. ALDOB encodes fructose-1,6-bisphosphate aldolase, a 

tetrameric glycolytic enzyme that catalyzes the reversible conversion of fructose-1,6-

bisphosphate to glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. 

Pathogenic variants in the gene have been associated with fructose intolerance. The 

specific variant (c.264G>T) identified in pedigree H was previously reported by 

Retterer et al., (Retterer et al., 2016) in a family segregating abnormality of central 

nervous system. Interestingly, the affected individual in our pedigree H, showed delay 

in achieving milestones, abdominal distention, coarse facial features, aggressive 

behavior, short stature, respiratory/ear infections, hip dysplasia, joint stiffness, 

hepatosplenomegaly, difficulty in walking, craniofacial disproportion, J-shaped sella, 

L1 vertebral body is hypoplastic and slightly posteriorly displaced, exaggerated 

lumbar lordosis. In addition to these phenotypes, the patient showed hypoglycemia, 

which is an indication of fructosuria. The amino acid aspartic acid (D) at position 88 

make salt bridge with R57, L92 and L321, the mutant residue glutamic acid (E) may 

not be able to interact. Wild type residue D is in its preferred secondary structure, a 

turn, while mutant residue E prefers to be in another secondary structure, which may 

therefore destabilize the protein conformation. Due to mutated fructose-1,6-
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bisphosphate aldolase, accumulation of fructose-1,6-bisphosphate in different organs 

of the body may lead to multi-organ abnormality. 

Pedigree J revealed two homozygous variants, one is a missense variant 

c.5941G>A; p. Val1981Ile in HERC1 gene and other is splice site variant 

(c.454+3A>G) in TRAPPC4. HERC1 protein is involved in the membrane trafficking 

via guanine nucleotide exchange factors (GEF) and previously reported as a novel 

candidate gene for causing intellectual disability (Ortega-Recalde et al., 2015). 

Recently, Van Bergen and colleagues (Van Bergen et al., 2020) reported the same 

splice variant in TRAPPC4 underlying early-onset seizures, developmental delay, 

microcephaly, sensorineural deafness, spastic quadriparesis and progressive cortical 

and cerebellar atrophy in families of Caucasian, Turkish and French-Canadian 

ethnicities. Other authors also identified the same splice site variant in a family of 

Indian origin having progressive encephalopathy and muscle involvement (Kaur et 

al., 2020). The primary phenotypes of our patient in pedigree J include delay in 

achieving milestones, aggressive behavior with multiple crying episodes, 

respiratory/ear infection, unable to walk, and intellectual disability. Interestingly, 

phenotypes like muscles weakness, deafness, microcephaly, and seizures were not 

found in our case. The phenotypic variability might be due to different familial 

backgrounds of the families and effect of rare SNPs in modifier genes. The variant is 

predicted to cause frameshift of the protein due to mis-splicing of mRNA.  

In affected individual of pedigree L, a novel homozygous missense variant 

c.439C>T; p. Arg147Trp in RRAS2 gene and a novel nonsense variant (c.1810C>T; 

Gln604Ter) was found in SMARCAL1. The substitution in gene RRAS2 of a positively 

charged arginine at position 147 with a neutral residue tryptophan may lead to the loss 

of ionic interactions with surrounding residues. It also leads to distortion of shape as 

mutant residue tryptophan is bigger in size than wild type residue arginine. RRAS2 

protein is involved in the regulation of MAPK signaling pathway (Capri et al., 2019). 

The involvement of RRAS2 gene in some disease is still to be explored and linked 

with disease etiology in human genome mutation database. The encoded protein 

SMARCAL1 is a member of the SWI/SNF family of proteins. Members of this family 

have helicase and ATPase activities and are thought to regulate transcription of certain 

genes by altering the chromatin structure around those genes. Pathogenic variants in 
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the gene have been reported in nephrotic syndrome and a metabolic syndrome 

Schimke immune-osseous dysplasia characterized by short stature, kidney disease, 

and a weakened immune system (Jin et al., 2019). The patient in the present study 

carrying a nonsense variant in the gene showed a severe phenotype of delay in 

achieving milestones, abdominal distention, aggressive behavior, speech delay, 

hernia, short stature, coarse facial features, joint contractures, hepatosplenomegaly, 

intellectual disability, and dysostosis multiplex (Table 3.7). Neurological phenotypes 

including intellectual disability, aggressive behavior, joint contractures, and 

hepatosplenomegaly showed by the present case were not described in previous cases. 

The variation in the phenotypes of previous and the present cases might be due to the 

nature and/or position of variant, different familial background, and ages of the 

affected individuals. The identified nonsense variant (p. Gln604Ter) in SMARCAL1 

is predicted to cause loss of function of the protein either through nonsense-mediated 

mRNA decay or production of truncated protein. 

4.2.2. Mucopolysaccharidosis type II 

Regarding families diagnosed as MPS II (pedigree A and B) we found 

pathogenic variants (c.1264C>G; p. Cys422Ser in pedigree 13 and c.1035C>T; p. 

Trp345Ter in pedigree B) in IDS segregating with the phenotypes. The novel missense 

variant p. Cys422Ser affects a non-conserved residue among human sulfatases. 

Cysteine is more hydrophobic in nature than serine, which causes loss of hydrophobic 

interactions. Cysteine at position 422 is involved in the sulphide bridge formation 

which will be lost after this change with serine thus it will affect the stability of protein 

structure and ultimately loss of function. The other nonsense variant (p. Trp345Ter) 

in IDS was previously identified in Japanese patient affected with sever phenotypes 

of MPS II (Sukegawa et al., 1995). The authors found a smaller precursor protein in 

cells transfected with p. Trp345Ter. Therefore, it is predicted that the variant leads to 

the production of truncated enzyme. The affected individual in pedigree B showed 

mild phenotypes of short stature, coarse facial features and hernia as compared to 

those reported by Sukegawa et al., (Sukegawa et al., 1995). 

 

 



  
CHAPTER 4                                                                                  DISCUSSION 

                      101 

Molecular Analysis of Lysosomal Storage Disorders in Pakistani Population 

4.2.3. Mucopolysaccharidosis type III 

Sanfilippo syndrome (MPS III) affected six families were recruited from 

different regions of Punjab, Khyber Pakhtunkhwa, Balochistan and Azad Jammu and 

Kashmir. Initial recruitment and diagnosis were based mainly on their clinical profiles 

and phenotypes (Table 3.9). Whole genome sequencing revealed six different variants 

in each family. All found variants are missense. In pedigree A, the variant is present 

in NAGLU gene confirming the involvement of MPS III type B, while in pedigree B, 

D, E and F, the variations are present in SGSH gene, leading to the MPS III type A. 

In pedigree C the variant is identified in VWA3B gene causing cerebral ataxia. 

In pedigree A, the missense variant is c. 2020C>T (p. Arg674Cys) 

(rs763299645) in exon 6 of NAGLU gene, reported firstly in 1998 (Zhao et al., 1998). 

The patient is homozygous for the variation while parents are heterozygous with 

carrier status. Another missense variant was also reported in 1996 at the same codon 

causing variation c.2021G>A (p. Arg674His) (Zhao et al., 1996). This locus is the 

mutational host spot for substitution of Arginine. Among all point mutations, 36% are 

on the locus R674, which also has CpG dinucleotide involvement (Zhao et al., 1996). 

Cysteine is smaller in size than wild type residue, so it causes loss of interactions, and 

it also causes loss of ionic interactions and hydrogen bonding due to absence of charge 

and its hydrophobic nature. The genotype of the patient explained the severity of the 

phenotype (Table 3.9). Patient was born to a first-degree cousin once removed couple 

(Figure 3.14) with successive cousin marriages in the family. The In-Silico analysis 

of the variant is described in the table 3.10. 

In pedigree B, all three patients are homozygous for the variation c. 221C>T 

(p. Arg74His) (rs778336949), and both parents are heterozygous for the variant. This 

pathogenic variant is in exon 2 in SGSH gene and reported firstly in 1997 (Bunge et 

al., 1997) and the pathogenic effect of the variant is mentioned in the table 3.10. Same 

codon is altered for another substitution where Arginine is replaced by Cysteine (c. 

222G>A, p. Arg74Cys) (Bunge et al., 1997). This locus is likely to be the mutational 

hot spot for the disease. This residue is conserved among all mammalian sulfatases 

and stabilizes the active site of the enzyme (Bunge et al., 1997). This substitution 

might cause loss of ionic interactions formed by positively charged arginine, also 
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difference in sizes causes loss of interactions with other residues and domains. There 

are four affected individuals, 1 female and 3 males (1 deceased male at the age of 14 

years). One female patient in another loop in the same family, but she was also 

deceased at the age of ~12 years. Two healthy alive siblings of the patients, 1 female 

aged 21 years and male aged 15 years both are having the carrier status. Genetic 

counselling was done to the family about carriers and their future marriages. Parents 

showing first cousin once removed status (Figure 3.14). 

In pedigree C, the identified novel variant (c.2951A>C; p. Asp984Ala, exon 

22) is in a gene VWA3B which is previously reported for causing cerebral ataxia. In 

both patients the variant is in homozygous form while in parents it is heterozygous. 

This variation causes the loss of interactions and loss of hydrogen bonds thus effect 

the correct folding of protein. There are only 4 variants reported for causing cerebral 

ataxia in gene VWA3B as per HGMD (Accessed on 20-May-2022). The presenting 

phenotypes at the time of enrollment in elder sibling is quite resembling to MPS III 

phenotypes including weak muscles, intellectual disability, aggressiveness, and 

delayed growth, but in younger sibling the phenotypes were not so appealing due to 

the early age years. The phenotypes for MPS III are progressive and worsen with 

growing age. The patients were born to a first-degree cousin couple with successive 

cousin marriages in the generations (Figure 3.14). 

In pedigree D, the missense variation c. 364C>T (p. Gly122Arg) in exon 4 in 

the gene SGSH causing the phenotype in both patients. Both affected individuals are 

homozygous while parents are heterozygous in state. This variant was firstly reported 

in 1997 in Netherland and Arabs (Bunge et al., 1997). Wild type residue is smaller in 

size so cannot fit in the core. Insertion of a charged residue arginine will cause 

distortion in the structure and might cause disruption of correct folding of protein. 

Clinical details and pathogenicity of the variant is described in table 3.9 and table 

3.10, respectively. There are two affected individuals, one sister and one brother born 

to a non-consanguineous couple, without any previous family history of the disease 

but all the successive marriages in previous generations are intra-cast marriages 

(Figure 3.14). 
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In pedigree E, the variant found in homozygous state in the patients is c. 

258A>C (p. Asn86Lys) in exon 3 of SGSH gene. Both parents are heterozygous for 

the variation. This variant was not previously reported from any population to cause 

Sanfilippo syndrome. This family has two affected individuals, both are males and 

born to a first cousin once removed couple (Figure 3.14). One patient died after sample 

collection in a month at the age of 15 years. The detailed In-Silico analysis showing 

the pathogenicity of this variant is mentioned in table 3.10. The wild-type residue 

forms a hydrogen bond with methionine at position 88, the difference in size of wild 

type and mutated residues causes the loss of that interaction. The variation is in a 

domain that is important for the activity of the protein and interact with other domain 

which might affect the function of protein.  

In pedigree F, the identified pathogenic variant is c. 817G>A (p.  Asp273Asn) 

in exon 7 of SGSH gene, found in both affected patients in homozygous state and in 

parents in heterozygous state. This variant was reported firstly in 2000 (Beesley et al., 

2000). Both affected were females and born to a first-degree cousin couple (Figure 

3.14). This variant is also located in the CpG dinucleotide site which is the mutational 

host spot of the gene (Beesley et al., 2000). In-Silico studies are mentioned in the table 

3.10. The wild-type residue is negative, so it is involved in interaction with metal ion 

“Ca++” which is lost with this substitution, thus the stability is reduced and disturb 

the domain. Wild type residue also forms hydrogen bonds with Asp31 and Asp32 and 

salt bridge with Arg74, Leu123 and Arg282, which might be lost due to substitution 

of Asp273 with a neutral Asn residue, disturbing the ionic interactions. 

4.2.4. Mucopolysaccharidosis type IV 

During this study eight families were recruited on the basis of their presenting 

phenotypes as Morquio syndromes (MPS IV) from   Punjab, Azad Jammu and 

Kashmir and Khyber Pakhtunkhwa. Among suspected eight families, six families had 

genotype confirmation through Whole Genome Sequencing for Morquio syndrome 

type A. There are four identified variants including two splicing variants and two 

missense variants segregating along with the phenotype. 

In pedigree A, single affected individual was born to a first-degree cousin 

couple (Figure 3.15). The details related to clinicals, and phenotypes are mentioned 
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in table 3.11. The identified variant in GALNS gene is a splice acceptor site variant 

g.38845A>G (chr16:88884534T>C); c.1365-2A>G (Intron 12) in homozygous 

mutant form in the patient and heterozygous in both parents.  The identified variant 

was previously not reported for causing Morquio syndrome anywhere in the world.  

In pedigree B, G and H the identified missense variant in GALNS gene is 

c.107A>C; p. Leu36Arg (rs755832705) in exon 1 was previously reported by 

Morrone et al., 2014. This variant was described in Asian-multiethnic populations to 

cause Morquio syndrome type A. At same loci another amino acid substitution c. 107 

T>C, p. Leu36Pro was reported by Tomatsu et al., 2005. Parents were first degree 

cousin married (Figure 3.15). The variant is homozygous mutant in all patients while 

heterozygous with carrier status in parents. The clinical analysis and phenotypes are 

explained in table 3.11. The variation is in the catalytic domain which can disturb the 

function of protein. It can also hinder the correct protein folding due to charged 

residue i.e., Arginine. It can cause loss of hydrophobic interactions. Pedigree H also 

has another homozygous missense variant c.1336G>C; p. Asp446His (Exon 4), in 

BTD gene causing Biotinidase deficiency (EC 3.5.1.12). This enzyme is involved in 

the recycling of biotin bounded to protein by releasing biotin and lysine (Pispa, 1965; 

Wolf et al., 1985). The wild-type residue forms hydrogen bonds with Gly423, Tyr456 

and Gln458, and salt bridge with Arg544, but as a result of substitution these hydrogen 

bonding and ionic interaction will be lost. Wild type residue is buried inside the core 

while mutant residue is bigger in size and probably will not fit. Detailed In-Silico 

analysis is mentioned in table 3.12. 

In pedigree D, there were three affected individuals, two females and a male 

born to a first-degree cousin parent (Figure 3.15). The identified variant is 

c.1259G>C; p. Pro420Arg (Exon 12) previously reported by Morrone et al., 2014 in 

GALNS gene. All patients were homozygous recessive mutant while parents were 

heterozygous for the variant. Proline is rigid so provide a backbone for the structural 

conformation, that might be lost after this substitution. It also affects the function of 

protein. Arginine is positively charged so it causes the repulsion between neighboring 

residues. It also causes loss of hydrophobic interactions. 
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In pedigree E, the identified missense variant c.179G>A; p. Gly60Glu, is in 

the gene GNPTG which is responsible for causing Mucolipidoses type III. This gene 

encodes gamma subunit of enzyme N-acetylglucosamine-1-phosphotransferase (EC 

2.7.8.17) (Braulke et al., 2008; Qian et al., 2010). The clinical profiles for ML-III also 

include phenotypes like short stature, scoliosis and joint contractures (Tiede et al., 

2005; Bargal et al., 2006), which was also present in our patients (Table 3.11). Both 

patients are homozygous while parents were heterozygous for the variant. This residue 

is highly conserved, so its substitution is probably damaging for the protein. The 

mutant residue is negatively charged so its incorporation will lead to repulsion of 

ligands and other residues of same charge. The mutant residue is big so it might lead 

to bumps. Glycine is able to form torsion angles, mutation into another residue will 

force the local backbone into an incorrect conformation and it disturb the local 

structure. The detailed In-Silico analysis is given in table 3.12. 

In pedigree F, there were two affected individuals one is alive, and one was 

deceased at the age of 14 years. Another splice acceptor site variant c.423-1G>A in 

homozygous mutant state is present in the patient, while segregating in heterozygous 

state in both parents. Parents were first degree cousins (Figure 3.15). This variant is 

also previously not reported as the causative for Morquio syndrome. 

4.2.5. Niemann Pick disease 

In pedigree A, the identified variations in gene NPC1 are (p. Phe537Ser) and 

(p. Thr1098Ile). The family belongs to Azad Jamu and Kashmir valley at the border 

of India and Pakistan with first-degree cousin marriage among parents (Figure 3.16). 

For both variants, parents showed heterozygosity while patient is homozygous 

mutant. This is the case of multiple mutations. Both variants were previously not 

linked with pathogenicity of NP disease as per HGMD. The protein structural analysis 

showed that mutant amino acid Isoleucine is bigger in size and is more hydrophobic 

than wild type residue threonine at position 1098. This difference in size and 

hydrophobicity may cause disturbance of hydrogen bonding with isoleucine at 

position 1094. This loss of hydrogen bonding may affect the correct folding of protein. 

The region for this substitution is in transmembrane domain which further affects the 

interactions with lipid membrane. In second variation i.e., (p. His537Arg), the wild 
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type of residue histidine at position 537 is smaller in size than mutant arginine residue. 

Wild type residue (Histidine) is more hydrophobic than mutant (Arginine). This 

variation is in the stretch of repeated amino acids called Lumenal (HOPE analysis). 

This substitution will lead to an empty space and loss of hydrophobic interactions in 

the core of protein. Most phenotypes of the patients are quite resembling with NP 

disease A/B, however some additional findings like reduced WBCs, reduced platelets, 

elevated ESR value and elevated ALP values can be observed in these patients (Table 

3.13). 

