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Abstract 

Introduction: Shwachman Diamond syndrome (SDS) is an autosomal recessive 

condition that is attributed to mutations in SBDS gene. Due to the functionally versatile 

nature of SBDS protein, the effects due to mutations in SBDS gene are reflected at 

cellular level and clinically as diverse phenotypes.  

Material and Methods: In this study, we analyzed karyotype instability and 

chromosomal aberrations that take place in SDS patients’ bone marrow (BM) by 

techniques like karyotyping, fluorescent in situ hybridization and comparative 

genomic hybridization array. We also carried out a comparative BM and osteoblasts 

gene expression pattern of SDS patients with healthy controls using expression arrays. 

Lastly, we exploited the ability of ataluren to restore SBDS nonsense mutation. 

Results: We found that all twenty five SDS patients that we studied for karyotype 

instability carried del(20)(q) in their BM, where EIF6 gene was lost unanimously and 

interstitially. The gene expression pattern of the SDS patients BM and osteoblasts was 

quite different than the healthy controls. The use of ataluren apparently restored the 

nonsense mutation in SBDS gene. 

Conclusion: We highlighted the loss of EIF6 in del(20)(q) by SDS patients that acts as 

a mechanism to compensate the deficiency of SBDS. It was also established that the 

gene expression pattern of SDS patients is different than the healthy controls. We also 

demonstrated the apparent potential of ataluren as a therapeutic option for SDS. 

  

Keywords: Shwachman Diamond syndrome, del(20)(q), genomic instability, 

expression array, ataluren. 
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1. INTRODUCTION 

 

1.1 General background and basic features 

Shwachman–Diamond syndrome (SDS, OMIM #260400) is a rare autosomal recessive 

disorder that manifests diverse symptoms including exocrine pancreatic deficiency, 

hematological disorders, bone marrow irregularities and neurodevelopmental 

complications (Dror 2005). Historically, the syndrome was reported by Bodian and 

Schwachman in 1964 for the first time (Bodian et al. 1964; Shwachman et al. 1964). 

With an estimated incidence of 1 out of 76000 individuals (Goobie et al. 2001), the 

condition is considered to be the 3rd most common cause of bone marrow failure 

(BMF) following Diamond-Blackfan anemia and Fanconi anemia (Ginzberg et al. 

1999a). The Italian SDS registry assumes the incidence of SDS to be 1 out of 153000 

births (Cesaro et al. 2020). 

The age of SDS diagnosis may fluctuate largely among individuals, families and ethnic 

groups (Donadieu et al. 2012). However, the disorder is commonly ascertained in the 

first few years of the person facing the condition (Ginzberg et al. 1999b) as indicated 

by symptoms like growth abnormalities, steatorrhea, and vulnerability to recurrent 

infections. Additionally, hepatomegaly, behavioral and neural abnormalities may also 

be observed in such individuals (Rothbaum et al. 2002; Kerr et al. 2010). The 

symptoms of SDS are wide, heterogeneous and overlapping with other disorders. 

Therefore, they may sometime cause difficulties in the diagnostic process. 

In genetic terms, SDS patients contain biallelic mutations in the SBDS gene 

(Shwachman–Bodian–Diamond syndrome gene) in 90% of clinically diagnosed 

patients (Boocock et al. 2003). SBDS gene is positioned on the long arm of 

chromosome 7. It was discovered in 2003 and retains physiologically crucial 

mutations in the exon 2 region of the SBDS gene (Boocock et al. 2003). Among these 

mutations, the most critical mutation is c.183_184TA>CT, that causes an in-frame 
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introduction of premature termination codon (PTC). The second mutation of SBDS is a 

substitution mutation defined as c.258+2T>C. This mutation disrupts the donor splice 

site of intron 2 which results in the use of an upstream cryptic donor splice site at 

position 251_252 as an alternative. The c.258+2T>C may be considered a 

hypomorphic mutation as some quantity of normal protein is still produced that is 

available to the cell for its use (Valli et al. 2017a). The exact role of SBDS is not fully 

known, however, it is believed that it helps in cell division and ribosomal biogenesis 