In pedigree B and C, the pathogenic variation is (p.  His423Arg) in SMPD1 

which is involved in causing NP disease type A/B. Both families were unrelated but 

have same ethnicity i.e Pathan, the caste with very high rate of consanguinity in 

Pakistan due to their social norms (Figure 3.16). The variant has been previously 

reported in literature for causing NP disease type A in European and Ashkenazi Jewish 

population (McGovern et al., 2006). The phenotypes presented in our patients are 

quite similar and overlapping with the ones mentioned by McGovern et al., 2006 like 

cherry red spots, weak body muscles, hepatosplenomegaly, respiratory issues and low 

levels of hemoglobin (Table 3.13). According to bioinformatics structural analysis of 

amino acid, the mutant amino acid (Arginine) is bigger in size than wild type 

(Histidine). Mutant amino acid is charged positively while wild type residue is neutral 

that forms hydrogen bonds with Tyrosine 276 and Histidine 511 and because of this 

substitution these bonding were lost causing distortion in the structure of enzyme. The 

amino acid His423 is partially conserved. The wild type residue was buried in the core 

of protein whereas the mutant residue being bigger in size may leads to disturbance in 

protein folding. 

4.2.6. Pycnodysostosis 

In this research, a family from Khyber Pakhtunkhwa, a province of Pakistan, 

is presented with a patient suffering from severe bone pain. The clinical examination 

and diagnosis confirmed it to be a type of bone related genetic disorder called 

pycnodysostosis. Biochemical and radiological findings go along with the phenotype. 

The height and weight of the patient was less than third centile. Whole genome 

sequencing confirms it as an autosomal recessive bone related disease. The variant p. 
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Arg46Trp of CTSK gene was found in the homozygous state in patient while both 

parents were heterozygous for the same variant. This variant was firstly reported by 

Shilling et al., 2007 in a Kashmiri origin family. Later, this same variant was reported 

by Kauser et al., 2017 again in a Kashmiri based family with a proposed founder 

effect. But the family presented in this study has origin from Pakistan explaining a 

possibility of common ancestor of these different families. 

In-Silico studies have shown the effect of this variation on structure and 

function of protein is seriously damaging. Difference in size of mutant residue effects 

the positioning of bonding with other amino acids and domains. Arginine interacts 

with glutamic acid at position 85 through hydrogen bonding. It also makes salt bridge 

with aspartic acid 42, aspartic acid 80, glutamic acid 84 and glutamic acid 85. Being 

neutral in charge tryptophan is unable to form ionic bonding thus affecting the 

structure and function of cathepsin K protein. Wild type residue is also really 

conserved in different orthologues thus making this variation probably damaging 

(Figure 3.18A). As per conservation pattern and conservation time, more the 

conservation time is, more are the chances for a variant to be pathogenic. Also, 

according to Richard et al., 2015, when a variant is confirmed in heterozygous state 

in parents without any family history and also is predicted as pathogenic/deleterious 

by multiple In-Silico tools, it is pathogenic variant (Richard et al., 2015). 

4.2.7. Griscelli syndrome 

In pedigree A, three affected individuals born to a first-degree cousin couple 

(Figure 3.19) two alive and one deceased. The details related to clinicals, and 

phenotypes are mentioned in table 3.15. The identified variant in RAB27A gene is a 

duplication variant RAB27A (NM_183235.3): c.258_260dup; (p. Ala87dup) in 

homozygous mutant form in both alive patients and heterozygous in mother.  The 

identified variant was previously not reported for causing Griscelli syndrome 

anywhere in the world. RAB27A gene is responsible for causing GS type 2 with 

phenotypes like recurrent infections due to weak immunity which is also reported in 

our patients. Unlike reports of no neurological abnormalities based on literature, both 

our patients have shown neurological manifestations like delay in achieving 

milestones (no proper speech, need support to walk) (Table 3.15). 
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4.3. Conclusion and Future Perspectives 

Out of forty-five families, forty-one families are solved during this study based 

on molecular genetics results. A total of 23 novel disease-causing mutations were 

found in 20 families while 14 reported mutations were found in 30 families. There are 

four unsolved families due to poor quality of the samples and re-sampling in not 

possible because of the death of the patients. Furthermore, in this study ABCA5 gene 

which was previously reported to cause LSD like phenotype in mouse model, was 

identified for the first time in human which might play a significant role in 

understanding of complex pathogenesis of the disease (Kubo et al., 2005). Functional 

studies for this gene are under progress and will be available soon. Findings of these 

novel/recurrent mutations may be targeted for future therapeutic research and could 

be used as key diagnostics biomarkers for LSDs. The enrolled families were highly 

inbred, to reduce incidence of disease in the future generations, genetic counselling 

was provided to each family. The findings of this study suggest a public awareness 

campaign about recessively inherited disorders in our population to lessen the burden 

of these diseases and their associated morbidities and mortalities in the future. The 

incidence of the LSDs in our population is high, current study necessitates future 

molecular genetic analysis of inborn errors of metabolism using cases belonging to 

our population. Findings of current study also signify the importance of Whole 

Genome Sequencing for unveiling genetic basis of inherited disorders especially 

complex genetic diseases. Based on current research the prevalent variants like 

p.Leu490Pro in IDUA gene can be used as routine marker for diagnosing MPS-I in 

affected patients. It will help in reducing the cost of genetic testing through 

WES/WGS. This study also emphasize the importance of molecular diagnosis for 

LSD patients. The ethical dilemma of the lack of treatment available after even 

diagnosing LSDs is complicated molecular mechanism involved in causing these 

disorders and most of them are still unknown as mentioned in introduction section. 
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Placeholder Text

Mucopolysaccharidosis type-I (MPS-1) is an autosomal recessive lyso-

somal storage0020disorder caused by mutations in the α-L-iduronidase

(IDUA) gene (OMIM252800).1 IDUA (E.C.3.2.1.76) catalyzes degradation of

glycosaminoglycans heparin sulphate and dermatan sulphate which other-

wise accumulate in the lumen of lysosomes leading to MPS-I phenotypes.

Basedondisease severity, there are three clinical subtypes ofMSP-1named

as Hurler syndrome (MPS I-H) (OMIM 607014) the most severe form,

F IGURE 1 A, DNA sequence chromatogram showing novel variant c.1456G>T causing a p.(gLU486*) in affected individual (right) and
unaffected control (left). B, DNA sequence chromatogram showing previously reported missense variant c.1469T>C causing a p.(Leu490Pro)
in affected individual (right) and unaffected control (left). C, In-silico prediction of p.(Leu490Pro) as generated by HOPE. Wild type amino acid
residue is colored as green while mutant is colored as red. D, Clustal omega multiple sequence alignment results for amino acid leucine at position
490 of IDUA protein showing its 100% conservation among mammals (indicated by an asterisk and shown in red)
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Hurler-Scheie syndrome (MPS I H/S) (OMIM 607015) intermediate form

and Scheie syndrome (MPS I-S) (OMIM 607016) being milder of all.2 Thus

identification of the causative mutation for each patient is important to

develop genotype-phenotype correlation. Here we identified a novel trun-

cating IDUAmutation and a previously reported missense mutation each in

aHurler and aHurler-Scheie patient, respectively.

We recruited two inbred Pakistani families that is, Family-A and

Family-B (Figure S1, Supporting Information), each having one alive MPS-

1 patient. Dried blood spot tandem mass spectrometry confirmed MPS-1

diagnosis with enzyme values lower than the cut-off values (>0.7). IDUA

gene was screened to find out the causative mutation underlying to

enzyme defect. All research was conducted according to principles of

world medical association of Helsinki3 and was approved from the Bio-

ethical Committee of institution. Blood samples were collected after

signed informed consents from patient0s families. DNA was extracted

from the blood samples as detailed previously.4 AMplification of IDUA

exons was done through polymerase chain reaction as described by Afzal

et al, 2018.5 Sanger sequencing was performed to sequence amplified

products and data was analyzed by Sequencher software (version 5.4.6).

In family A, we found a novel variant NM_000203.5 (IDUA_v001):

c.1456G>T in exon 10 of IDUA gene, leading to a premature termination

codon that is, p. (Glu486*) resulting in a truncated protein of 485 AMino

acids rather than 653 AMino acids (NP_000194.2) (Figure 1A). Patient of

family A aged 16 months and had severe phenotype with presenting fea-

tures including asthma, sleep apnea, joint contractures, kyphosis, ear/

nose/throat infections, coarse facial features, hepatosplenomegaly,

inguinal hernia, aggressive, heavy eye brows, large tongue, thick lips, and

rough skin. In family B, a previously reported missense mutation that is,

NM_000203.5 (IDUA_v001):c.1469T>C (rs121965027) linked to

Hurler-Scheie phenotype was detected in exon 10 causing substitution

of leucine with proline at position 490 (NP_000194.2) (Figure 1B).6 In-

silico predictions of NM_000203.5 (IDUA_v001):c.1469T>C mutation

on protein structure through HOPE, is shown in Figure 1C. The p.

(Leu490Pro) substitution was predicted to be pathogenic by Mutation

taster7 and Sorting Intolerant from Tolerant (SIFT).8 Clustal omega results

showed conservation of leucine residue at position 490 (Figure 1D).

In conclusion, we found genotype-phenotype correlation in two

analyzed cases of MPS-1 which will help affected families in clinical

management and future reproductive planning.
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Gul R., S. Firasat, M. Hussain, M. Tufail, W. Ahmad, K. Afshan (2021). Neurological 

manifestations in Pakistani lysosomal storage disorders patients and molecular 

characterization of Gaucher disease. - Genetika, Vol 53, No.3, 1017-1029. 
Lysosomal storage disorders (LSDs) are a large group of inborn errors of metabolism 
each caused by genetic mutations of a particular lysosomal protein encoding gene. These 
inherited conditions are characterized by lysosomal dysfunction with wide variety of 
organ impact sometimes organ failure with growing age. Neurological complications in 
LSD cases range from severe neurodegenerations in 70% cases to mild symptoms or 
absence of neuropathy in others. Each LSD is monogenic but heterogeneous from a 
molecular standpoint with a large number of mutations described in the respective gene. 
Some mutations are particular to specific populations, reflecting consequences of founder 
effect. Present study aimed to access the demographic and clinical profiles of forty-five 
LSD affected families enrolled during January 2018 to December 2019 at local hospitals 
to find out neurological symptoms in Pakistani LSD cases. Furthermore, molecular 
genetic analysis of Gaucher’s disease affected families was performed to unveil 
underlying disease causing mutation/s. Neurological manifestations were present in 
twenty-eight families including eleven Mucopolysaccharidosis-1 (MPS-I), four Gaucher’s 
disease (GD) and all MPS-II, MPS-III, Niemann-Pick, Griscelli and Chediak-Higashi 
cases. Neurological involvement was not found in eight MPS-I, one GD, all MPS-IV and 
Pycnodysostosis affected families. Screening of GBA gene in GD families revealed a 
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reported missense mutation p.L483P in all analyzed families. Clinical heterogeneity of 
MPS-1 and GD is evident from literature however mutational analysis of all enrolled GD 
families depicted segregation of a reported missense variant p.L483P of GBA gene with 
disease phenotype in all families. Our findings highlight importance of homeostatic role 
of lysosomes in neuronal development as twenty eight out of forty families had 
neurological manifestations. Furthermore, identification of same mutation in GD patients 
with or without neuronal involvement may be related to some unknown differences in the 
expression of genetic modifiers or exposure to environmental triggers. 

Key words: Lysosomal Storage Disorders, Gaucher Disease, Neurological 
manifestation, GBA gene, Pakistan 

 
 

INTRODUCTION 
All functional cells of body have central organelle for degradation i.e lysosome. 

Functional lysosomes are important for degradation of cellular autophagic contents to regulate 
the quality of cytoplasm by eliminating cellular macromolecular aggregates (SERANOVA et al., 
2017). The substrate for the lysosome is obtained through multiple pathways like phagocytosis, 
autophagy and endocytosis. These substrates are degraded in lysosomes via lysosomal 
hydrolases thus  causing disposal and recycling of cellular waste (BALLABIO et al., 2020). If this 
homeostatic role of lysosomes is disturbed due to compromised or absent lysosomal enzyme/s it 
may lead to inappropriate storage of material interfering with normal cell function and causing 
multisystem disorders including lysosomal storage disorders (LSDs), neurodegenerative diseases 
and cancer (PLATT et al., 2012). LSDs are a large group of inherited disorders causing multiple 
organ failure. Furthermore, about two third of LSD’s  have central nervous system involvement 
(PARÁ et al., 2020). Most of these disorders are caused by recessively inherited Mendelian 
mutations in genes encoding lysosomal proteins (MARQUES et al., 2019; PARÁ et al., 2020). 
Frequency of all LSDs in different population is 1:7500 in live births (MEIKLE et al., 1999; 
POUPETOVA et al., 2010). However, exact prevalence in some populations may even be higher 
because many cases remain undiagnosed (PLOTEGHER et al., 2017). In addition, in societies like 
Pakistan, due to high ratio of consanguinity, recessively inherited disorders are more common 
than in any randomly mating populations (PRADHAN et al., 2011; SHAHID et al., 2020).  

LSDs related damages are progressive therefore patient management requires early 
precise diagnosis of disease subtype (ZHOU et al., 2011) for therapeutic management, which is a 
serious problem. Widely used therapeutic option is enzyme replacement therapy (ERT) (AFROZE 

et al., 2017). ERT limitations include high cost, lifelong treatment requirement, inability to stop 
progression of neuronal symptoms and possibility of immune response against an exogenous 
enzyme (PARENTI et al., 2015; AFROZE et al., 2017). Recently, pharmacological chaperon (PC) 
therapies, are being developed to use chaperones which increase the stability of mutated protein 
inside the cell by avoiding endoplasmic reticulum (ER) associated degradation. Interestingly, 
PCs are capable of crossing the blood-brain-barrier, thus showing promising results in stabilizing 
the mutant enzymes which otherwise get degraded by ER. However, PCs also showed some 
limitations due to type of mutations affecting the enzyme structure (PARENTI et al., 2015; 
MOHAMED et al., 2017). Other treatment options including bone marrow transplant or human 
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stem cell transplant are only possible after early precise diagnosis within the first few months of 
life. Thus, molecular genetics diagnosis of LSDs along with enzyme analysis for accurate early 
detection and patient management is required (MITTAL, 2015; MOKHTARIYE et al., 2019).  

LSDs are considered a major reason of neurodegeneration in childhood (VERITY et al., 
2010). LSDs including some forms of Gaucher disease, Niemann-Pick disease C, neuronal 
lipofuscinosis and mucopolysaccharidosis manifest mild to severe neurodegenerative symptoms 
(MEIKLE et al., 1999; SHETH et al., 2004; MARQUES et al., 2019). Due to continuous spectrum of 
phenotypes among LSDs severe cases are presented at infancy or early childhood while mild 
cases are being observed at adult age (VERITY et al., 2010; MARQUES et al., 2019). This study is 
the first report aimed to access neurological manifestations in Pakistani LSDs affected cases.  
 

MATERIALS AND METHODS 
Approval of the study was taken from bioethical committee of Quaid-i-Azam 

University Islamabad, Pakistan. A total of forty five unrelated LSD affected Pakistani families 
were enrolled through local hospitals during January 2018 to December 2019 from local 
hospitals. All diagnosis were made on the basis of clinical and biochemical analysis by expert 
pediatricians. For diagnosis of each LSD subtype enzyme analysis by dry blood spot, 
radiological findings and blood complete picture was performed. For each enrolled family, 
detailed family/medical history, pedigree drawing and blood samples of available affected and 
unaffected family members were collected after informed consent in accordance with the tenets 
of the Declaration of Helsinki (ASSOCIATION, 2013). Demographic and clinical profile of 
proband of each Gaucher disease family is listed in table 1 (Table 1). Five Gaucher disease (GD) 
affected families (Family A-E) (Figure1; Table 2) were selected for mutational analysis of GBA 
gene based on definitive diagnosis and availability of blood samples of affected and unaffected 
family members. All GD patients were born to consanguineous couples (Table 1). The age of 
diagnosis was between 2 to 14 months (Table 1). Probands of family A and C had one affected 
deceased sibling each at the age of 1.5 years and 7 years, respectively.  

 
Table 1. Demographic and clinical details of proband of each enrolled Gaucher Disease family  

Family ID Ethnicity 
Family 
history/ 

No. of affected 

Parental 
Consanguinity 

Neuronal 
manifestations 

Other clinical features 

Family A Punjabi Yes/1 Yes No 
Chronic diarrhea, AD, HSM, 

anemia 

Family B KPK Nil Yes Yes 
Breathing problem, AD, 

HSM, weak muscles 

Family C Punjabi Yes/1 Yes Yes AD, HSM, DD 
Family D Punjabi Nil Yes Yes DD, AD, HSM 

Family E KPK Nil Yes Yes AD, HSM, weak muscles 
KPK = Khyber Pakhtunkhwa, Abdominal Distension=AD, hepatosplenomegaly=HSM, Developmental Delay=DD 
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Figure 1. Pedigrees of Gaucher disease (GD) families (Family A-E) consistent with autosomal recessive 
inheritance pattern  

Squares indicate males while circles indicate females. Filled and hollow symbols denote GD patients and normal 
individuals respectively. A double marriage line represents consanguinity. 

 
Table 2. Clinical, biochemical and molecular genetics diagnosis details of proband of each Gaucher 

disease family. 

Clinical data Family A Family B Family C Family D Family E 
Gender M F M M M 
Age at diagnosis/ age at 
examination 

± 1 year/ 6.5 years 3 months/ 13 
months 

4 years/ 12 
years 

6 months/ 1 
year 

6 months/ 2 years 

Treatment ERT N/A ERT ERT ERT 
Splenectomy Yes N/A N/A N/A N/A 
GCase activity 0.63 nmol/ml/h N/A 0.2 μmol/L/h 0.5 μmol/L/h 0.1 μmol/L/h 
RBCs 4.55 million/μL 3.22×10-6/μL 5.62 106/uL 4.33 106/uL 3.87 million/μL 
ALT 22 U/L 52U/L 20 U/L 16 U/L N/A 
WBCs N/A 16.6×10-3/μL 9.1 103/uL 4.8 103/uL 7000/mm3 
Age at diagnosis 5 months 3 months 6 months 14 months 3 months 
Hemoglobin 11.9 g/dL 7.4g/dL 10.5 g/dL 13.4 g/dL 8.2g/dL 
Platelets 220×10-3/μL 16×10-3/μL 531 103/uL 105 103/uL 154×10-3/μL 

 
Genotype 

DNA 
mutation 

c.1448T>C/ 
c.1448T>C 

c.1448T>C/ 
c.1448T>C 

c.1448T>C/ 
c.1448T>C 

c.1448T>C/ 
c.1448T>C 

c.1448T>C/ 
c.1448T>C 

Protein 
change 

p.L483P/ p.L483P p.L483P/ 
p.L483P 

p.L483P/ 
p.L483P 

p.L483P/ 
p.L483P 

p.L483P/ 
p.L483P 

M: Male, F: Female, N/A: Not available, ERT: Enzyme Replacement Therapy 
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Mutational analysis of GD families 

Blood samples of enrolled affected and unaffected members of selected GD families 
were stored in 10 mL vacutainer tubes (BD vacutainer K2 EDTA 18 mg). Genomic DNA was 
extracted by a modified method as described by KAUL et al. (2010). Quantity and purity of 
extracted DNA was accessed using a µDrop Plate reader (MultiskanTM, Thermo Fisher 
Scientific, and Waltham, MA, USA).The extracted DNA was stored at 4°C. Primers of GBA 
gene were designed by using Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and are listed 
in table 3 (Table 3). Primers were further confirmed for binding and self ligation through BLAT 
and Primer stat respectively (https://www.bioinformatics.org/sms2/pcr_primer_stats.html) 
(https://genome.ucsc.edu/cgi-bin/hgBlat?command=start). Samples were amplified by 
polymerase chain reaction (PCR) using T100 thermal cycler (Bio-Rad, CA, USA) with a cycling 
program of 95°C for 5 min, followed by 10 cycles of 95°C for 45s, 69°C- 64°C (according to 
melting temperature of each primer pair) for 45s with an increment of -1°C in each subsequent 
cycle, 72°C for 45s again followed by 30 cycles of 95°C for 45s, 59°C- 54°C (according to 
melting temperature of each primer pair) for 45s, 72°C for 45s and a final extension at 72°C for 
10 min followed by a final hold at 25°C. The amplified PCR products were loaded on the 1.5% 
agarose gel along with 1kb size ladder to evaluate product size and purified by using DNA 
purification Kit (Wiz Bio Solutions, Seongnam, Korea). The sequencing reaction was performed 
using Big Dye Terminator Ready reaction mix (Applied Biosystems) following manufacturer 
instructions. Sanger’s sequencing was done on an automated ABI 3730 genetic analyzer by 
Macrogen, Korea.  

The sequenced data was analyzed by using BioEdit (version 7.2). The variants were 
confirmed by using Mutation taster software (http://www.mutationtaster.org/). Further the effect 
of mutation on the structure and function of protein was studied by using a bioinformatics tool 
HOPE (https://www3.cmbi.umcn.nl/hope/input/). 
 
Table 3. Primers used for PCR amplification of GBA gene in Gaucher disease affected families 

S. 
No. 

Primer 
ID 

3’-5’ sequence GC contents Melting 
temperature  

Product size 

1 1,2 F GGGAAGCCGGAATTACTTG 52.63 59.51 850 bp 
2 1,2 R GAGCCAAAATTGCACCACT 47.37 58.71 
3 3,4 F ACCGTGTTCAGTCTCTCCTAGC 54.5 62.9 652 bp 
4 3,4 R GACAGAATGGGCAGAGTGAG 55 59.9 
5 5,6 F AGGAGCCCAAGTTCCCTTT 52.63 60 806 bp 
6 5,6 R CTGATGGAGTGGGCAAGATT 50 60 
7 7 F AGGCTGTTCTCGAACTCCTG 55 59.6 496 bp 
8 7 R GGGAATGGTGCTCTAGGAATC 52.38 59.92 
9 8 F GTT GCA TTC TTC CCG TCA CC 55 62.8 367 bp 
10 8 R CTG GAC AGG AAG GGC TTC TG 60 62.3 
11 9 F CTCTCCCACATGTGACCCTTA 52.3 59.9 399 bp 
12 9 R GCCTCCATGGTGCAAAAGGGG 52.9 59.1 
13 10,11 F GCAGAAAAGCAGGGTCAGTG 55 60.98 575 bp 
14 10,11 R TGCTGTGCCCTCTTTAGTCA 50 59.59 

http://bioinfo.ut.ee/primer3-0.4.0/
https://www.bioinformatics.org/sms2/pcr_primer_stats.html
https://genome.ucsc.edu/cgi-bin/hgBlat?command=start
http://www.mutationtaster.org/
https://www3.cmbi.umcn.nl/hope/input/
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RESULTS 
A total of forty-five families suffering from Lysosomal Storage Disorders (LSDs) were 

recruited during January, 2018 to December, 2019 through expert pediatrics from local hospitals. 
Among enrolled families, affected individuals of twenty eight 62.2% (28/45) families had 
neurological involvement. Majority of the patients i.e., 68.8% (31/45) were from Punjab 
province of Pakistan whereas 22.2% (10/45) and 8.8% (4/45) belonged to Khyber Pakhtunkhwa 
and Azad Jammu and Kashmir (AJK) respectively. All patients belonged to inbred families and 
in forty three families affected cases were products of marriage between first cousins. Average 
age of proband of each enrolled family was 11.04 ± 8.10 years. Majority of families were 
affected with Mucopolysaccharidosis (35/45) followed by Gaucher disease (5/45), Niemann-Pick 
disease (2/45), Chédiak-Higashi syndrome (1/45), Pycnodysostosis (1/45) and Griscelli disease 
(1/45). All collected patients of same subtype had comparable phenotypes e.g., all Gaucher 
disease cases had abdominal distension and hepatosplenomegalies (Table 1 and 2). 

Gaucher’s disease (GD) cases were selected for mutational analysis of GBA gene due 
to: a) limited financial resources for sequencing, b) clinical confirmation of disease for selection 
of gene and c) availability of blood samples of affected and unaffected family members. Out of 
five GD probands, four were males and one was female. In family A, there is a five generations 
pedigree with consanguinity and two affected individuals (V-1, V-7), among them one is 
deceased at the age of one and half year. While second affected is of 7 years and is still alive. 
The neurological degeneration is not present in this subject. The dry blood spot (DBS) 
measurement for enzyme concentration in index case i.e., V-1 was found to be lower than cut off 
value (Table 2) i.e 2.3-14.1 nmol/mL/h. Also chitotriosidase level is elevated (285.99 
nmol/h/mL, normal: <150.0) which is in alignment with the Gaucher Disease. The bone marrow 
aspiration report revealed hyperplastic erythropoiesis and myelopoiesis. Increased atypical 
histiocytes with fibrillary cytoplasm and eccentric nucleous were observed. Splenectomy 
explains abundant eosinophilic cytoplasm having a wrinkled tissue paper appearance. Patient 
also has chronic diarrhea in common, abdominal distention and hepatospleomegaly. In family B, 
there is one affected individual with abdominal distention, severe breathing problem and require 
continuous oxygen supply, jaundice, weak muscles, swelling in feet, inguinal hernia, repeat 
episodes of shocks, macrocephaly, hepatosplenomegaly with gross ascites, gum hypertrophy, 
respiratory dyspnea, wheezing, localized paralysis, seizures and neurological features. The 
patient also reported severe cough attacks and intermittent high fever. In family C and D both 
patients were having hepatosplenomegaly, abdominal distention, delay in achieving milestones, 
neuronal dysfunction, respiratory distress and muscle weakness. In family E, enzyme analysis in 
DBS is below the cut off value (> 1.5 μmol/L/h), indicating the GD. The patient has abdominal 
distention, neuronal dysfunction, hepatosplenomegaly, inguinal hernia and delayed milestones. 

 
Mutational analysis of Gaucher disease families 

Analysis of sequencing results revealed a previously reported missense variant p.L483P 
(c.1448T>C) in exon 10 (rs421016) (TSUJI et al., 1987) of GBA gene in all five GD affected 
families segregating with disease phenotype. All the affected cases were homozygous for 
mutated allele whereas their parents were heterozygous carriers of mutation. In addition, we 
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performed a control sample sequencing of exon 10 of GBA gene in order to confirm the normal 
homozygous state (Figure 2B). 

Here we used in-silico analysis tool i.e., Have Our Protein Explained (HOPE) for the 
first time to check impact of p.L483P substitution, which highlighted that the mutated residue is 
located in a domain that is important for the activity of the protein and in contact with residues in 
another domain. It is possible that this interaction is important for the correct function of the 
protein. The mutation can affect this interaction and subsequently normal protein function. The 
wild-type and mutant amino acids differ in size. The mutant residue is smaller than the wild-type 
residue. The mutation was predicted to cause an empty space in the core of the protein (Figure 
2D). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
Figure 2. A: Sequence chromatogram of normal allelic sequence. B: Sequence chromatogram of 

heterozygous carrier for c.1448T>C. C: Sequence chromatogram of homozygous mutant for 
c.1448T>C in affected individuals of Gaucher affected families. D: Structural effect of the amino 
acid substitution as shown by HOPE analysis.  Mutated amino acid is shown in red color while wild 
type amino acid is shown in green color. 
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DISCUSSION 
Genetic defect/s leading to LSDs predisposes to progressive accumulation of material 

with growing age and show many devastating phenotypes including neurodegenerative diseases 
(PLATT et al., 2012; SERANOVA et al., 2017). Even most of the clinical phenotypes appear in later 
stages of life, but by then those damages are irreversible (COX et al., 2012). Approximately 45% 
cases of neurodegenerations in the world are due to LSDs (VERITY et al., 2010). However, 
central nervous system defects are reported in more than 70% cases of LSDs and rest +30% 
cases may have no nervous involvement or have mild symptoms (JARDIM et al., 2010; MARQUES 

et al., 2019; SHETH et al., 2019). Hence, understanding the pathophysiology of LSDs can be 
useful to unveil neurodegenerative mechanisms. Etiology of most LSDs predominantly involves 
recessively inherited Mendelian mutations. In societies like Pakistan, recessively inherited 
disorders are more common due to consanguinity (AFROZE et al., 2017; GUL et al., 2019; 
MARQUES et al., 2019). Therefore present study was designed to study two aspects of enrolled 
LSD affected families from local population. Firstly, to identify neuronal manifestation in 
enrolled LSD subtypes and secondly to screen GBA gene in Gaucher’s disease (GD) affected 
families.  

Out of forty-five LSDs affected families enrolled during January, 2018 to December, 
2019 twenty eight (62.2%) families had neurological involvement. All recruited cases of LSDs 
are novel and was not previously studied by any other group. Our data revealed that 
mucopolysaccharidosis (MPS) is the predominant LSD in our study with thirty five affected 
families segregating MPS-I, MPS-II, MPS-III and MPS IV phenotype in 19, 3, 6 and 7 enrolled 
families respectively . Our findings are consistent with Hutchesson et al., 1998 and Afroze et al., 
2016 reports of increased frequency of MPS in Pakistani children (HUTCHESSON et al., 1998; 
AFROZE et al., 2016; AFROZE et al., 2017); however data presented by CHEEMA et al. (2016) 
showed Gaucher disease as predominant LSD in cases presented at a tertiary care hospital 
Lahore, Pakistan (CHEEMA et al., 2016). MPS-1 has further three subtypes including the most 
severe form Hurler (MPS I-H), Hurler-Scheie (MPS I-H/S) and the less severe Scheie (MPS I-S) 
(DE RU et al., 2012). Previously, we reported a non-sense mutation (p.E486X) of IDUA gene in 
MPS-1H affected family displaying neuronopathy whereas another MPS1-H/S affected family 
was segregating a missense variant (p.L490P) with no neuronal involvement at early age (GUL et 

al., 2019). Similarly, remaining seventeen unscreened MPS 1 families have different clinical 
manifestations but the underlying genetic mutations are yet to be clarified for exact molecular 
genetic subtyping of disease. 

Unlike, MPS-1 all enrolled affected cases of MPS-II (Hunter syndrome) and MPS-III 
(Sanfillipo syndrome) displayed neuronal involvement. Multiple interviews of Sanfillipo 
affected families revealed that the neuronopathies got severe with age. Rest of the cases of 
Niemann-Pick, Griscelli and Chediak-Higashi disease also had severe neuronopathic symptoms. 
Previous reports suggest that among Gaucher disease (GD) cases, type 1 GD is most common 
which is non-neurological form of disease (MARQUES et al., 2019; SHETH et al., 2019). However, 
among our five GD affected families, affected members of all except Family A displayed 
neurological symptoms (Table 2). To unveil mutational spectrum of GBA in our enrolled GD 
families we performed Sanger’s sequencing of coding exons of GBA gene. Data analysis showed 
a previously reported missense mutation p.L483P (rs421016), segregating with disease 
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phenotype in all five families. Recently, SHETH et al. (2019) identified p.L483P as the most 
common GD causing mutation in Indian population irrespective of ethnic groups (SHETH et al., 
2019) which is consistent with our findings. This mutation was also reported to be detected with 
41% Japanese, 60% Thai and 2.84% Jewish GD cases (GRABOWSKI, 1997; ETO et al., 1999; 
TAMMACHOTE et al., 2013) but in this study we detected this mutation in 100% analyzed cases. 
Although p.L483P is reported to be associated with all subtypes of GD (KOPRIVICA et al., 2000; 
TAMMACHOTE et al., 2013; SHETH et al., 2019) but KOPRIVICA et al. (2000) suggested that 
p.L483P is mainly associated with GD sub types showing neurological involvement which is 
also found in this study (KOPRIVICA et al., 2000). Screening of GBA gene in our enrolled families 
and identification of same mutation in all of them suggest high prevalence of p.L483P allele in 
our population. Affected individual of one of our GD family (family A) segregating p.L483P has 
no neurological symptoms which is consistent with GD type 1, but the possibility of neuronal 
manifestations at the later stage of life could not be ruled out as reported by ALFONSO et al. 
(2007) Leucine at 483 position of GBA protein lies in β-barrel domain (residues 30–75 and 431–
497) of Beta-Glucosidase which resembles an immunoglobulin fold (LIEBERMAN et al., 2009). 
According to previous studies this substitution leads to alteration of secondary structure of 
protein also this variant lie close to the catalytic domain of enzyme thus results in loss of enzyme 
activity. This is supported by our HOPE data as shown in figure 2D, the mutated residue is 
located in a domain which is important for the activity of the protein and leucine 483 makes 
contact with residues in another domain (Figure 2D) further highlighting importance of this 
amino acid in wild type structure and function of GBA protein.  

 
CONCLUSION 

We concluded that presence of neuropathies in 62% of our enrolled LSD cases, 
involvement of lysosomal defects in age related neurodegenerative conditions, including 
Parkinson’s and  Alzheimer’s (MARQUES et al., 2019) highlights importance of studies on 
molecular basis of LSDs to unveil  molecular networks and links between different autophagy 
associated neurodegenerative conditions. Additionally, identification of p.Leu483Pro in all of 
GD cases in our study, a high reported carrier frequency of this variant in Indian population 
(SHETH et al., 2018) and reported association of carriers of this allele with an increased risk of 
Parkinson disease (PD) development (WANG et al., 2012) necessitates screening of this mutation 
in all PD and GD cases from our population. As the recessive genes causing LSDs are 
predominantly common in consanguineous populations like Pakistan, and the Pakistani 
population is less explored for the genetic basis of these conditions, then further genetic studies 
are indispensible which may reveal novel variants for diagnostics and treatment regimes. 
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Izvod 
Poreme. aji skladištenja lizozoma (LSD) su velika grupa urođenih grešaka u metabolizmu, od 
kojih je svaka uzrokovana genetskim mutacijama određenog gena koji kodira lizozomalni 
protein. Ova nasledna stanja karakteriše lizozomalna disfunkcija sa velikim brojem uticaja na 
organe, a sa godinama ponekad i otkazivanje organa. Neurološke komplikacije u slučajevima 
LSD -a kreću se od teških neurodegeneracija u 70% slučajeva do blagih simptoma ili odsustva 
neuropatije u drugih. Svaki LSD je monogen, ali heterogen sa molekularnog stanovišta sa 
velikim brojem mutacija opisanih u odgovarajućem genu. Neke mutacije su specifične za 
određene populacije, odražavajući posledice efekta osnivača. Ova studija imala je za cilj da 
pristupi demografskim i kliničkim profilima četrdeset pet porodica pogođenih LSD-om upisanih 
u periodu od januara 2018. do decembra 2019. godine u lokalne bolnice kako bi se otkrili 
neurološki simptomi u pakistanskim slučajevima LSD-a. Štaviše, izvršena je molekularno -
genetska analiza porodica pogođenih Gaucherovom bolešću kako bi se otkrile osnovne bolesti 
koje izazivaju mutacije. Neurološke manifestacije bile su prisutne u dvadeset osam porodica, 
uključujući jedanaest mukopolisaharidoza-1 (MPS-I), četiri Gaucherove bolesti (GD) i sve 
slučajeve MPS-II, MPS-III, Niemann-Pick, Griscelli i Chediak-Higashi. Neurološka uključenost 
nije pronađena u osam porodica pogođenih MPS-I, jednim GD-om, svim MPS-IV i 
piknodizostozom. Skrining GBA gena u GD porodicama otkrio je prijavljenu mutaciju p.L483P 
u svim analiziranim porodicama. Klinička heterogenost MPS-1 i GD evidentna je iz literature, 
međutim mutaciona analiza svih upisanih GD porodica pokazala je segregaciju prijavljene 
varijante p.L483P GBA gena sa fenotipom bolesti u svim porodicama. Klinička heterogenost 
MPS-1 i GD evidentna je iz literature, međutim mutaciona analiza svih upisanih GD porodica 
pokazala je segregaciju prijavljene varijante p.L483P GBA gena sa fenotipom bolesti u svim 
porodicama. Naši nalazi ukazuju na važnost homeostatske uloge lizozoma u razvoju neurona jer 
je dvadeset osam od četrdeset porodica imalo neurološke manifestacije. Štaviše, identifikacija 
iste mutacije kod pacijenata sa GD sa ili bez neuronske uključenosti može biti povezana sa 
nekim nepoznatim razlikama u ekspresiji genetskih modifikatora ili izloženosti okidačima iz 
okruženja. 
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Background: Lysosomal storage disorders (LSDs) are a group of inherited
metabolic diseases, which encompass more than 50 different subtypes of
pathologies. These disorders are caused by defects in lysosomal enzymes,
transporters, and other non-lysosomal proteins. Mucopolysaccharidosis (MPS)
is themost common subgroup of lysosomal storage disorders in which the body is
unable to properly breakdownmucopolysaccharides. The aimof the present study
was to identify novel genes and pathogenic variants in families from diverse
regions of Pakistan with clinically diagnosed mucopolysaccharidosis type I and
mucopolysaccharidosis type II.