(Austin et al. 2008; Finch et al. 2011; Wong et al. 2011). Due to its importance in 

ribosomal biogenesis and function, sometimes SDS is classified as a ribosomopathy. In 

addition to SBDS gene, DNAJC21, SRP54, EIF6 and EFL1 genes have been also recently 

added to the group of causative genes (Dhanraj et al. 2017; Stepensky et al. 2017; Tan 

et al. 2019; Koh et al. 2020). 

2. Clinical profile of SDS patients 

SDS comprises of a diverse range of symptoms and abnormalities that may vary 

among individuals. However, there are some parameters that are common up to a 

greater extent in the affected individuals.  

2. 1. Hematological features 

Primarily, bone marrow failure is a big risk faced by SDS patients. Generally, one or 

more hematopoietic stem cell line may be suppressed due to the disorder, and can give 

rise to hematological abnormalities, as identified by multiple studies carried on SDS 

patients (Ginzberg et al. 1999b; Donadieu et al. 2012). Neutropenia (neutrophil count 

less than 1,500 × 109/L) is one of the leading indicators exhibited by 88–100% of 

patients with SDS (Ginzberg et al. 1999b). Another study estimated neutropenia to be 

about 81% whereas neutropenia together with steatorrhea in 51% of SDS patients 

(Myers at al. 2014). Neutropenia may be persistent or intermittent, making SDS 

patients vulnerable to a wide range of infections (Cipolli et al. 1999). Neutrophils may 

have defective functions including impaired chemotaxis (Cipolli et al. 1999). Due to 

undermined neutrophils, vulnerability to recurrent infections such as otitis media, 
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osteomyelitis, respiratory tract problems, and septicemia etc., may be increased 

(Ginzberg et al. 1999a; Mack et al. 1996). According to an estimate, 42% SDS patients 

show anemia, whereas thrombocytopenia (platelet count <150 × 109/L) is reported in 

34% of the patients (Ginzberg et al. 1999b). Further, elevated level of hemoglobin F 

has been commonly observed in SDS patients (Dror and Freedmen 1999). 

Generally, SDS patients exhibit pancytopenia, bone marrow hypoplasia, fats deposition 

and compromised progenitor cells (Bidou et al. 2012). Abnormal levels of granulocyte-

monocyte colony-forming units and erythrocyte burst-forming units (BFU-E) have 

been highlighted precisely. Moreover, in comparison to healthy individuals, bone 

marrow CD34+ cells of SDS patients are substantially reduced, which eventually 

contribute toward decreased clonogenic ability (Mercuri et al. 2015). These 

observations provide the fundamental evidence that origin of SDS is linked to 

preliminary malfunctioning at the hematopoietic stem cells level.  

There is an increased risk associated with SDS patients to progress toward 

myelodyplastic syndrome (MDS) and undergo malignant changes, acute myeloid 

leukemia (AML) particularly. AML-6 which is a subtype of AML, is the most prevalent 

form observed in SDS. It is noticed in approximately 30% cases suffering from 

leukemic condition. The probability of leukemia and dysplastic condition may be seen 

between 14% to 30% cases (Dror et al. 2011) that can increase with age. The risk of 

developing MDS in general population is comparatively substantially less, and 

especially rare in young individuals. According to an estimate, the median age at onset 

of MDS in general population is 71 years (Bannon et al. 2016). Moreover, SDS patients 

with AML or MDS show poor prognosis and response to therapeutic interventions 

(Myers et al. 2019). 

2.2. Exocrine pancreatic malfunction 

Exocrine pancreatic dysfunction is a pivotal indicator in SDS along with other signs 

(Mack et al. 1996). Prior to the discovery of SBDS gene, exocrine pancreatic 

malfunction was considered as a vital factor in clinical diagnosis of SDS. Insufficient 
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quantity of pancreatic digestive enzymes is observed constantly in the early years of 

development, however, in the later ages, it is partially resolved. Improper digestion 

and absorption of nutrients along with steatorrhea could be the result of this disorder. 