Methods: Clinical diagnosis identified 12 with mucopolysaccharidosis I and 2 with
mucopolysaccharidosis II in 14 families and whole genome sequencing (WGS) was
performed to identify the causative variations in 15 affected individuals. Twenty-
two unaffected individuals including parents or normal siblings of patients were
also sequenced. Putative causal variants were identified by co-segregation and
functional annotation.

Results: Analysis of whole genome sequencing data revealed ten novel and six
previously reported variants in lysosomal storage disorders-associated genes
(IDUA, GALNS, SGSH, GAA, IDS, ALDOB, TRAPPC4, MASP1, SMARCAL,
KIAA1109, HERC1, RRAS2) and a novel candidate gene (ABCA5) for lysosomal
storage disorder-like phenotypes, which has previously been associated with
symptoms strongly related with lysosomal storage disorder in animal models.

Conclusion: Multigenic inheritance was found in several families highlighting the
importance of searching for homozygous pathogenic variants in several genes
also in families with a high degree of consanguinity.
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1 Introduction

Lysosomal storage disorders (LSDs) are a diverse group of
inherited conditions primarily caused by loss of function of
lysosomal proteins leading to the dysregulation of many
lysosomes-linked activities including autophagy, lipid
homeostasis, membrane repair, cell viability, exocytosis and
signaling cascades (Parenti et al., 2015; Marques and Saftig,
2019). Common clinical phenotypes of LSDs include delay in
achieving milestones, abdominal distention, hepatosplenomegaly,
short stature, coarse facial features, and joint contractures (Gul et al.,
2021). LSDs are classified into subtypes based on accumulation of
undegraded substrates like glycosaminoglycans (GAGs), glycogens
and sphingolipids accumulated as a result of compromised activities
of enzymes in lysosomes.

Autosomal recessive disorders are more prevalent in
populations like the Pakistani where 60% of all marriages are
consanguineous and among them more than 80% are first cousin
unions (Hussain and Bittles, 1998). Globally, the prevalence for
LSDs ranges from 7.5/100,000 to 23.5/100,000 live births, with
sphingolipidoses as the highest prevalent disorder followed by
mucopolysaccharidoses (MPSs) (Kingma et al., 2015).
Mucopolysaccharidoses (MPS) (OMIM # 252700) are
carbohydrate metabolism disorders caused by the deficiency of
lysosomal enzymes required for hydrolyzing glycosaminoglycans
(GAGs; negatively charged polysaccharides). MPS are characterized
by gradual accumulation of various types of GAGs within cells of
multiple organs leading to somatic manifestations such as coarse
facial features, cardiac issues, skeletal deformities,
hepatosplenomegaly, respiratory problems, hematologic,
neurologic, and ocular phenotypes. MPS include a spectrum of
clinical phenotypes from severe to attenuated forms including all
MPS sub-types like MPS I, MPS II, MPS III, MPS IV, MPS VI, MPS
VII with overlapping physical features (Parenti and Giugliani, 2022).
Most MPSs are inherited as autosomal recessive disorders except
MPS II which follows an X-linked inheritance pattern (Linhart and
Elliott, 2007).

Genetic defects in genes encoding lysosomal enzymes including
IDUA, IDS, SGSH, NAGLU, HGSNAT, GNS, GALNS, GLB1 and
GAA lead to MPS. Additionally, pathogenic variants in other
lysosomal proteins also lead to hereditary metabolic disorders
with phenotypes that overlap with MPS (Kubo et al., 2005),
indicating that other candidate genes may also cause or
contribute to the disease. For example, ATP binding cassette
(ABC) are group of transporters involved in transportation of
substrates across membranes. ABCA5 is a member of this group
of transporters (Brooks-Wilson et al., 1999). ABCA5 is located in the
lysosomes and late endosomes and its homozygous knockout results
in lysosomal disease like symptoms in mice (Kubo et al., 2005).

Therapeutic management is a serious problem in LSDs as
enzyme replacement therapy (ERT) has limitations including
high cost, life-long treatment, inability to stop progression of
neuronal symptoms and possibility of immune response against
an exogenous enzyme (Arora et al., 2007). Globally, combinational
therapies including ERT, and pharmacological chaperone therapy
(PCT) are proving fruitful. For PCT, knowledge of the enzyme
mutations is required for selection of a specific chaperone, reflecting
the importance of identifying a molecular diagnosis. Other emerging

treatment options including gene therapy, genome editing, and anti-
inflammatory therapy also rely on identifying the genetic cause of
the disease (Kingma and Jonckheere, 2021; Schuh et al., 2029). Early
diagnosis for LSDs represents a big challenge and it is crucial to
prevent multi-organ failure (Mokhtariye et al., 2019). The use of
comprehensive genetic sequencing methodologies such as whole
genome sequencing (WGS) are particularly suitable to elucidate the
genetic background in rare diseases such as MPS I and MPS II, by
enabling the detection of rare variants in known as well as novel
genes. The aim of this study was to identify disease-causing variants
usingWGS data of 14 Pakistani families initially diagnosed as MPS I
and MPS II based on clinical presentation.

2 Materials and methodology

2.1 Ethical approvals

Ethical approval was granted by the Bioethical Review board,
Quaid-i-Azam University, Islamabad, Pakistan (BEC-FBS-
QAU2019-198) and Shaheed Zulfiqar Ali Bhutto Medical
University, Islamabad, Pakistan (F.1-1/2105/ERB/SZABMU/179).
Before collection of blood samples, all participants or their
guardians signed an informed consent form. The study was
conducted in accordance with the Declaration of Helsinki (World
Medical Association, 2013).

2.2 Participants

In the present study, we recruited 14 families in total (A–N).
Twelve of them (A–L) were diagnosed as MPS I with 26 affected
individuals (Figure 1) and the other two (M, N) as MPS II with
two affected males (Figure 2). In total, 37 individuals including
15 affected and 22 unaffected participated in the present study.
Families were recruited from diverse regions of Pakistan
(i.e., Punjab, Islamabad capital territory, Khyber
Pakhtunkhwa, and Azad Jammu and Kashmir) (Figure 3).
Moreover, 77 additional individuals with Pakistani origin that
are part of an ongoing LSDs study (unpublished) were also
sequenced.

Inclusion criteria were based on their physical phenotypes,
radiological findings, and blood testing (Table 1) at outpatient
department (OPD), Children Hospital, Pakistan Institute of
Medical Sciences, Islamabad, Pakistan. Pedigrees were drawn by
using the information provided by the accompanying elder
attendant of the patients.

2.3 Blood collection and DNA extraction

Peripheral blood samples of 3–5 ml were taken in an EDTA
vacutainer (BD vacutainer K2 EDTA 18 mg) and stored as whole
blood at −20°C before DNA extraction. DNA extraction was
performed using standard Phenol-Chloroform method (Grimberg
et al., 1989). DNA was quantified by using the μDrop Plate reader
(MultiskanTM, Thermo Fisher Scientific, and Waltham, MA,
United States).
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2.4 Whole genome sequencing and variant
calling

Read mapping and genotype calling was performed using a
modified version of the PALEOMIX pipeline (Schubert et al., 2014).
The modified pipeline and detailed instructions are available at
https://github.com/Hansen-Group/Gul2022.

Briefly, pre-analyses quality assurance was performed using
FastQC v0.11.9 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and MultiQC v1.10 (Ewels et al., 2016). Read
pairs were subsequently processed using fastp v0.20.1 (Chen et al.,
2018) to trim adapter sequences, remove reads with low
complexity, and merge and correct overlapping read pairs
(with a minimum overlap of 11 bp). Reads were mapped using
BWA mem v0.7.17-r1188 (Li, 2013). Against the hg38 human
reference genome distributed as part of the GATK resource
bundle (https://gatk.broadinstitute.org/hc/en-us/articles/
360035890811-Resource-bundle), (McKenna et al., 2010)
including alternative and decoy contigs. Mapped reads were
post-processed using samtools v1.11 (Danecek et al., 2021),

FIGURE 1
Pedigrees of families (A–L) inheriting MPS I phenotype consistent with autosomal recessive mode of inheritance of disease. Square and circles
denote males and females respectively, filled symbols indicate affected individuals and consanguinity is represented by double marriage lines. Genotypes
of participating individuals are shown beneath each individual.

FIGURE 2
Pedigrees of families (M,N) inheriting MPS II phenotype
consistent with X-linked mode of inheritance of disease. Square and
circles denote males and females respectively, filled symbols indicate
affected individuals and consanguinity is represented by double
marriage lines. Genotypes of participating individuals are shown
beneath each individual.
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and the “bwa-postalt.js” script included in the BWA-kit which
post-processes alignments mapping to alternative contigs such as
HLA variants. Duplicate, unmapped, and orphaned reads, and
secondary and supplementary alignments were filtered. The
resulting BAMs were recalibrated using GATK ApplyBQSR
trained using dbSNP release 151 (Sherry et al., 2001) for
known variable sites.

Genotypes (GVCFs) were called for each sample using GATK
HaplotypeCaller, merged, and called using GATK GenotypeGVCFs.
Variant recalibration was carried out separately for SNPs and indels
using GATK ApplyVQSRNode, trained using positive lists from the
GATK resource bundle. Features used in the calibration were
ExcessHet, DP, MQ, QD, SOR, FS, ReadPosRankSum,
MQRankSum, and BaseQRankSum (only for SNPs). We kept
only variables within the upper 98.0 tranche for indel and
99.6 tranche for SNPs. The resulting VCFs were annotated using
VEP v104 (McLaren et al., 2016) using the Ancestral Allele,
ExACpLI, GERP Conservation Scores, and LOFTEE v1.0.3
(https://github.com/konradjk/loftee) (Karczewski et al., 2020)
plugins. Additional custom annotation was included as described
in the github repository.

2.4.1 Data analysis and variant prioritization
All variants were evaluated as per ACMG guidelines (Richards

et al., 2020). Variants that were classified to be pathogenic, likely
pathogenic or uncertain significance according to ACMG guidelines
were prioritized.

Runs of homozygosity (ROH)-based inbreeding coefficient (F)
and principal component analysis was calculated using
PLINK(v1.90b6) on a dataset including both affected and
unaffected individuals as well as 77 additional individuals with
Pakistani origin that are part of an ongoing LSDs study
(unpublished) for better allele frequency estimates. Results are
only shown for the individuals in present study.

For ROH calculation, only variants with minor allele frequency
MAF> 5%, andnomissingnesswere used. ROHswere defined as having
more than 100 variants, a total length larger than 1MB, on average at
least 1 variant per 50 kB, consecutive variants less than 1MB apart, and
atmost 1 heterozygous call per window of 50 variants. The total length of
ROHs was then divided by the total length of the genome (3 GB).

Principal component analysis was performed on by first merging
with the 1000 genomes project (https://www.nature.com/articles/
nature15393). Non-overlapping sites and sites with a MAF difference

FIGURE 3
Map of Pakistan showing the locations (black triangles) of cities/towns from where families included in this study were collected.
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TABLE 1 Showing the details of each patient affected with Mucopolysaccharidosis type I and II.

Family ID Individual
no.

No. of affected
individuals

Age/
Sex

Cast/Region/
Consanguinity

Clinical profile

A V-4 1 9 m/F Rajput/ICT/Yes

Squint eyes, tip-toe walking, kyphosis, frontal
bossing, depressed nasal bridge, umbilical

hernia, narrowing of spinal cord, dysostosis,
throat problem, weak muscles, more crying
episodes, two central incisors widely spaced,
joint contractures, coarse facial features

Pectus carinatum, Hemoglobin = 8.6 g/dL
(12–15), HCT = 32 (35–55), MCV = 63.9 fl

(75–100), MCH = 17.2 pg (25–35), MCHC =
26.9 g/dL (31–38), Neutrophils = 40.4%

(60–70), ESR = 28 mm/Hr (0–15)

B V-1 1 1 y/M Malik/Punjab/Yes

Delay in achieving milestone, speech delay,
hernia, short stature, coarse facial features, joint

contractures, hepatosplenomegaly,
developmental delay, depressed nasal bridge,

squinted eyes

C V-1 1 4 y/F Pathan/ICT/Yes

Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,
short stature, respiratory/ear infections, coarse

facial features, broad based gait, joint
contractures, short trunk, scoliosis/kyphosis,
hepatosplenomegaly, low IQ, intellectual

disability, low hemoglobin

D IV-1 1 1.5 y/F Sheikh/Punjab/Yes

Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,
gibbus formation, short stature, upper airways
obstruction, kyphosis, hazel corneas, coarse

facial features, hearing loss, joint contractures,
hepatosplenomegaly, Intellectual disability,

hypertrichosis

E
VI-4

6
8 y/F

Rajput/AJK/Yes

Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,

hernia, gibbus formation, short stature,
respiratory/ear infection, coarse facial features,
waddling in gait, joint contractures, scoliosis,

hepatosplenomegaly, corneal clouding

VI-2 3 y/M Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,

hernia, gibbus formation, short stature,
respiratory/ear infection, coarse facial features,
waddling in gait, joint contractures, scoliosis,

hepatosplenomegaly, corneal clouding

F IV-1 1 16.5 y/F Narman/AJK/Yes

Delay in achieving milestones, abdominal
distention, hernia, short stature, coarse facial

features, joint contractures, short trunk,
hepatosplenomegaly

G IV-4 1 6 y/M Rajput/Punjab/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, short stature,
respiratory/ear infection, joint contractures,

short trunk, speech delay, coarse facial features,
hepatosplenomegaly, intellectual disability

H IV-2 2 14 y/M Suddhan/ICT/Yes

Delay in achieving milestones, abdominal
distention, coarse facial features, aggressive
behavior, short stature, respiratory/ear
infections, hip dysplasia, joint stiffness,
hepatosplenomegaly, difficulty in walking

Craniofacial disproportion, J-shaped sella,
L1 vertebral body is hypoplastic and slightly
posteriorly displaced, exaggerated lumbar
lordosis, RBG = 71 mg/dL (80–160), serum

urea = 10 md/dL (12–50), loss of biconcavity of
metacarpels with proximal tapping

(Continued on following page)
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between LSD-samples and the 1000 genomes South Asian super
population of more than 25% were removed. The PCA was
calculated using PLINK--pca function on remaining overlapping sites
with overall MAF > 0.05, no missingness, and LD-pruned (window size
of 1MB, step size of 1, R2-threshold of 0.8).

Non-synonymous variants including missense, non-sense,
frameshift and indels in coding and splice sites changes in non-
coding regions with a MAF of less than 0.01 in large, outbred
populations (gnomAD exomes of South Asian population) were
considered as putative causal candidates. Further prioritization of
these rare variants was based on segregation with disease phenotypes
within respective family. As a first phase for WGS data analysis,
already reported genes causing MPS were screened for pathogenic
variants and during second phase, unsolved families were checked
for variants in other LSDs-related genes. In 12 families (A–L)
diagnosed with MPS I, variants homozygous in affected
individuals and heterozygous in their parents were prioritized
based on recessive inheritance pattern of the disease and

consanguinity among parents revealed by their pedigrees. The
lists of heterozygous variants in each family were searched for
compound heterozygous or digenic inheritance. In two families
(M, N) diagnosed with MPS II, pathogenic variants on
X-chromosome segregated from the mother were extracted. In
families where genotypes of parents were available, exomes of
each family were analyzed for dual molecular diagnosis
(Supplementary Figure S1). As a reference population, more than
a 100 healthy control samples from the general Pakistani population
were analyzed for the prevalence of potentially causal variant as per
ACMG guidelines.

The identified variants were subjected to in silico analysis using
the following tools: Have (y) Our Protein Explained (HOPE)
(https://www3.cmbi.umcn.nl/hope/), Predictor of human
deleterious single nucleotide polymorphisms (PhD-SNP) (https://
snps.biofold.org/phd-snp/phd-snp.html), Protein analysis through
evolutionary relationships (PANTHER) (http://www.pantherdb.
org/tools/csnpScoreForm.jsp), I-Mutant (https://folding.biofold.

TABLE 1 (Continued) Showing the details of each patient affected with Mucopolysaccharidosis type I and II.

Family ID Individual
no.

No. of affected
individuals

Age/
Sex

Cast/Region/
Consanguinity

Clinical profile

I V-1 4 12 y/F Mughal/Punjab/Yes

Joint contractures, corneal clouding, very less
eyesight, abdominal distention, coarse facial
features, short stature, underweight, umbilical
hernia, cannot walk, developmental delay,
cardiac issues, hearing issues, respiratory

problems/loud snoring

J V-2 2 2.5 y/M Mughal/KPK/Yes

Delay in achieving milestones, aggressive
behavior with multiple crying episodes,

respiratory/ear infection, no walk, intellectual
disability

K IV-4 4 8.5 y/M Abbasi/Punjab/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,
umbilical hernia, gibbus formation, short
stature, constipation, coarse facial features,
cannot walk (Wheel chair bound), joint
contractures, scoliosis and kyphosis,

hepatosplenomegaly, fish mouth vertebrae, oar
shaped ribs, low IQ, widely spaced eyes,

narrowing of eye opening (right), drooping
eyelids, intellectual disability, developmental

delay

Red cell count = 2.68 million/ul (4–5.2),
Hemoglobin = 7.2 g/dL (11.5–15.5), HCT =
21.8 (35–45), Platelet count = 141 × 1000/ul
(170–450), Neutrophils = 53.4% (60–70)

L IV-5 2 8 y/M Yousafzai/KPK/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,
hernia, short stature, coarse facial features, joint
contractures, hepatosplenomegaly, low IQ,
intellectual disability, dysostosis multiplex

M VI-1 1 4.5 y/M Rajput Bhatti, Khosa Baloch/
Punjab/No

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,

short stature, constipation, coarse facial
features, joint contractures,

hepatosplenomegaly, intellectual disability,
hernia

N II-1 1 5 y/M Aryn/Punjab/No Hernia, short stature, coarse facial features

AJK, Azad Jammu and Kashmir; ESR, erythrocytes sedimentation rate; F, female; HCT, hematocrit; ICT, Islamabad capital territory; IQ, Intelligent quotient; KPK, Khyber Pakhtunkhwa; M,

male; MCV, mean corpuscle volume; MCH, mean corpuscle hemoglobin; MCHC, mean corpuscle hemoglobin concentration; m, months; RBG, random blood glucose; y, years.
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TABLE 2 List of variants identified in the current study.

Pedigree/
Patient ID

Gene variant Patients’
genotype

dbSNP In-silico tools
with

deleterious
output

MAF
gnomAD

Classification
ACMG

VarSome HGMD
accession
number

A/V-4

GALNS

Homozygous rs118204448 4/7 0.00001972

Pathogenic

Pathogenic CM950535NM_000512.5:c.871G>A
(p.Ala291Thr)

PP3, PP4, PP5,
PM1, PM2

B/V-1

IDUA

Homozygous rs1560548356 2/4 0.000007

Likely pathogenic

Likely
pathogenic

Current studyNM_000203.5:c.1172-
1173insGCTGCTGGC
(p.Gua391insLeuLeuAla)

PP4, PM2, PM4

C/V-1

SGSH

Homozygous

rs104894636 17/17

Pathogenic

Pathogenic CM971355
NM_000199.5:c.220G>A

(p.Arg74Cys) 0.0002270

PP5, PS3, PM1,
PM2, PM5, PP3

GAA rs752735168 16/18 0.00003306 Likely Pathogenic Pathogenic Current study

NM_000152.5:c.1930G>T
(p.Ala644Ser)

PM1, PM2,
PP3, PP4

D/IV-1

ABCA5

Homozygous rs747667004 7/7 0.0001090

Likely Pathogenic

Uncertain
significance

Current studyNM_172232.4:
c.26569G>A
(p.Arg857Cys)

PM1, PM2,
PP3, PP4

E/IV-2, IV-4

IDUA

Homozygous rs121965027 7/7 0.00004681

Pathogenic

Pathogenic CM950685NM_000203.5:c.1469T>C
(p.Leu490Pro)

PS3, PM1, PM2,
PP4, PP5, PS3

F/IV-1

IDUA

Homozygous rs121965027 7/7 0.00004681

Pathogenic

Pathogenic CM950685NM_000203.5:c.1469T>C
(p.Leu490Pro)

PS3, PM1, PM2,
PP4, PP5, PS3

G/IV-4

IDS

Hemizygous — 4/4 —

Pathogenic

Pathogenic Current studyNM_001166550.4:
c.353T>A (p.Leu118Ter)

PVS1, PM2,
PP3, PP4

H/IV-2

ALDOB

Homozygous rs200585150 11/18 0.0004219

VUS

Uncertain
Significance

CM1618755NM_000035.4:c.264G>T
(p.Asp88Glu)

PM1, PM2,
PP3 BP1

I/V-1

IDUA

Homozygous

rs121965027 7/7

Likely Pathogenic

Pathogenic CM950685
NM_000203.5:c.1469T>C

(p.Leu490Pro) 0.00004681
PS3, PM1, PM2,

PP4, PP5

KIAA1109 rs773658128 6/7 0.00001213 VUS Uncertain
significance

Current study

NM_001384125.1:
c.1297A>G

(p.Thr4033Ala)

PM1, PM2

J/V-2

TRAPPC4

Homozygous

rs375776811 N/A

0.0002403 Pathogenic

Likely
pathogenic

Not available

NM_016146.6:c.454
+ 3A>G

- PP5, PM2, PP3

HERC1 — 4/7 VUS Uncertain
significance

Current study

NM_003922.4:c.5941G>A
(p.Val1981Ile)

PM2, BP4

K/IV-4 IDUA Homozygous rs121965027 7/7 0.00004681 Likely Pathogenic Pathogenic CM950685

(Continued on following page)
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org/i-mutant/i-mutant2.0.html), MUpro (http://mupro.proteomics.
ics.uci.edu/), VarSome (https://varsome.com/), and ACMG
classification (http://wintervar.wglab.org/).

3 Results

3.1 Clinical characterization

In total, fourteen families (A-N) of Pakistani origin with
phenotypes associated with MPS I and MPS II were included in
the present study. Patients showed a wide variety of characteristic
symptoms from both MPS I and MPS II including coarse facial
features, joint contractures, abdominal distention,
hepatosplenomegaly, hernia, and mental abnormalities among
others (Table 1). Twelve of fourteen (A-L) families showed
consanguinity and clinical phenotypes consistent with MPS I and
were consequently labeled as suspected cases of MPS I by the
clinicians (Table 1; Figure 1). The other two families (M and N)
did not show consanguinity and phenotypes matched clinically with
MPS II (Table 1; Figure 2).

3.2 Genetic characterization

Principal component analysis of the LSDs families merged with
the 1000 genomes projects showed the LSDs families clustering with
the South Asian (SAS) superpopulation (Figure 4A). The SAS
population includes a Punjabi population (PJL) verifying the
genetic ancestry of the LSDs families. Runs of homozygosity-

based F-coefficient of the affected individuals showed that the
high rate of consanguinity in MPS I families was also reflected in
the genetic data (Figure 4B) and close to 0 for the non-
consanguineous MPS II affected individuals.

Analysis of WGS data of available affected and unaffected
individuals in each family revealed ten novel and six previously
reported homozygous or hemizygous variants in the genes involved
in MPS I, MPS II or other lysosomal storage disorders. Five families
(C, I, K, J, L) showed multigenic inheritance (Table 2). All the
variants were found in ROH in homozygous/hemizygous state in
affected individuals while heterozygous or wild type in their parents.
In family D, no homozygous or compound heterozygous variants
were found in MPS-related genes. Therefore, screening for other
LSD-associated or novel candidate genes was performed. The
analysis revealed a homozygous missense variant (c.26569G>A;
R857C) in ABCA5 located in the ROH. Based on the gene
expression, function and pathways, ABCA5 was predicted to be
the strongest candidate. Phenotypically normal siblings were either
wild type or heterozygous carrier of the respective variants in each
family (Figures 1, 2). Genes were annotated according to the
following transcripts: NM_000512.5 (GALNS); NM_000203.5
(IDUA); NM_000199.5 (SGSH); NM_000152.5 (GAA); NM_
172232.4 (ABCA5); NM_001166550.4 (IDS) NM_000035.4
(ALDOB); NM_001384125.1 (KIAA1109), NM_016146.6
(TRAPPC4); NM_003922.4 (HERC1); NM_139125.4 (MASP1);
NM_014140.4; NM_012250.6 (RRAS2).

These variants were predicted pathogenic, likely pathogenic or
variant of uncertain significance according to ACMG classification
(Table 2). None of the identified variants was found in homozygous
state in any human genome variations databases including

TABLE 2 (Continued) List of variants identified in the current study.

Pedigree/
Patient ID

Gene variant Patients’
genotype

dbSNP In-silico tools
with

deleterious
output

MAF
gnomAD

Classification
ACMG

VarSome HGMD
accession
number

NM_000203.5:c.1469T>C
(p.Leu490Pro)

0.0001591 PS3, PM1, PM2,
PP4, PP5

MASP1 rs369042881 N/A VUS Uncertain
significance

Current study

NM_139125.4:c.C73T
(p.Arg25Ter)

PM2, BS1, BS2

L/IV-5

SMARCAL1

Homozygous

— 6/7

- Pathogenic

Likely
pathogenic Current study

NM_014140.4:c.1810C>T
(p.Gln604Ter)

- PVS1, PM2, PP3

RRAS2 — 16/18 Likely Pathogenic Likely
Pathogenic

Not available
in HGMD

NM_012250.6:c.439C>T
(p.Arg147Trp)

PM1, PM2,
PP2, PP3

M/VI-1

IDS

Hemizygous — 17/23 —

Likely Pathogenic

Likely
pathogenic

Current studyNM_000202.8:c.1264C>G
(p.Cys422Ser)

PM1, PM2, PP3,
PP4, BP1

N/III-1

IDS

Hemizygous — 11/11 —

Pathogenic

Pathogenic Current studyNM_000202.8:c.1035C>T
(p.Trp345Ter)

PVS1, PM2, PP3

N/A, not applicable; VUS, variant of uncertain significance; -, not found.
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gnomAD, ExAC, 1000 Genome Project and ethnically matched
healthy controls.

4 Discussion

In the present study, fourteen families (A-N) initially diagnosed
with MPS underwent WGS to identify potentially pathogenic variants.
Among these, twelve families (A-L)were clinically characterized asMPS
I while two (M-N) were clinically diagnosed as MPS II. The diagnosis
was based on clinical phenotypes including facial features, stature,
laboratory tests and inheritance of the phenotypes in pedigree. WGS
revealed homozygous variants in previously MPS-associated genes
(IDUA, GALNS, SGSH, GAA and IDS) and a novel LSDs-associated
candidate gene (ABCA5) in affected individuals. In addition to these
genes, variants were found in seven genes (ALDOB,MASP1, KIAA1109,
TRAPPC4, SMARCAL1, HERC1, RRAS2) that were previously not
reported in MPS but associated with other metabolic disorders.

Our findings in family A (i.e., MPS I), reported a homozygous
sequence variant (c.871G>A; A291T) in GALNS. The gene encodes
N-acetylgalactosamine-6-sulfatase which is a lysosomal exohydrolase
required for the degradation of the glycosaminoglycans, keratan sulfate,
and chondroitin 6-sulfate. Previously, the identified variant (A291T)
has been reported in compound heterozygous and homozygous forms
in two different families of Pakistani origin segregating MPS IV
(Tomatsu et al., 1995; Ullah et al., 2017). In-silico analysis revealed
that missense mutation (p.A291S) resulted in the formation of
additional intramolecular interactions, most likely affecting the
conformation of the active site (Asp288 and Asn289) and its
substrate binding ability. Therefore, variation at amino acid position
291 of GALNS would affect structure and enzymatic function of the
protein.

Multiple mutations in IDUA gene have been identified and
associated with MPSI (Tieu et al., 1995). The IDUA gene is located

at 4p16.3 and comprises 14 exons. IDUA codes for the enzyme
α-L-iduronidase, which is required for the degradation of the
GAGs dermatan and heparan sulfate. Deficiency of the enzyme
leads to the accumulation of these GAGs in tissues throughout the
body, playing a central role in the pathogenesis of MPS I. A novel
homozygous insertion mutation (c.1172-1173insGCTGCTGGC;
G391insLLA) in IDUA was identified in an affected individual in
family B. Glycine at position 391 is involved in the formation of
torsion angles due to its high degree of rotational ability which
maybe lost after the insertion of LLA leading to abnormal function
of the enzyme. Furthermore, affected individuals in families E, F, I
and K also revealed a previously reported variant (c.1469T>C;
L490P) in IDUA (Gul et al., 2020). In these cases, a high
interfamilial variability in the phenotypes of patients
segregating same sequence variant (IDUA; c.1469T>C; L490P)
was observed in our families (E, F, I, K). Deep analysis of the
genome of individuals revealed additional homozygous pathogenic
variants in other genes (c.1297A>G; T4033A in KIAA1109 in
family I, and c.C73T; R25* in MASP1 in family K) that may act
as modifiers or dual molecular diagnosis. Previously sequence
variants in KIAA1109 (4q27) encoding a protein playing role in
endosomal trafficking and endosome recycling of lipids have been
reported to cause Alkuraya-Kucinskas syndrome characterized by
brain abnormalities associated with cerebral parenchymal
underdevelopment, arthrogryposis, clubfoot, and global
developmental delay. Patients in family I showed phenotypes of
MPS as well as Alkuraya syndrome. Similarly, sequence variants in
MASP1 (3q27.3) encoding a serine protease having an essential
role in the innate and adaptive immune response have been
associated with 3MC syndrome 1 characterized by widely
spaced eyes (hypertelorism), a narrowing of the eye opening
(blepharophimosis), droopy eyelids (ptosis) and highly arched
eyebrows. Patients in the present family K showed phenotypes
of 3MC syndrome in addition to MPS.

FIGURE 4
(A) Principal component analysis of the LSDs families merged with the 1000 Genomes project colored according to super population: African
ancestry (AFR), East Asian ancestry (EAS), European ancestry (EUR), and South Asian ancestry (SAS). (B) Distribution of runs of homozygosity-based
F-coefficient of the LSDs families.
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IDUA, KIAA1109 and MAPS1 are located at different loci of
human genome. Due to higher rate of consanguinity, the number of
homozygous regions increases leading to a high risk of occurrence of
multiple pathogenic variants. This might lead to complex
phenotypes due to co-segregation of two syndromes in the same
patient. Therefore, analyzing genomes of populations with a high
rate of consanguinity, dual molecular diagnosis should be
considered.

In family C, we can appreciate a multi-genic inheritance,
segregating two damaging variants in known LSDs enzymes SGSH
(c.220G>A; R74C) and GAA (c.1930G>T; A644S) in homozygous
state, both of which lie within the mapped interval at 17q25.3. SGSH
encodes a lysosomal enzyme sulfamidase involved in the lysosomal
degradation of heparan sulfate. Pathogenic sequence variants in the
gene lead to MPS IIIA (Weber et al., 1997). Arginine at amino acid
position 74 is likely to be involved in the formation of the active site of
sulfamidase. Transition of arginine at the position to a non-conserved
Cysteine may grossly affect enzyme activity. GAA encodes a lysosomal
enzyme alpha-glucosidase. The lysosomal alpha-glucosidase is essential
for the degradation of glycogen to glucose in lysosomes. Defects in the
enzyme lead to glycogen storage disease. In addition toMPS phenotypes
associated with variants in SGSH, the patient showed low hemoglobin
concentration which is found in glycogen storage disease caused by
pathogenic variant in GAA. These findings, suggest that the disease
phenotypes in the present patient could be due to the contribution of
variants in both genes, SGSH and GAA.

In family D, we have identified a missense homozygous variant
(c.26569G>A; R857C) in ABCA5. The ABCA5 protein is a member
of the superfamily of ATP binding cassette (ABC) transporters. ABC
proteins play an important role in transporting various molecules
across extra- and intracellular membranes. Loss of function variants
in human ABCA5 have been associated with hair overgrowth in
human (DeStefano et al., 2014; Raza et al., 2020). On the other side,
abca5−/− knockout mice developed lysosomal disease-like
symptoms (Kubo et al., 2005). Interestingly, the affected
individual in family D carrying ABCA5 missense variant showed
phenotypes overlying with MPS associated with hair overgrowth. To
the best of our knowledge, this is the first human case associating a
variation in ABCA5 with LSD associated with hair overgrowth.

ABCA5 has 1642 amino acids long lysosomal peptide which is
composed of two domains including ABC transporter 1 (478-713)
and ABC transporter 2 (1290-1533). The protein determines the fate
of cholesterol derived from lipoprotein. The functional loss of this
protein impairs the integrity of lysosomes, disrupts the intracellular
flow of free cholesterol, and causes cholesterol to accumulate intra-
endo-lysosomally, adding to the organelles’malfunction (Raza et al.,
2020). The substitution R857C, replaces a positively charged, less
hydrophobic bigger amino acid (Arginine) to a neutral, more
hydrophobic and smaller amino acid (Cysteine). Change in
charge, size and nature of amino acids (Arginine and Cysteine)
at position 857 may affect interactions of the protein with other
molecules and residues leading to improper protein folding and
intra-lysosomal accumulation of cholesterol.

In family G, a homozygous non-sense variant c.353T>A;
p.L118* was identified in IDS gene which is involved in the
X-linked inheritance of MPS II. IDS gene encodes a protein
iduronate 2-sulfatase that catalyzes the degradation of heparan
sulfate and dermatan sulfate (Gul et al., 2020).

In family H, a homozygous missense variant (c.264G>T;
p.D88E) was identified in ALDOB. ALDOB encodes fructose-1,6-
bisphosphate aldolase, a tetrameric glycolytic enzyme that catalyzes
the reversible conversion of fructose-1,6-bisphosphate to
glyceraldehyde 3-phosphate and dihydroxyacetone phosphate.
Pathogenic variants in the gene have been associated with
fructose intolerance. The specific variant (c.264G>T) identified in
family H was previously reported by Retterer et al. (2016) in a family
segregating abnormality of central nervous system. Interestingly, the
affected individual in our family H, showed delay in achieving
milestones, abdominal distention, coarse facial features, aggressive
behavior, short stature, respiratory/ear infections, hip dysplasia,
joint stiffness, hepatosplenomegaly, difficulty in walking,
craniofacial disproportion, J-shaped sella, L1 vertebral body is
hypoplastic and slightly posteriorly displaced and exaggerated
lumbar lordosis. In addition to these phenotypes, the patient
showed hypoglycemia, which is an indication of fructosuria. The
amino acid aspartic acid D at position 88 make salt bridge with R57,
L92 and L321, the mutant residue glutamic acid E may not be able to
interact. Wild type residue D is in its preferred secondary structure, a
turn, while mutant residue E prefers to be in another secondary
structure, which may therefore destabilize the protein conformation.
Due to mutated fructose-1,6-bisphosphate aldolase, accumulation of
fructose-1,6-bisphosphate in different organs of the body may lead
to multi-organ abnormality.