Inadequate levels of digestive enzymes are generally ascertained by reduced serum 

trypsinogen and isoamylase (Ip et al. 2002). Examination of pancreatic tissue 

demonstrates scarcity of pancreatic acini overwhelmed by fatty accumulation (Nicolis 

et al. 2005). Shortage of digestive enzymes in SDS patients is compensated by 

exogenous supply of digestive enzymes formulations. However, such enzymes 

supplements may not be a perfect alternative for digestive enzymes to ensure normal 

health conditions, especially in children. A report by Pichler et al. (2015) 

demonstrated the discrepancy of vital vitamins such as vitamin A and E and other 

important trace elements like zinc, copper and selenium in children despite provision 

of pancreatic enzyme supplements in their diet. 

2. 3. Skeletal and neuro-developmental abnormalities 

SDS is accompanied by clinical or subclinical level bone and skeletal framework issues 

of variable degree (Mack et al. 1996). Generally, defects in the rib-cage, thoracic 

dystrophy and metaphyseal problems are common signs in SDS (Aggett et al. 1980; 

Ginzberg et al. 1999b). Other skeletal parts that are most likely affected comprise of 

regions of vertebrae, knees, wrists and ankles etc. As a result of reduced nutrients and 

minerals mal-absorption, bone dysostosis, osteoporosis and osteomalacia may also be 

observed (Makitie et al. 2004). These factors enhance the thinning of cartilages, 

deformation of joints and shortening of ribs. Skeletal dysplasia, reduced ossification 

and low turnover are the reasons for the irregularities in the bones framework 

(Toiviainen-Salo et al. 2007). 

In addition to skeletal abnormalities, complications related to brain morphology and 

performance is reported. Overall cognitive efficiency is undermined which is 

characterized by behavioral issues and learning inefficacy compared to healthy 

subjects. A small scale study revealed that SDS patients had reduced skull 
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circumference and small brain volumes (Toiviainen-Salo et al. 2008). Further, those 

patients also showed less white and grey matters and slow myelination process 

compared to controls. In a similar study that included SDS patients, cystic fibrosis 

patients and corresponding healthy controls, it was evident that patients with SDS 

were confronted with cognitive and behavioral deficiencies (Kerr et al. 2010). The 

most noticeable indicators were intellectual level, attention and interpretation, 

memorization, communication and ability to socialize with people. These 

abnormalities were apparently attributed to SDS as demographic parameters like age, 

gender and family status had no influence on the outcome of the study. 

2.4. Liver and other organs 

The presence of enlarged liver (hepatomegaly) and elevated liver enzymes are mostly 

observed in young subjects (Aggetti et al. 1980; Ginzberg et al. 1999b; Ip et al. 2002). 

However, this tends to normalize with growing age. Other organs such as kidneys may 

also show compromised renal function due to renal tubular acidosis and problems in 

urinary tract (Donadieu et al. 2005). 

Dental issues may be also observed. SDS patients exhibit dental dysplasia and are 

prone to dental caries and other periodontal complications (Dror et al. 2011) 

3. Criteria for diagnosis, management and treatment 

3. 1. Diagnosis 

SDS patients are generally noticeable for their symptoms in the initial years of life. 