Family J revealed two homozygous variants, one is a missense
variant c.5941G>A; p.V1981I in HERC1 gene and other is splice site
variant (c.454 + 3A>G) in TRAPPC4. HERC1 protein is involved in
the membrane trafficking via guanine nucleotide exchange factors
(GEF) and previously reported as a novel candidate gene for causing
intellectual disability (Ortega-Recalde et al., 2015). Recently, Van
Bergen and colleagues (Van Bergen et al., 2020) reported the same
splice variant underlying early-onset seizures, developmental delay,
microcephaly, sensorineural deafness, spastic quadriparesis and
progressive cortical and cerebellar atrophy in families of
Caucasian, Turkish and French-Canadian ethnicities. Other
authors also identified the same splice site variant in a family of
Indian origin having progressive encephalopathy and muscle
involvement (Kaur et al., 2020). The primary phenotypes of our
patient in family J include delay in achieving milestones, aggressive
behavior with multiple crying episodes, respiratory/ear infection,
unable to walk, and intellectual disability. Interestingly, phenotypes
like muscles weakness, deafness, microcephaly and seizures were not
found in our case. The phenotypic variability might be due to
different familial backgrounds of the families and effect of rare
SNPs in modifier genes. The variant is predicted to cause frameshift
of the protein due to mis-splicing of mRNA.

In affected individual of family L, a novel homozygous missense
variant c.439C>T; p.R147W in RRAS2 gene and a novel non-sense
variant (c.1810C>T; Q604*) was found in SMARCAL1. The
substitution in gene RRAS2 of a positively charged arginine at
position 147 with a neutral residue tryptophan may lead to the
loss of ionic interactions with surrounding residues. It also leads to
distortion of shape as mutant residue tryptophan is bigger in size
than wild type residue arginine. RRAS2 protein is involved in the
regulation of MAPK signaling pathway (Capri et al., 2019). The
involvement of RRAS2 gene in some disease is still to be explored
and linked with disease etiology in human genome mutation
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database. The encoded protein SMARCAL1 is a member of the SWI/
SNF family of proteins. Members of this family have helicase and
ATPase activities and are thought to regulate transcription of certain
genes by altering the chromatin structure around those genes.
Pathogenic variants in the gene have been reported in nephrotic
syndrome and a metabolic syndrome Schimke immuno-osseous
dysplasia characterized by short stature, kidney disease, and a
weakened immune system. The patient in the present study
carrying a non-sense variant in the gene showed a severe
phenotype of delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay, hernia, short
stature, coarse facial features, joint contractures,
hepatosplenomegaly, intellectual disability and dysostosis
multiplex (Table 1). Neurological phenotypes including
intellectual disability, aggressive behavior, joint contractures, and
hepatosplenomegaly showed by the present case were not described
in previous cases. The variation in the phenotypes of previous and
the present case might be due to the nature and/or position of
mutation, different familial background and ages of the affected
individuals. The identified non-sense variant (Q604*) in
SMARCAL1 is predicted to cause loss of function of the protein
either through non-sense-mediated mRNA decay or production of
truncated protein.

Regarding families diagnosed as MPS II (M and N) we found
pathogenic variants (c.1264C>G; C422S in family M and
c.1035C>T; W345* in family N) in IDS segregating with the
phenotypes. The novel missense variant C422S affects a non-
conserved residue among human sulfatases. Cysteine is more
hydrophobic in nature than serine, which causes loss of
hydrophobic interactions. Cysteine at position 422 is involved in
the sulphide bridge formation which will be lost after this change
with serine thus it will affect the stability of protein structure and
ultimately loss of function. The other non-sense variant (W345*) in
IDS was previously identified in Japanese patient affected with sever
phenotypes of MPS II (Sukegawa et al., 1995). The authors found a
smaller precursor protein in cells transfected with W345*.
Therefore, it is predicted that the variant leads to the production
of truncated enzyme. The affected individual in family N showed
mild phenotypes of short stature, coarse facial features and hernia as
compared to those reported by Sukegawa et al. (1995).

Our study increases the knowledge of genetic factors involved in
rare diseases. For this purpose, the Pakistani population is unique
due to the high number of families with consanguineous marriages
and the high frequency of large pedigrees. Furthermore, we have
used WGS instead of phenotype-based diagnosis to diagnose
subtypes of disorders having overlapping phenotypes. Thus, WGS
is a fruitful strategy to identify novel causal homozygous variants in
inbred populations.

The findings of this study have to be taken with some
limitations. For example, limited clinical details were gathered
from the recruited families due to limited resources like testing
facilities at tertiary care hospital at the time of recruitment of the
patients. The overlapping phenotypes among the recruited cases
presented in this study is one of the main reasons for pseudo-
identification of various pathologies diagnosed initially as MPS.
After getting results from sequencing data, the families were
recontacted for more detailed evaluation but most of the
recruited patients have died and families flatly declined to

provide more information. Thus, the present study could not
include functional enzymatic studies and comprehensive analysis
of 3D protein structure. Performing in-vitro and in-vivo functional
studies would help in examining detailed biological effects of the
identified variants. Further studies including more consanguineous
families with similar phenotypes and combined with functional
analysis should be performed to clarify the effect of the identified
variants.

Genetic findings in the affected families showed that the
diagnosis based on phenotypic presentation is not an optimal
method. For this reason, the incorporation of next-generation
sequencing (NGS) in consanguineous families represents one of
the best ways to elucidate the underlying causes in rare diseases
such as MPS I and MPS II and establish a genotype-phenotype
relationship (Hoffman et al., 2013; Umair et al., 2018). NGS will
not only be helpful in the correct diagnosis of the disease but it
will also help in prenatal testing, family planning, carrier testing
and genetic counseling in families affected with LSDs (Komlosi
et al., 2016). Similarly, dual molecular diagnosis has been
reported in several cases of consanguineous unions (Umair
et al., 2017), which cannot be detected through conventional
sequencing or enzymatic testing. Therefore, NGS is required to
identify all the pathogenic and modifier variants in
heterogeneous disorders like LSDs. Sequencing highly
homologous regions (for example, GBA1 locus) using Sanger
or short-read NGS methods in suspected cases of LSDs can miss
other mutant alleles. Because, the shorter reads cannot be
mapped uniquely to the reference genome, especially in cases
where there are recombinant alleles aligning to the homologous
region. Therefore, long-read NGS is recommended in such cases
to discriminate the functional genes from their pseudogenes
(Woo et al., 2021).

Accurate and early diagnosis of LSDs in children represents a
helpful step for designing therapeutic strategies to save different
organs from permanent degeneration. Pre-natal screening and
identification of carriers’ status in an affected family for LSDs
will be helpful for genetic counselling of the family. The
identification of a novel MPS I gene (ABCA5) based on WGS
proves to be helpful for expanding the limits of targeted
therapies to treat LSDs.
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Mucopolysaccharidoses (MPSs) are inherited lysosomal storage disorders (LSDs). MPSs
are caused by excessive accumulation of mucopolysaccharides due to missing or
deficiency of enzymes required for the degradation of specific macromolecules. MPS
I-IV, MPS VI, MPS VII, and MPS IX are sub-types of mucopolysaccharidoses. Among
these, MPS III (also known as Sanfilippo) andMPS IV (Morquio) syndromes are lethal and
prevalent sub-types. This study aimed to identify causal genetic variants in cases of MPS
III andMPS IV andcharacterizegenotype-phenotype relations inPakistan.Weperformed
clinical, biochemical and genetic analysis using Whole Genome Sequencing (WGS) in
14Pakistani families affectedwithMPS III orMPS IV. Patientswereclassified intoMPS III by
history of aggressive behaviors, dementia, clear cornea and into MPS IV by short trunk,
short stature, reversed ratio of upper segment to lower segment with a short upper
segment. Data analysis and variant selections weremade based on segregation analysis,
examination of known MPS III and MPS IV genes, gene function, gene expression, the
pathogenicity of variants based on ACMG guidelines and in silico analysis. In total,
58 individuals from 14 families were included in the present study. Six families were
clinically diagnosedwith MPS III and eight families with MPS IV. WGS revealed variants in
MPS-associated genes including NAGLU, SGSH, GALNS, GNPTG as well as the genes
VWA3B, BTD, and GNPTG which have not previously associated with MPS. One family
had causal variants in both GALNS and BTD. Accurate and early diagnosis of MPS in
children represents a helpful step for designing therapeutic strategies to protect different
organs from permanent damage. In addition, pre-natal screening and identification of
genetic etiologywill facilitate genetic counsellingof the affected families. Identificationof
novel causal MPS genes might help identifying new targeted therapies to treat LSDs.
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Introduction

Background

Mucopolysaccharidoses (MPS) is a group of disorders belonging
to lysosomal storage disorders. MPS are sub categorized into seven
types (MPS I, II, III, IV, VI, VII, and IX) mostly inherited as
autosomal recessive except for MPS II. Each type is caused by
the deficiency of mucopolysaccharide-degrading enzymes. Due to
the deficiency of these enzymes, the mucopolysaccharides
(glycosaminoglycans) accumulate in different organs of the body
including the arteries, skeleton, eyes, joints, ears, skin, teeth,
respiratory system, liver, spleen, central nervous system, blood,
and bone marrow. This excessive accumulation of
mucopolysaccharides result in phenotypes of MPS overlapping
with one another, making it difficult to diagnose without use of
specific diagnostic approaches like the measurement of enzyme
activity in leukocytes or molecular diagnosis (Besley and Wraith,
1997; Chih-Kuang et al., 2002).

Mucopolysaccharidosis type III (MPS III) or Sanfilippo
syndrome is a subtype of MPS discovered 50 years ago with an
autosomal recessive mode of inheritance. The disease affects
0.3–4.1 cases per 100,000 births (Sanfilippo, 1963; Valstar et al.,
2008; Fedele, 2015; Khan et al., 2017). It has been further classified
into four categories (MPS type IIIA—D) caused by variants in SGSH,
NAGLU, HGSNAT, and GNS respectively. Enzymes encoded by
these genes are involved in the degradation of a linear
polysaccharide known as heparan sulfate (HS). HS has a crucial
role in the development of central nervous system (CNS) which
explains why patients suffering from Sanfilippo syndrome develop
dementia from early childhood (De Pasquale and Pavone, 2019) and
have neurological manifestations such as delayed behavioral and
developmental milestones starting from early years of life (Shapiro
et al., 2017; Ozkinay et al., 2021).

Mucopolysaccharidosis type IV, also known as Morquio
syndrome, was first discovered by a pediatrician Luis Morquio in
1929. It has an autosomal recessive mode of inheritance (Morquio,
1929). It is a rare disorder with prevalence of 1 in 40,000 live births
(Nelson et al., 2003). There are two types of Morquio syndrome
(type A and type B) caused by pathogenic variants in GALNS and
GLB1, respectively. The gene GALNS encodes the GALNS enzyme
which has a role in the degradation of glycosaminoglycan including
chondroitin-6-sulfate (C6S) and keratin sulfate (KS), while
GLB1 encoded by GLB1 is involved in the degradation of keratin
sulfate only (Celik et al., 2021). The GLB1 enzyme is also involved in
the hydrolyzation of terminal beta galactosyl residues of
GM1 gangliosides and glycoproteins (Okada and John, 1968).

Diagnosis of MPS III involves either urinary HS excretion
measurement or enzyme measurement from dry blood spot
through tandem mass spectrometry or fluorimetry (Seker Yilmaz
et al., 2021). The diagnosis of MPS IV involves radiological findings
and urinary excretion or liquid chromatography–mass spectrometry
(LC-MS) or MS-based method for KS measurements in plasma or
urine (Piraud et al., 1993; Martell et al., 2011; Peracha et al., 2018;
Chien et al., 2020; Lin et al., 2020). Due to enzymatic pseudo-
deficiency, molecular genetic screening of the patients affected with
MPS III or MPS IV is the most accurate method to diagnose any
subtype of these disorders.

To the best of our knowledge, no prior molecular genetics
research has been conducted in Pakistan regarding Sanfilippo
cases. However, various international research groups have
published studies highlighting different genetic variations found
in cases of Pakistani descent across the globe. Notably, the literature
includes instances of novel or previously reported variants of
Sanfilippo syndrome originating from Pakistani patients. These
include a unique deletion that triggers Sanfilippo syndrome type
D, specifically the c.1169delAmutation within exon 10, resulting in a
premature termination codon (Beesley et al., 2003). Additionally, a
new nonsense variant associated with Sanfilippo syndrome type C,
identified as p.Ser296Ter in exon 10, as well as a splice site variant
designated c.744–2A>G in intron 7, have been documented
(Feldhammer et al., 2009a; Feldhammer et al., 2009b). Several
studies have been conducted in Pakistan related to cases of
Morquio syndrome, revealing a total of seven new
variants—namely, p. Phe216Ser, p. Met38Arg, p. Ala291Ser,
p. Glu121Argfs*37, p. Tyr294Terfs—alongside two previously
reported variants, p. Pro420Arg and p. Arg386Cys (Tomatsu
et al., 2004; Morrone et al., 2014; Ullah et al., 2017; Zubaida
et al., 2018).

Treatment options for MPS III and IV include enzyme
replacement therapy (ERT) (MPS IV A), molecular chaperon
therapy (MCT), substrate reduction therapy (SRT), hematopoietic
stem cell transplant (HSCT), in vivo adeno-associated viral gene
therapy, antioxidant therapy, inhibiting protein aggregation, stop-
codon readthrough therapy and anti-inflammatory therapy
(Hendriksz et al., 2013; Akyol et al., 2019; Beneto et al., 2020;
Seker Yilmaz et al., 2021). In a recent study, recombinant human
GALNS enzyme (rhGALNS) was infused with hydrogel like
polyethylene glycol to deliver the exogenous enzyme successfully
into the fibroblasts for sustainable and longer release (Jain et al.,
2020). Molecular genetic testing, prenatal screening, carrier testing,
and genetic counselling can help in the prevention of the disease
and/or saving organs from permanent degeneration by allowing
early diagnosis and appropriate treatment options (where available).
This study was designed to evaluate the clinical profiles of Sanfilippo
and Morquio syndromes patients from Pakistan, to identify causal
gene variants using WGS and to correlate the genotypes with
phenotypes.

Materials and methodology

Ethical approval and patient recruitment

The study was approved by the bioethical committee of Quaid-i-
Azam University (BEC-FBS-QAU2019-198), Islamabad, Pakistan.

Patients were recruited and diagnosed based on their presenting
clinical profiles (Table 1; Table 3) at outpatient department (OPD),
Children Hospital, Pakistan Institute of Medical Sciences (PIMS),
Islamabad, Pakistan. Before collecting blood samples from patients
and accompanying parents/siblings, informed written consent
forms were signed by the participants in accordance with the
Declaration of Helsinki (World Medical Association, 2013). The
detailed pedigrees were drawn using the information provided by
well-informed elders of the family (Figure 1; Figure 2). Localities of
families from different regions of Pakistan is mentioned in Figure 3.
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TABLE 1 Clinical details of the patients suspected as Sanfilippo syndrome affected.

Pedigree no. Individual
no.

No. of affected
individuals

Age/
Sex

Cast/Region/
Consanguinity

Phenotypes/Clinical profile

A VII-4 1 5 y/M Sardar/AJK/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior (sometimes),
speech delay, short stature, increased body
hair, coarse facial features, broad based gait,

joint contracture, short trunk,
hepatosplenomegaly, self-biting, intellectual
disability ALT = 49 U/L (up to 40), AST =
46 U/L (up to 40), Bilirubin total = 1.9 mg/dL
(<1.2), Hb = 11.1 g/dL (12–1.4), RBC count =
4.08 mil/cmm (4.75–4.85), Hematocrit = 34%
(36–42), Monocytes = 06% (4–5), Serum
Sodium = 155 mmol/L (132–145), Serum
Potassium = 5.5 mmol/L (3.1–5.1), Serum
Ferritin = 27.84 ng/mL (30–400), beaking at
L1 and L2 vertebrae, Glucose (R) = 76 mg/dL

(80–130)

B

VII-2

5

14.5 y/M

Khawaja/Punjab/Yes

Delay in achieving milestones, chronic
diarrhea, abdominal distention, aggressive
behavior, few words speech only, hernia

(surgery), short stature, constipation, coarse
facial features, hepatosplenomegaly, low IQ

VII-3 9 y/M

Delay in achieving milestones, chronic
diarrhea, abdominal distention, aggressive
behavior, few words speech only, hernia

(surgery), short stature, constipation, coarse
facial features, hepatosplenomegaly, low IQ

VII-4 10.5 y/F

Delay in achieving milestone, chronic diarrhea,
abdominal distention, aggressive behaviors,

few words speech only, hernia (surgery), short
stature, constipation, coarse facial features,
hepatosplenomegaly, low IQ Hb = 9.9 g/dL
(13.5–19.5), RBC = 3.92×106/ul (4.0–5.9),

MCH = 25.2 pg (28–32), MCHC = 27.7 g/dL
(29–37), Neutrophils = 76.1% (50–75),

Eosinophils = 0.1% (1–6)

C

V-1

2

5 y/F

Aryn/Punjab/Yes

Delay in achieving milestones, chronic
diarrhea, aggressive behavior, speech delay,
short stature, coarse facial features, joint

contractures, hepatosplenomegaly, intellectual
disability

V-4 1.5 y/F
Delay in achieving milestones, chronic

diarrhea, short stature, joint contractures,
hepatosplenomegaly, intellectual disability

D

IV-2

2

1 y/M

Qaisrani Baloch/ICT/No

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,
short stature, respiratory and ear infection
(Otitis media), coarse facial features, joint

contractures, hepatosplenomegaly, intellectual
disability Mild cerebral atrophy, mild mucosal
thickness of right ethmoid and right maxillary
sinus, Urea = 10 mg/dL (15–45), Creatinine =
0.5 mg/dL (0.7–1.4), Uric acid = 2.8 md/dL
(3.6–7.7), Serum Ferritin = 4.75 μg/L (30–400),

Hb = 10.1 g/dL (14–18), HCT = 36.5%
(41–51), MCV = 69.4 fL (80.97), MCH =

19.2 pg (26–32), MCHC = 27.7 g/dL (32–36),
Microcytes = Positive, Hypochromia =

Positive, Poikilocytes = Positive

IV-1 2 y/F

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,
short stature, respiratory and ear infection,
coarse facial features, joint contractures,

hepatosplenomegaly, intellectual disability 3rd
and 4th ventricle dilation, Mild periventricular

(Continued on following page)
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In presenting clinical profiles, height of each MPS IV patient
was measured and compared to the healthy individual of same age
to confirm their stature. Height is plotted on Center for Disease
Control and Prevention (CDC) charts, used globally and a height
that is two standard deviations below the mean height for age and
sex (less than the 3rd percentile) is considered as short stature
(Barstow and Rerucha, 2015). Complete skeletal survey through
x-ray was performed which showed dysostosis multiplex, fish
mouth vertebrae and bullet shaped metacarpals in Morquio
syndrome patients.

Sampling and DNA extraction

Peripheral blood samples of 3–5 mL were collected from
58 individuals from 14 families, covering 26 affected and
32 unaffected individuals. The blood samples were collected
in 10 mL EDTA vacutainers (BD vacutainer K2 EDTA 18 mg).
DNA extraction was performed using the Phenol-Chloroform
method and DNA was quantified using a μDrop Plate reader
(Multiskan™, Thermo Fisher Scientific, and Waltham, MA,
United States).

TABLE 1 (Continued) Clinical details of the patients suspected as Sanfilippo syndrome affected.

Pedigree no. Individual
no.

No. of affected
individuals

Age/
Sex

Cast/Region/
Consanguinity

Phenotypes/Clinical profile

ischemia, Wide cisterna magna, Mild cerebral
atrophy, Urea = 12 mg/dL (15–45),

Creatinine = 0.5 g/dL (0.6–1.1), ALT = 39 u/L
(5–31), Hb = 10.1 g/dL (12–16), HCT = 35.7%
(37–47), MCV = 67.2 fL (80–97), MCH =
19 pg (26–32), MCHC = 28.3 g/dL (32–36),

Microcytes = Positive, Hypochromia =
Positive, Poikilocytes = Positive

E

VI-1

2

14 y/M

Pathan/KPK/Yes

Delay in achieving milestone, aggressive
behavior, speech delay, gibbus formation, short
stature, respiratory/ear infection, coarse facial
features, excessive hair growth, broad based
gait/waddling, joint contractures, short stature,

scoliosis/kyphosis, intellectual disability
Diffuse cerebral cortical atrophy, AV and VA
concordance, Dolichocephaly, Mild atrophy,
Hb = 11.4 g/dL (14–18), Neutrophils = 44%

(50–75), Lymphocytes = 49% (20–40),
Monocytes = 01% (2–6)

VI-2 8 y/M

Delay in achieving milestone, aggressive
behavior, speech delay, gibbus formation, short
stature, respiratory/ear infection, coarse facial
features, excessive hair growth, broad based
gait/waddling, joint contractures, short stature,
scoliosis/kyphosis, intellectual disability Small
acquired porencephalic cyst left peri-sylvian
mid parietal region, Hb = 11 g/dL (14–18),

WBCs = 3900/cmm (4000–11000),
Lymphocytes = 47% (20–45), Monocytes =

01% (2–6)

F

IV-1

2

10 y/F

Kaka khel/Punjab/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech

delay, respiratory/ear infection (decreased
hearing), coarse facial features, joint
contractures, hepatosplenomegaly,

intellectual disability Spina bifida S1,
Irregular acetabular margins, Pallor =

Positive, Thick calvarium

IV-2 7 y/F

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,

respiratory/ear infection, coarse facial
features, joint contractures,

hepatosplenomegaly, intellectual disability
Hb = 11.7 g/dL (12–15), Neutrophils = 16.7%

(60–70), Eosinophils = 25.2% (0.0–4.0),
Irregular acetabular with small lytic areas

with small femoral epiphysis, Spina bifida S1,
Thick calvarium, J-shaped sella, Hip joint

juvenile arthritis

AJK, azad jammu and kashmir; ALT, alanine transaminase; AST, aspartate aminotransferase; AV/VA, Atrioventricular/Ventriculoarterial; F*, father; F, female; Hb, Hemoglobin;

HCT, hematocrit; ICT, islamabad capital territory; IQ, intelligent quotient; KPK, khyber pakhtunkhwa; M, male; MCV, mean corpuscular volume; MCHC, mean corpuscular

hemoglobin concentration; MCH, mean corpuscular hemoglobin; M*, mother; P, patient; RBC, red blood cells; S, sibling; U, uncle; WBCs, White blood cells; y, years.
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Whole genome sequencing and variant
prioritization

Whole genome sequencing, reads mapping, genotype calling,
pre-analysis quality assurance, and annotation were performed as
describe previously by Gul et al. (2023).

Briefly, mapping and genotype calling was performed using a
modified version of the PALEOMIX pipeline (https://pubmed.ncbi.
nlm.nih.gov/24722405/), with initial quality assurance performed
using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) and MultiQC (https://pubmed.ncbi.nlm.nih.gov/27312411/).
Reads were processed using fastp (https://pubmed.ncbi.nlm.nih.
gov/30423086/) and mapped against the hg38 human reference
using BWA (https://arxiv.org/abs/1303.3997). Alignments were
post-processed using samtools (https://pubmed.ncbi.nlm.nih.
gov/33590861/) and ‘bwa-postalt.js’ from the BWA-kit. BAMs
were calibrated, and genotypes were called and calibrated using
GATK (https://pubmed.ncbi.nlm.nih.gov/20644199/). The resulting
VCF was annotated using VEP (https://pubmed.ncbi.nlm.nih.gov/
27268795/).

Initially, analysis of variants identification was based on
MPS-associated genes. Variants in the exomes were extracted
from whole genome sequencing data of all individuals. The

variants including non-synonymous and splice sites having
minor allele frequency (MAF) greater than 0.01 in larger
outbred populations were excluded by using gnomAD. In
pedigrees with more than one affected individual, variants
shared by multiple patients were prioritized. Based on
consanguinity and inheritance pattern, homozygous variants
were selected and prioritized. During re-analysis, heterozygous
variants were also screened for compound heterozygosity. The
prioritization was based on segregation, gene function,
association with disease and pathogenicity prediction
according to ACMG guidelines and in silico analysis (Richards
et al., 2015). Genes were annotated according to the following
transcripts: NM_000263.4 (NAGLU); NM_144992 (VWA3B);
NM_000199.5 (SGSH); NM_000512.5 (GALNS); NM_
001281723.2 (BTD); NM_032520.5 (GNPTG).

All variants were found in homozygous state in patients while
in heterozygous state in parents. Phenotypically normal siblings
in the present families were either homozygous wild type or
heterozygous carriers for that particular variant. All identified
variants are listed in Table 2 and Table 4. The variants were
evaluated using ACMG guidelines and were predicted as
pathogenic, likely pathogenic or uncertain significance. To
exclude non-disease associated variants, the genomes of more

FIGURE 1
Pedigrees of families inheriting MPS III phenotypes (A–F) consistent with autosomal recessivemode of inheritance. Square and circles denotemales
and females respectively; filled symbols indicate affected individuals and consanguinity is represented by double marriage lines.
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FIGURE 2
Pedigrees of families inheritingMPS IV phenotypes (A–H) consistent with autosomal recessivemode of inheritance. Square and circles denotemales
and females respectively; filled symbols indicate affected individuals and consanguinity is represented by double marriage lines.

FIGURE 3
Map of Pakistan showing the locations (circles) of cities/towns from where families included in this study were collected. (A) All MPS III collected
families. (B) All MPS IV collected families.
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than 100 ethnically matched in-house control samples were
screened. The analysis plan for this study was same as
mentioned in previously (Gul et al., 2023).

Protein modeling and protein-protein
interaction

To generate the complete three-dimensional (3D) structures of
BTD, SGSH, VWA3B, GNTGP, GALNS, and NAGLU proteins
I-TASSER (Iterative Threading Assembly Refinement) (https://
zhanggroup.org/I-TASSER/) was utilized. This is a bioinformatics
tool that generates 3D protein structures using hierarchical
techniques, first searching the PDB library for templates and
then building the models using iterative template fragment
assembly simulation. The degree of appropriateness of all
structures were verified through VERIFY3D and ERRAT. UCSF
Chimera software 1.14 was used to inspect all the structures
graphically (Supplementary Figure S1).

Evolutionary conservation analysis

The degree of evolutionary conservation of the amino acids was
calculated using the ConSurf (https://consurf.tau.ac.il/consurf_
index.php) server to maintain the structural integrity and
function of protein, yielding a conservation rating from 1-9,
classified as variable, intermediate, or highly conserved protein

site. Furthermore, properties of residues were categorized as
either exposed (e), buried (b), highly conserved and exposed
(functional, f), or highly conserved and buried (s)
(Supplementary Figure S2). As a result, any change in the highly
conserved area has a significant impact on the protein’s integral
structure and function.

Results

Clinical characterization

Based on clinical and phenotypic features, 11 patients
(6 males and 5 females) with average age of ±7.2 years from
six families were diagnosed with Sanfilippo syndrome (MPS III).
The other 15 patients (9 males and 6 females) from 8 families
were labeled as suspected cases of MPS IV with average age
of ±7.3 years. MPS III patients showed a wide range of
overlapping features like delay in achieving milestones,
aggressive behavior, abdominal distention, increased body
hair growth and intellectual disability (Table 1). MPS IV
patients showing overlapping features like short stature,
coarse facial features, scoliosis/kyphosis, gibbus formation
and many others (Table 3). All families of MPS III show
parental consanguinity except family D having intra-cast
marriage without any direct blood relation among parents
(Figure 1D). For MPS IV all families show consanguinity
except family C (Figure 2C).

TABLE 2 In-silico analysis and ACMG classification of the identified variants in suspected Sanfilippo syndrome cases.

Pedigree/
Patient ID

Variants Patient
genotype

dbSNP In-silico tools
with

deleterious
output

ACMG
classification

VarSome HGMD
accession
number

ClinVar
accession
numbers

A/VII-4

NM_000263.4
(NAGLU),
c.2020C>T

(p.Arg674Cys)

Homozygous rs763299645 9/9
Pathogenic PP5,
PP3, PM5, PM2

Pathogenic CM981369 SCV004012870

B/VII-2, VII-3,
VII-5

NM_000199.5
(SGSH),
c.221C>T

(p.Arg74His)

Homozygous rs778336949 9/9
Pathogenic PP5,

PS3, PM5,
PP3, PM2

Pathogenic CM971354 SCV004012871

C/V-1, V-4

NM_144992
(VWA3B),
c.2951A>C

(p.Glu984Ala)

Homozygous N/A 8/9
Likely benign BP1,

BP4, PM2
Uncertain
significance

Current study SCV004012872

D/IV-1, IV-2

NM_000199.5
(SGSH),
c.364C>T

(p.Gly122Arg)

Homozygous rs761607612 9/9
Pathogenic PP5,

PP3, PM2
Pathogenic CM971358 SCV004012873

E/VI-1, VI-2

NM_000199.5
(SGSH),
c.258A>C

(p.Asn86Lys)

Homozygous N/A 8/9
Uncertain

significance PM2
Uncertain
significance

Current study SCV004012874

F/IV-1, IV-2

NM_000199.5
(SGSH),
c.817G>A

(p.Asp273Asn)

Homozygous rs1046551417 7/9
Likely pathogenic
PP3, PM2, PP5

Likely
pathogenic

CM002397 SCV004012875

BP, possibly benign; N/A, not available; PP, possibly pathogenic; PM, moderate pathogenic; PS, strong pathogenic.
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TABLE 3 Clinical details of the patients suspected as Morquio syndrome affected.

Pedigree no. Individual no. Affected
individuals

Age/Sex Cast/region/
Consanguinity

Phenotypes

A IV-1 1 3 y/M Gujjar/Punjab/Yes

Delay in achieving milestones, abdominal
distention, gibbus formation, short stature, height
95 cm, 12 kg weight, head circumference 48 cm,
coarse facial features, broad based gait, joint
contractures, kyphosis/scoliosis, bullet shaped

metacarpals, beaking of vertebrae, oar shaped ribs,
widening of medullary canal, coarse trabecular
pattern Metaphyseal dysplasia, Blood sugar

Random = 70 mg/dL (80–160), Hb = 11.7 g/dL
(14–18), HCT = 34.3% (35–55), Neutrophils =
39.8% (60–70), Lymphocytes = 42.1% (30–40),

Vitamin D3 = 18 ng/mL (Deficient <20)

B

IV-4

5

5 y/M

Awan/Punjab/Yes

Abdominal distention, aggressive behavior, short
stature, constipation, (89 cm height, 14 kg weight,

head circumference 51 cm)

IV-5 7.5 y/F

Speech delay, gibbus formation, short stature (F =
92 cm height, weight 15 kg, head circumference
49 cm, coarse facial features, broad based gait,
bone pain, joint contractures, short trunk,

scoliosis/kyphosis, pectus carinatum

C

III-1

2

12 y/M

Pakhtoon/KPK/No

Asthma (uses inhaler), sleep apnea (wakes up
suddenly), no hearing, very loose joints, thin
bones, underweight, deep voice, macrocephaly,
carpel tunnel syndrome, short stature, spinal cord
is bent, all body muscles and bones deform, weak
muscles, aggressive, coarse facial features, jerky
movement, widely spaced teeth, large tongue, mild

ID, flat nasal bridge, skin problem

III-2 9 y/F

Sleep apnea (wakes up suddenly), very loose joints,
thin bones, underweight, deep voice,

macrocephaly, short stature, spinal cord is bent, all
body muscles and bones deform, weak muscles,
aggressive, coarse facial features, jerky movement,
widely spaced teeth, large tongue, mild ID, flat

nasal bridge

D

IV-1

3

10.5 y/M

Mohmand/KPK/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, gibbus, short
stature, respiratory/ear infection, coarse facial

features, joint contractures, short trunk, scoliosis/
kyphosis, hernia, broad based gait

IV-2 9 y/F

Delay in achieving milestones, abdominal
distention, aggressive behavior, gibbus, short
stature, respiratory/ear infection, coarse facial

features, joint contractures, short trunk, scoliosis/
kyphosis, hernia, broad based gait

IV-3 8 y/F

Delay in achieving milestones, abdominal
distention, aggressive behavior, gibbus, short
stature, respiratory/ear infection, coarse facial

features, joint contractures, short trunk, scoliosis/
kyphosis, hernia, broad based gait

E

VI-1

2

10 y/M

Qureshi/Punjab/Yes

Aggressive behavior, short stature, gibbus
formation, waddling gait, joint contractures, short
trunk, scoliosis/kyphosis, liver problem, anemia,

sleep apnea

VI-2 8 y/F

Aggressive behavior, short stature, gibbus
formation, waddling gait, joint contractures, short
trunk, scoliosis/kyphosis, liver problem, anemia,

sleep apnea

F IV-1 1 13 y/F Rana/AJK/Yes

Short stature, gibbus formation, joint
contractures, short trunk, scoliosis/kyphosis,
coarse facial features, spondyloepiphyseal
dysplasia, height = 80cm, weight = 10 kg

(Continued on following page)
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Genetic characterization

Among 14 families diagnosed with MPS, 6 novel and 6 reported
variants were identified, where 11 families carried variants in MPS-
associated genes (NAGLU, SGSH, GALNS), two families carried
variants in two genes (VWA3B, GNPTG) that were not previously
associated with MPS phenotypes, while one family remained
genetically undiagnosed. In family H we found dual molecular
diagnosis (GALNS and BTD genes involvement). In family C
(MPS IV), initial analysis of coding regions in patients did not
reveal any homozygous or compound heterozygous pathogenic
variant(s).

In silico analysis

Pathogenicity prediction

The identified variants were predicted to be deleterious/
pathogenic by various mutation prediction tools like
MutationTaster, I-TASSER, SIFT, Polyphen-2, CADD, VarSome,
VARSEAK and PROVEAN (Table 2; Table 4). Generated structures
were selected based on their high C-score and Tm-score. Wild-type
structure of proteins (BTD, SGSH, VWA3B, GNPTG, NAGLU, and
GALNS) were retrieved from Alpha-fold. Comparison between the
wild-type and mutant type was performed and the mutated
structures showed significant structural change. The altered
structure may result in a loss of function, altered interactions
with ligands or neighboring proteins, or altered stability of the
proteins. None of the identified variants were found in homozygous
state in any human genome variation databases including ExAC,
gnomAD, 1000 Genome Project, dbSNP and healthy control
samples of same ethnicity.

Evolutionary conservation analysis

The evolutionary conservation analysis of candidate genes
showed that, in BTD protein, p.Asp446His is an average

(partially conserved) and exposed residue according to the
NACSES. In the protein SGSH, the Asn86Lys is highly conserved
and buried residue. In protein VWA3B, the Glu984Ala is highly
conserved, exposed and functional residue. In protein GNPTG, the
Gly60Glu is highly conserved, buried and structural residue
according to NACSES. In the protein NAGLU, Arg674Cys is
highly conserved, exposed and functional residue according to
NACSES.

Discussion

In 14 families with phenotypically diagnosed MPS III (A-F) or
MPS IV (A-H) we report that 11 families carried pathogenic variants
in known MPS-associated genes. Two families had novel mutations
in genes previously not associated with MPS and one family remains
genetically undiagnosed. Additionally, one family (family H) had
pathogenic variants in both GALNS and BTD segregating with the
phenotype.

Mucopolysaccharidoses III

The initial recruitment and diagnosis of six families with
Sanfilippo syndrome (MPS III) were based on their clinical
profiles and phenotypes (Table 1).

We report two likely causal variations: One identified inNAGLU
(family A) co-segregating withMPS III type B and the other in SGSH
(families B, D, E and F) co-segregating with MPS III type A and
VWA3B (Family C).