Cesaro et al. (2020) estimated the median diagnosis age for SDS patients of Italian 

registry to be 1.3 years (range, 0-35.6 years). As SDS symptoms may overlap with 

other health conditions like cystic fibrosis, Johanson–Blizzard syndrome, Fanconi 

anemia etc., misdiagnosis or delayed diagnosis was possible previously. However, due 

to advancement in genomics, the molecular diagnosis has overcome this barrier to a 

large extent. 
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In general, the clinical criteria for declaration of SDS is comprised of: (1) proof of 

exocrine pancreatic insufficiency which includes suboptimal trypsinogen and 

isoamylase in the serum, decreased fat-soluble enzymes quantity, extraordinary 72-

hours fecal fats amount in together with pancreatic imaging abnormalities and (2), 

demonstration of BMF, that is achieved by the presence of neutrophils < 1500 ×106/L, 

hemoglobin < 10 g/dL, or platelets < 150 × 106/L accompanied by elevated 

hemoglobin F proportion and pancytopenia (Mark et al. 1996; Rothbaum et al. 2002; 

Woloszynek et al. 2004). Nevertheless, multiple indicators among these parameters 

are considered supportive and are not strictly considered only in the case of SDS 

diagnosis. 

Since the discovery of SBDS gene in 2003 by Boocock et al. (2003), the molecular 

diagnosis has become more reliable tool for SDS diagnosis. The presence of biallelic 

mutations in the SBDS gene have been regarded crucial in the revised updated criteria 

for SDS diagnosis now (Dror et al. 2011). In approximately 10% patients, SDS-like 

condition was found even in the presence of a normal SBDS gene (Boocock et al. 2003). 

This observation remained a mystery until recently conducted studies where few 

diagnosed cases revealed the existence of SDS despite lack of mutations in the SBDS 

gene. Upon detailed sequencing, those mutated genes were identified as DNAJC21 

(Dhanraj et al. 2017), EFL1 (Stepensky et al. 2017), SPR54 (Carapito et al. 2017) and 

EIF6 gene (Koh et al. 2020). These results indicated that SBDS gene might be the 

causative mutant gene in most but not in all SDS cases. Therefore, SDS validated its 

heterogeneity both at phenotypic and genomic levels. 

3. 2. Post diagnosis clinical surveillance  

Once an individual is diagnosed with SDS, it is important to initiate the follow-up 

programs of clinical surveillance. The recommended protocol for such individuals is 

comprised of series of periodic monitoring procedures for hematological, pancreatic 

and other related aspects such as gastrointestinal and skeletal framework (Dror et al. 

2011). 
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Hematological assessment is carried out regularly every 3-6 months to examine full 

peripheral blood counts. Bone marrow condition is determined by biopsy and 

cytogenetic monitoring every 1-3 years for evaluation of possible karyotypic changes 

and risk of AML/MDS (Dror et al. 2011). Similarly, information about the status of 

exocrine pancreatic functionality is also recommended during the follow-up period. It 

has been reported that with growing age the performance of exocrine pancreatic 

parameters may improve in most patients (Mack et al. 1996). Additionally, keeping 

check on the levels of various vitamins notably, vitamin A, D and E are also considered 

vital to oversee vitamins scarcity due to compromised absorption of fats (Dror et al. 

2011). Moreover, sessions of counseling with experts are proposed to understand the 

communication, social and behavioral status of SDS patients for alleviating mental and 

cognitive problems (Dror et al. 2011). 

3.3. Treatment  

Treatment options for SDS are limited and mostly consist of symptoms-based 

supportive interventions. Pancreatic insufficiency is addressed by provision of 

supplements containing pancreatic enzymes. The formulation can be administered 

orally and the dosage should be carefully regulated. It has been established that 

response to exogenously supplied enzyme supplements is outstanding in SDS unlike 

patients suffering from cystic fibrosis. Nutritional deficiencies could be settled by 

vitamins supply. Peripheral blood hematological conditions may need blood 

transfusions while infection due to bacterial/fungus in the circumstances of 

neutropenia should be controlled by granulocyte colony stimulating factor (GCS-F) 

doses in conjunction with antibiotics (Dror et al. 2011).  