In family A, a homozygous missense variant c. 2020C>T
(p. Arg674Cys) was found in exon 6 of NAGLU gene. This
variant was first reported in compound heterozygous state by
Zhao et al. (1998) in two different families affected with end-
stage neurological debilitation and moderate mental retardation.
Another missense variant at the same codon (c. 2021G>A
(p. Arg674His)) in compound heterozygous state was reported by
Zhao et al. (1996) in an Arab family. This locus is the mutational hot
spot for substitution of Arginine. The locus has CpG dinucleotide

TABLE 3 (Continued) Clinical details of the patients suspected as Morquio syndrome affected.

Pedigree no. Individual no. Affected
individuals

Age/Sex Cast/region/
Consanguinity

Phenotypes

G

IV-3

3

4 y/M

Awan/KPK/Yes

Speech delay, abdominal distention, short stature,
gibbus formation, respiratory/ear infection, coarse
facial features, short trunk, joint contractures,
scoliosis/kyphosis, hernia, hepatosplenomegaly

IV-5 IV-6
3 y/M
3 y/M

Speech delay, abdominal distention, short stature,
gibbus formation, respiratory/ear infection, coarse
facial features, short trunk, joint contractures,
scoliosis/kyphosis, hernia, hepatosplenomegaly

(twins)

H V-3 1 5 y/M Pakhtun/KPK/Yes

Delay in achieving milestones, short stature,
coarse facial features, scoliosis/kyphosis,

abdominal distention, hepatosplenomegaly, joint
contractures, beaking of chest Hb = 11.8 g/dL

(12–14), Bilirubin = 16.4 mg/dL (0.1–1.0), Serum
growth hormone = 1.62 ng/mL (2–5)

AJK, azad jammu and kashmir; cm, Centimeter; F, female; Hb, Hemoglobin; HCT, hematocrit; kg, Kilogram; KPK, Khyber Pakhtunkhwa; M, male; y, years.
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involvement (Zhao et al., 1996). Currently studied patient showed
more severe phenotypes including delay in achieving milestone,
abdominal distention, aggressive behavior, speech delay, short
stature, increased body hair, coarse facial features, broad-based
gait, joint contracture, short trunk, hepatosplenomegaly, self-
biting and intellectual disability. The interfamilial variability in
the severity of phenotypes might be due to homozygous
substitution of Arginine at amino acid position 674 in the
present patient and/or different ethnicities of the families
reported by Zhao et al. (1996), Zhao et al. (1998). Furthermore,
such variability in clinical presentations amongst patients harboring
the same genetic variant have also been reported for other LSD
subtypes, indicating the contribution of epigenetic modifications,
environmental factors and/or genetic modifiers that is yet to be
elucidated (Davidson et al., 2018; Sheth et al., 2022).

In family B, five individuals were affected including three males
and two females. One female (VI-1) and one male (VII-1) patient
had died at the age of 12 and 14 years respectively. All available
patients were homozygous for the SGSH c. 221C>T (p. Arg74His)
variant. The parents were heterozygous, while two healthy live
siblings including a female (VII-5; 21 years) and a male (VII-4;
15 years) were wild type carriers. This pathogenic variant was first
identified in compound heterozygous form in the Polish population
(Bunge et al., 1997). The same codon is altered for another

substitution where Arginine is replaced by Cysteine (c. 222G>A,
p.Arg74Cys) (Bunge et al., 1997) resulting in a similar phenotype.
This locus is likely to be the mutational hot spot for the disease. This
residue is conserved among all mammalian sulfatases and stabilizes
the active site of the enzyme (Bunge et al., 1997). The substitution
might cause loss of ionic interactions formed by positively charged
arginine; also, difference in sizes causes loss of interactions with
other residues and domains.

In family C, a novel VWA3B variant (c.2951A>C; p.Glu984Ala,
exon 22) was identified. The variant causes loss of interactions and
loss of hydrogen bonds thus affecting the correct folding of protein
(HOPE analysis https://www3.cmbi.umcn.nl/hope/).

Previously, four variants including three nonsense and one
missense have been reported in VWA3B underlying neurological
phenotypes including intellectual disability, cerebellar ataxia and
autism spectrum disorder as per HGMD (Accessed on 20-May-
2022). Affected individuals in the present study showed MPS III
overlapping phenotypes including delay in achieving milestones,
chronic diarrhea, aggressive behavior, speech delay, short stature,
coarse facial features, joint contractures, hepatosplenomegaly, and
intellectual disability. Variability in the phenotypes of previous
reported cases and the patients in the present study might be due
to different position of the variant, familial background, and/or the
impact of SNPs in modifier genes.

TABLE 4 In-silico analysis and ACMG classification of the identified variants in suspected Morquio syndrome cases.

Pedigree/
Patient ID

Variants Patient
genotype

dbSNP In-silico tools
with

deleterious
output

ACMG
classification

VarSome HGMD
accession
number

ClinVar
accession
numbers

A/IV-1 NM_000512.5
(GALNS), c.
1365-2A>G

Homozygous rs1281515662 N/A Likely pathogenic
PVS1, PM2

Likely
pathogenic

Current study SCV004012876

B/IV-4,IV-5 NM_000512.5
(GALNS), c.107A>C

(p.Leu36Arg)

Homozygous rs755832705 8/9 Pathogenic PP5,
PM1, PM5,
PP3, PM2

Pathogenic CM145571 SCV004012877

C/III-1,III-2 Unsolved Homozygous N/A N/A N/A N/A N/A N/A

D/IV-1,IV-
2,IV-3

NM_000512.5
(GALNS),
c.1259G>C

(p.Pro420Arg)

Homozygous N/A 9/9 Uncertain
significance PP3,

PM2, PP5

Uncertain
significance

CM145597 SCV004012878

E/VI-1,VI-2 NM_032520.5
(GNPTG), c.179G>A

(p.Gly60Glu)

Homozygous N/A 8/9 Uncertain
significance
PP3, PM2

Uncertain
significance

Current study SCV004012879

F/IV-1 NM_000512.5
(GALNS),
c.423-1G>A

Homozygous N/A N/A Pathogenic PVS1,
PP5, PM2

Pathogenic Current study SCV004012880

G/IV-3/IV-
5,IV-6

NM_000512.5
(GALNS), c.107A>C

(p.Leu36Arg)

Homozygous N/A 8/9 Pathogenic PP5,
PM1, PM5,
PP3, PM2

Pathogenic CM145571 SCV004012877

H/V-3 NM_000512.5
(GALNS), c.107A>C

(p.Leu36Arg)

Homozygous N/A 8/9 Pathogenic PP5,
PM1, PM5,
PP3, PM2

Pathogenic CM145571 SCV004012877

NM_001281723.2
(BTD), c.1336G>C
(p.Asp446His)

Homozygous N/A 8/9 Pathogenic PS3,
PS1, PP5,
PM1, PM5

Pathogenic Current study SCV004012883

N/A, not available; PP, possibly pathogenic; PM, moderate pathogenic; PS, strong pathogenic, PVS, very strong pathogenic.
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In family D, the homozygous missense variant SGSH c. 364C>T
(p. Gly122Arg) in exon 4 was associated with MPS III phenotype in
both patients. This variant was first reported in 1997 in Dutch and
Arab patients (Bunge et al., 1997). Insertion of a charged residue
Arginine at amino acid position 122 of SGSH will cause distortion in
the structure and might cause disruption of correct folding of
protein. Clinical details and pathogenicity of the variant is
described in Table 1 and Table 2, respectively. There were two
affected individuals in the family, one sister and one brother born to
a non-consanguineous couple, without any previous family history
for the disease but all the successive marriages in previous
generations are intra-cast marriages (Figure 1D).

In family E, a homozygous missense SGSH c. 258A>C
(p. Asn86Lys) variant was identified. This variant is novel and has
not previously been reported to cause Sanfilippo syndrome. The family
had two affectedmales, born to a first-degree cousin couple (Figure 1E).
One patient VI-1 died a month after sample collection at the age of
15 years. Asparagine at amino acid 86 is highly conserved in SGSH in
different orthologues. The wild-type residue forms a hydrogen bond
with methionine at position 88, the difference in size of wild type and
mutated residues causes loss of interaction. The variation is in the
catalytic domain that is important for the activity of the enzyme and
interact with another domain which might affect the function of
protein. As per ACMG guidelines, the variant was classified as a
variant of uncertain significance (Table 2).

In family F, the identified pathogenic variant was SGSH c. 817G>A
(p. Asp273Asn) in exon 7. This variant was reported in UK in 2000
(Beesley et al., 2000). The variant was found in homozygous state in
both patients (IV-1, IV-2) and heterozygous in their parents. Both
affected individuals were females and born to a first-degree cousin
couple (Figure 1F). This variant is located in a CpG dinucleotide site
which is themutational hot spot of the gene (Beesley et al., 2000). As per
HOPE analysis, the wild-type residue is negatively charged, and
therefore, interaction with calcium ions is lost with this substitution,
reducing the stability of the enzyme. The wild type residue Asp273 also
forms hydrogen bonds with Asp31 and Asp32 and salt bridges with
Arg74, Leu123, and Arg282, which might be lost due to substitution of
Asp273 with a neutral Asparagine residue, disturbing the ionic
interactions. As per ACMG guidelines the variant is classified as
likely pathogenic (Table 2).

Functional lysosomes are important for autophagy to regulate
the quality of cytoplasm by eliminating cellular macromolecular
aggregates. If autophagy is disturbed due to compromised or absent
lysosomal enzyme it may lead to inappropriate storage of material in
different cells. This storage interferes with normal cell function and
affects many organ systems including brain, viscera, bone and
cartilage causing various diseases including lysosomal storage
disorders (LSDs), neurodegenerative diseases and cancers (Saha
et al., 2018; Scerra et al., 2022). Interestingly, in present study we
identified missense disease-causing variants in all MPS-III
diagnosed families, such variants could have little or no impact
on the enzymatic activity of the mutant protein but may cause
folding or tertiary structure alterations. Misfolded protein/s are
retained in the endoplasmic reticulum for subsequent
degradation thus causing enzyme deficiency and compromise in
autophagy (Mohamed et al., 2017; Valencia et al., 2021). Therefore,
neurological symptoms are one of the most common phenotypes
observed in MPS III because neurons being post-mitotic cells could

not dilute damaged cell organelles and protein aggregates (Valencia
et al., 2021; Scerra et al., 2022). No therapeutic approach has been
successful in reverting the symptoms of MPS III and neurological
manifestations caused by it. Some of the common therapies tested
include enzyme replacement therapy (ERT), substrate reduction
therapy (SRT), pharmacological chaperon therapy (PCT) and
hematopoietic stem cell transplant (HSCT) (Valstar et al., 2010;
Beneto et al., 2020; Penon-Portmann et al., 2023). Some of the
therapies applying on cell lines and animal models for treating MPS
III include over expression of TFEB (Lotfi et al., 2018), master
regulator of lysosomal biogenesis (Bajaj et al., 2019) and coenzyme
Q10 (Matalonga et al., 2014).

Mucopolysaccharidoses IV

Eight families (A-H) were recruited on the basis of their MPS IV
(Morquio syndrome type A) phenotypes. In six families (A, B, D, F,
G, H) identification of GALNS mutations confirmed the diagnosis.
In family E, a variant in the mucolipidosis-associated gene GNPTG
segregated with the phenotype. No disease-causing variant could be
identified in family C.

In family A, the patient had a novel homozygous GALNS splice
site variant g.38845A>G (chr16:88884534T>C); c.1365–2A>G
(intron 12). A splice site prediction tool varSEAK (https://
varseak.bio/) predicted the identified splice site variant with class
5 (splicing effect). The identified variant is predicted to activate a
cryptic site 34 nucleotide upstream of 3′splice site leading to the
production of an abnormal protein.

Three families B, G and H shared a highly prevalent GALNS
c.107T>G; p.Leu36Arg missense variant. Previously, two different
variations (c. 107T>G; p. Leu36Arg; c. 107T>C, p.Leu36Pro) were
identified on the same codon to cause Morquio syndrome type A in
Asian-multiethnic and Mexican populations respectively (Tomatsu
et al., 2005; Morrone et al., 2014). The variation (p.Leu36Arg) is in
the catalytic domain, which can disturb the function of the enzyme. It
may also hinder the correct protein folding due to the charged arginine
residue leading to the loss of hydrophobic interactions. All the three
families in the present study showed consanguinity and homozygosity
of the variant in patients, while parents were heterozygous carriers
(Figures 2B,G,H). Clinical examination demonstrated intra and
interfamilial variability in the phenotypes of patients carrying the
same variant (Table 3). The variability of phenotypes in this study
might be due to different ethnicities of affected families. Additionally,
family H showed dual molecular diagnosis as another homozygous
missense novel variant in BTD gene, c. 1336G>C; p. Asp446His causing
biotinidase deficiency (EC 3.5.1.12) segregated with the phenotype. This
enzyme is involved in the recycling of biotin bound to protein by
releasing biotin and lysine (Pispa, 1965;Wolf et al., 1985). The wild-type
residue Asp at 446 forms hydrogen bonds with Gly423, Tyr456 and
Gln458, and a salt bridge with Arg544, but because of the substitution,
hydrogen bonding and ionic interaction will be lost.

In family D, there were three affected individuals, two females
and a male born to first-degree cousin parents (Figure 2D). A
homozygous GALNS c. 1259G>C; p. Pro420Arg missense variant
segregated with disease. Previously, Morrone et al. (2014) identified
the same variant to cause MPS IV in Asian-multiethnic population.
Ullah et al. (2017) reported a consanguineous Pakistani family
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affected with MPS IV segregating same disease-causing variant,
i.e., p. Pro420Arg where substitution of proline residue with
arginine distorts the protein conformation (Ullah et al., 2017).

In family E, a novel homozygous GNPTG c.179G>A; p.Gly60Glu
missense variant was identified. Variants inGNPTG cause mucolipidoses
type III (ML III). This gene encodes the gamma subunit of enzyme
N-acetylglucosamine-1-phosphotransferase (EC 2.7.8.17) responsible for
catalyzing the first step in synthesis of a mannose 6-phosphate lysosomal
recognition marker (Braulke et al., 2008; Qian et al., 2010). The clinical
profile for ML III includes phenotypes like short stature, scoliosis and
joint contractures (Tiede et al., 2005; Bargal et al., 2006), which were also
present in the patients in the present study (Table 3). As the initial
diagnosis in the present study was based on clinical phenotypes, and the
two disorders (MPS andML) have overlapping phenotypes, we could not
rule out the possibility of dual molecular diagnosis. Next-generation
sequencing techniques should be used for the correct diagnosis of these
complex overlapping phenotypes. Glycine at amino acid 60 in the
GNPTG protein is highly conserved, so its substitution is probably
damaging to the protein. The mutant residue is negatively charged so
its incorporation will lead ligands and other residues of same charge to be
repelled.

In family F, there were two affected individuals, one living while
the other died at the age 14. A novel homozygous splice acceptor site
GALNS c.423-1G>A variant was found in the patient. The parents
were first degree cousins (Figure 2F). The identified variant is
predicted to activate a cryptic site 1 nucleotide downstream of
3′splice site leading to a frameshift mutation (varSEAK Online -
Splice Site Prediction Version 2.1).

Therapies for MPS IV include enzyme replacement therapy
which is currently working only for type A not for type B. Some
therapies in experimental phases include substrate reduction
therapy, hematopoietic stem cell transplant, gene therapy, anti-
oxidant therapy, inhibiting protein aggregation, stope codon read
through therapy and anti-inflammatory therapy (Akyol et al., 2019;
Seker Yilmaz et al., 2021; Penon-Portmann et al., 2023). In a recent
therapy, the delivery of recombinant human GALNS enzyme
(rhGALNS) into fibroblasts was achieved by infusing it with a
hydrogel, such as polyethylene glycol. This innovative approach
ensures sustainable and prolonged release of the exogenous enzyme.
However, it is important to consider that this treatment might be
costly and require frequent administration (Jain et al., 2020).

From Pakistan, very little knowledge about the genetic basis of
MPS IV has revealed a common variant p.Leu36Arg in 3/8 families
sequenced during current study, and another variant p.Pro420Arg
reported formerly by Ullah et al., 2017, also found in family D with
three affected siblings.

In Pakistan, the burden of recessively inherited lethal genetic
disorders like Sanfilippo and Morquio syndromes is higher due to
custom of intra-familial marriages, but the precise diagnosis is
lacking due to unavailability of state-of-the-art diagnosis facilities
(Hussain and Bittles, 1998; Shahid et al., 2020; Shahzadi et al., 2020;
Gul et al., 2023). However, to ensure the health of children suffering
from such life-threatening disorders, timely diagnosis and treatment
is essential. Patients without proper medical care are affected by
multiple medical conditions and progressive tissue degeneration.
Therefore, early, and correct diagnosis of such disorders should be
performed using targeted gene sequencing and/or WGS.
Furthermore, molecular genetic diagnosis will help to provide

premarital carrier diagnosis, genetic counselling and to devise
prenatal screening tests to address this deficit in the foreseeable
future.

Strength of Study: This study details extensive work from a
highly consanguineous population of Pakistan, showing the need of
genetic exploration for more detailed analysis related to lethal
genetic disorders like Sanfilippo and Morquio syndromes.

Limitation of Study: The initial diagnosis of the patients included
in this study, was performed based on clinical and radiographic
examinations; thus, misdiagnosis of the patients could not be ruled
out due to overlapping phenotypes of MPS, VWA3B-related
phenotypes and ML. Furthermore, the effect of the identified
variants on protein structure and function is based on in silico tools,
and future functional studies are needed to validate the prediction/s.
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SUPPLEMENTARY FIGURE S1
Three-dimensional (3D) of wild-type and mutants of BTD, SGSH, VWA3B,
GNTGP. The zoom-in part represents the mutated residue of each protein.
Mutated proteins show a significant change in their structure.

SUPPLEMENTARY FIGURE S2
Evolutionary conservation of mutated residue of BTD, SGSH, VWA3B, and
GNTGP. The red boxes represent wild-type amino acids that might be
altered by pathogenic mutations of high risk. The conservation scale has a
score range of 1–9, with conserved sites receiving ratings in the range of 7–9.
The tool illustrated the properties of residue that is either exposed (e), buried
(b), highly conserved and exposed (functional, ,(F) or highly conserved and
buried (b).
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