Hematopoietic stem cells transplantation (HSCT) is another treatment option for SDS 

patients under defined conditions as it has its own limitations. The chances of HSCT 

success is 80% in the case of aplastic anemia (Dror et al. 2011). However, this 

percentage lies between 30%-40% in the case of patients with MDS or acute leukemia 

(Dror et al. 2011). A recent study concluded that a major determining factor in the 
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success of HSCT in various inherited bone marrow failure syndromes including SDS is 

associated to the timing of the transplant and stage of the disease (Dalle and de Latour 

2016). Hence, HSCT may prove more fruitful in the early stage of a disease before 

development of complications. Hence there is a need to use better surveillance 

strategies including computer algorithms and risk assessment tools, as well as timely 

intervention, to reduce the chances of bone marrow malignant transformation and 

development of complications in SDS patients (Myers et al. 2019) 

4. Molecular genetics and pathogenesis of SDS 

4. 1. Structure and mutations of SBDS gene 

Despite the identification of SDS in year 1964 (Bodian et al. 1964; Shwachman et al. 

1964), limited knowledge existed about genetics of the syndrome. In 2003, a 

breakthrough highlighted SBDS (Shwachman Diamond Bodian Syndrome) gene to be 

the responsible gene for SDS (Boocock et al. 2003). Orthologues of SBDS have been 

reported in all major kingdoms of life including eukaryotes, plants and archea 

(Boocock et al. 2003). 

In humans, SBDS resides on chromosome 7 at locus 7q11. It encodes a transcript of 1.6 

Kb size which is translated into a highly conserved protein of 250 amino acids. The 

SBDS gene is composed of five exons that stretch over a length of 7.9 Kb. Interestingly, 

a pseudogene copy of SBDS is also present in the genome on the distal side at a 

distance of 5.8 Mb from the normal SBDS gene known as SBDSP. The pseudogene copy 

has accumulated various mutations during evolutionary process that impair its coding 

ability. However, with about 97% sequence similarity to the actual SBDS gene, the 

SBDSP remains a leading reason for disease-related mutations due to gene conversion 

(Boocock et al. 2003) (Fig 1). 

Mutations that accumulate in the SBDS gene are mostly localized within the exon 2 

region. Two mutations in the exon 2 region of SBDS are substantially important 

(Boocock et al. 2003). The first and the most critical mutation is a dinucleotide 
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substitution mutation c.183_184TA>CT that causes an in-frame placement of PTC. This 

mutation does not exist in homozygous form due to its lethality, as demonstrated in 

mouse model (Zhang et al. 2006). The second mutation is a substitution mutation 

c.258+2T>C that disrupts the donor splice site of intron 2 which results in the use of 

an upstream cryptic donor splice site at position 251_252 as an alternative. In the case 

of c.258+2T>C mutation, it is speculated that limited quantity of normal SBDS protein 

is still produced that is available to the cell for its use. Valli et al. (2017a) has 

highlighted this mechanism in a schematic manner (Fig 2). 

 

Figure 1. Sequence comparison based map of SBDS and SBDSP shows position of various 
important mutations (Boocock et al. 2003). Image available under Creative Commons 
Attribution License. 
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Figure 2. (a) Wild-type SBDS gene generates wild-type mRNA and wild-type functional SBDS 
protein. (b) SBDS allele with c.183-184TA>CT mutation generates premature stop codon that 
give rise to truncated non-functional protein. This allele is lethal in homozygous condition (c) 
SBDS allele carrying c.258+2T>C mutation impairs splice-site in the start of the intron 2. A 
cryptic splice-site within the exon 2 is utilized to create an aberrant mRNA with 8bp deleted 
frameshift sequence in 90% circumstances, encoding truncated non-functional protein. In 
10% events, normal splicing produces normal SBDS mRNA and consequently normal SBDS 
protein. Compromised SBDS protein in this case attribute towards SDS pathogenesis (Valli et 
al. 2017a). Image available under Creative Commons Attribution License. 

4. 2. SBDS function and interaction with EIF6 

SBDS has been known for its versatile function in multiple cellular processes.  Mainly, 

SBDS is reported to facilitate cell division events like spindle formation (Austin et al. 

2008), DNA replication (Ball et al. 2009) plus ribosomal biogenesis (Finch et al. 2011; 

Wong et al. 2011). These studies have shown that SBDS deficiency give rise to issues 

during cell division and ribosome associated cellular operations. Hence, chromosomal 

instability and ribosomal defects may be the aftermath in such individuals. However, 

the threshold amount of SBDS needed for proper functioning of cellular machinery 

may vary in different cells and setups (Wong et al. 2010). 

Finch et al. (2011) established that SBDS is required to interact with elongation factor-

like 1 (EFL1) for the removal of eukaryotic translation initiation factor 6 (eIF6) from 
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pre-60S subunits. The attachment of eIF6 to the pre-60S subunit hinders the 

ribosomal subunits joining, hence, eIF6 acts as an anti-association factor during the 

ribosomal assembly. On the contrary, SBDS exploits EFL1 GTP hydrolysis to ensure the 

release of eIF6 and facilitate the association between pre-60S and 40S ribosomal 

subunits. 

Apart from SBDS gene, DNAJC21 (Dhanraj et al. 2017), EFL1 (Stepensky et al. 2017), 

SRP54 (Carapito et al. 2017) and EIF6 (Koh et al. 2020) genes have been also recently 

identified to cause SDS in the absence of SBDS mutations (Table 1). The discovery of 

DNAJC21, SRP54, EFL1 and EIF6 implies that the association of other currently 

unknown genes which could cause SDS or SDS-like condition cannot be ruled out.  

 

Figure 3. Percent prevalence of various mutations in SBDS gene of Italian SDS patients. The 
diagram illustrates the mutation percentage in single allele, supposing the other allele with 
mutation c.258+2T>C (Bezzerri et al. 2019). Image available under Creative Commons 
Attribution License. 
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Gene Known mutations Amino acid change References 
SBDS c.24C>A 

c.56G>A 
c.93C>G 
c.97A>G 
c.101A>T 
c.123delC 
c.131A>G 
c.183-184TA>CT 
c.183-184TA>CT+258+2T>C 
c.199A>G 
c.212T>C 
c.279_284delTCAAGT 
c.258+1G>C 
c.258+2T>C 
c.258+533_459+40del 
c.260T>G 
c.291_293delTAAinsAGTTCAAGTATC 
c.300delAC 
c.377G>C 
c.458A>G 
c.460-1G>A 
c.505C>T 
c.506G>T 
c.624+1G>C 
c.523C>T 
c.635T>C 

p.N8K 
p.R19Q 
p.C31W 
p.K33E 
p.N34I 
p.S41fs17 
p.E44G 
p.K62X 
p.K62X 
p.K67E 
p.L71P 
p.Q94_V95del 
p.84Cfs3 
p.84Cfs3 
p.99Efs20 
p.I87S 
p.D97-K98delinsEVQVS 
p.K118N 
p.R126T 
p.Q153R 
Splice site mutation 
p.R169C 
p.R169L 
Splice site mutation 
- 
p.I212T 

(Boocock et al. 
2003; 

Shammas et al. 
2005; 

Delaporta et al. 
2017;Bezzerri 

et al. 2019; 
Morini et al. 

2018) 

DNAJC21 c.100A>C 
c.438-?_894+?del 
c.520C>T 
c.862G>A 
c.1024G>A 

- 
- 
- 
- 
- 

(Dhanraj et al. 
2017; Morini et 

al. 2018) 

EFL1 c.1486C>T 
c.1849A>G 
c.2132A>G 
c.2645T>A 
c.3284G>A 

- 
- 
- 
- 
p.R1095Q 

(Stepensky et 
al. 2017; Morini 

et al. 2018) 

SRP54 c.343A>G 
c.343_351del 
c.677G>A 

p.T115A 
p.T117del 
p.G226E 

(Carapito et al. 
2017) 

EIF6 c.182G>T p.R61L (Koh et al. 
2020) 

 

Table 1. Summary of identified genes and their known mutations associated with SDS till date 
(Bezzerri et al. 2019). Data partially retrieved from image available under Creative Commons 
Attribution License. 
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4. 3. Genomic instability and cytogenetics in SDS 

Patients suffering from SDS may acquire clonal alterations in their bone marrow 

karyotype. These chromosomal changes are generally nonrandom. Among the 

observed chromosomal changes, an isochromosome of the long arm of chromosome 7, 

i(7)(q10), and an interstitial deletion of the long arm of chromosome 20, del(20)(q) 

occur commonly (Presato et al. 2012). The interstitial deletion of long arm of 

chromosome 20, del(20)(q) may encompass the EIF6 gene (Eukaryotic Initiation 

Factor 6). As already described that in normal bone marrow cells, SBDS protein 

interacts with EFL1 (Elongation Factor-like 1) to ensure the removal of EIF6 

(Eukaryotic Initiation Factor 6) from the premature-60S ribosomal subunit and 

promote the biogenesis of mature 80S ribosome (Finch et al. 2011). Therefore, the 

removal of EIF6 is vital for normal biogenesis of mature and fully functional 

ribosomes. Valli et al. (2017a) has postulated the deletion of EIF6 in del(20)(q) as a 

rescue mechanism for compensation of the depleted SDS protein in affected cells to 

promote ribosomal biogenesis and decline the risk of developing MDS and /or AML. 

The study proposes various ribosomal conditions that may arise due to the presence 

or absence of clonal chromosomal anomalies and their possible outcome (figure 4). 

Hence, the i(7)(q10) and del(20)(q) are considered important for their prognostic 

relevance in clones where they emerge. The del(20)(q) has been observed in other 

disorders involving chromosomal instability (Bench et al. 2000). On the contrary, the 

loss of EIF6 by the deleted long arm of chromosome 20 is exclusively observed in SDS, 

which makes the scenario interesting. Pressato et al. (2015) has demonstrated that 

i(7)(q10) was absent in dysplastic or neoplastic clones derived from patients already 

in the MDS/AML phase. Similarly, del(20)(q) is seen in the same manner, nevertheless, 

probability of advancement towards MDS/AML cannot be fully avoided. Apart from 

these two prognostically beneficial chromosomal anomalies, other less known 

chromosomal anomalies have been reported as well (Valli et al. 2017b). 
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Figure 4. +’ and “-“ signs determine the quantity of available protein. a) Normal healthy 
individuals with normal SBDS quantity and normal ribosomal assembly. B). SDS patients with 
frequently known mutations but no chromosomal anomalies show less SBDS quantity and 
poor ribosomal assembly. C). Patients with frequently known mutations and i(7)(q10) 
chromosome:  an additional copy of SBDS on the i(7)(q10) with the mild mutation c.258+2T>C 
enhance SBDS quantity and improved ribosomal assembly. D) SDS patients with frequently 
known mutations and del(20)(q) chromosome: loss of EIF6 gene causes compromised EIF6 
protein and fairly better ribosomal assembly in EIF6 partial absence (Valli et al 2017a). Image 
available under Creative Commons Attribution License. 

5. Nonsense mutations and genetic disorders 

Nonsense mutations in functionally vital genes are the underlying reason for many 

genetic disorders. Generally, cells have a mechanism of regulation for the PTC, called 

none sense mediated decay (NMD) (Celik et al. 2015). By this mechanism, the 

ribosomes perceive a PTC located at least 50 nucleotides ahead of an exon junction 

causing to trigger the NMD pathway. Consequently, NMD directed protein complex 

commences the decay of the defective mRNA. According to an estimate, there are 

approximately 2400 various genetic disorders attributed to the presence of a 
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minimum of one nonsense mutation (Mort et al. 2008). For example, patients who 

suffer from Hurler Syndrome acquire a nonsense mutation in the IDUA gene, which 

results in skeletal and cognitive problems (Sakuru et al. 2020). Similarly, CFTR gene in 

cystic fibrosis (Fanen et al. 2014) and USH2A gene in Usher syndrome (Samanta et al. 

2019) are also listed in the same category. Moreover, some oncogenes may also be 

deteriorated by a similar phenomenon (Bykov et al. 2018). 

5.1. Strategies to combat effects due to nonsense mutations 

Given the importance of nonsense mutations to substantially impair genes expression 

and function, multiple counter strategies have been established to overcome this 

phenomenon (Morias et al. 2020). These strategies involve the suppression of 

nonsense mutations by “read through” process where a sense codon substitutes a stop 

codon (Bidou et al 2012). Some examples of suppression approaches against nonsense 

mutations include the use of aminoglycoside antibiotics, particularly gentamicin and a 

small molecule called ataluren. Emerging innovative options in this regards are nucleic 

acid-derived alternatives such as antisense technology, suppressor tRNA, RNA editing 

approaches and CRISPR based gene editing. In general, all the available nonsense 

suppression options have their merits and demerits and conditions to apply.  

 

Figure 5. Various available options against nonsense suppression (Morias et al. 2020). Image 
available under Creative Commons Attribution License. 
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Among the established nonsense suppression options, gentamycin and ataluren are 

relatively better known as their efficacy has been reported frequently in literature 

(Lentini et al. 2014; Samanta et al. 2019; Tutone et al. 2019; Morias et al. 2020). 

However, the association of gentamycin with nephrotoxicity and ototoxicity is a 

renowned side effect of this drug (Linde and Kerem, 2008), hence making it 

inappropriate for prolonged use. 
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6. Study objectives 

In Shwachman Diamond syndrome (SDS), SBDS gene acquires mutations that 

contribute to the reduced level of normal SBDS protein. Due to the functionally 

versatile nature of SBDS protein for its role in various cellular processes like DNA 

replication, spindle formation and ribosomal biogenesis etc., it is understandable that 

in the case of its depletion, the affected individuals have to bear multipronged effects 

and complications both at cellular and overall phenotype level. Taking into 

consideration the aforementioned scenario, we devised the central idea of this PhD 

project to illustrate the pathogenesis, pathophysiology and clinical aspects of SDS for 

better understanding of this relatively less understood disorder by the use of 

advanced and state of the art molecular techniques. 

In line with the central hypothesis of this study, we specify the study goals as the 

following major points: 

1. Characterization of SDS bone marrow samples and assessment of clones with EIF6 

gene deletion by fluorescence in situ hybridization (FISH) and comparative genomic 

hybridization array (aCGH). 

2. Study of patients-derived bone marrow and osteoblasts for transcriptome analysis. 

3. Assessment of ribosomal profiles in SDS patients and effect of ataluren treatment on 

ribosomal assembly.  
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Evaluation of ataluren as a therapeutic option for Shwachman 

Diamond syndrome 

12.1. Introduction 

Shwachman Diamond syndrome (SDS) is a complex genetic disorder, for which no 

drug based treatment option is available currently. SBDS gene, which was identified as 

the first causative gene (apart from the recently identified genes) for this syndrome, 

accumulates deleterious mutations in approximately 90% SDS patients (Valli et al. 

2017a). Exon 2 region of SBDS is responsible for two key mutations, c.183_184TA>CT 

and c.258+2T>C (Boocock et al. 2003). The c.258+2T>C is considered a hypomorphic 

mutation due to the production of minimal wild type SBDS protein in its presence 

(Valli et al. 2017a). On the contrary, the c.183_184TA>CT is a severe mutation that can 

trigger a premature termination codon (PTC) signal, consequently resulting in a 

truncated nonfunctional protein that can immensely affect the normal cellular 

activities. Due to the deficiency of SBDS protein, patients with SDS show high 

propensity toward myelodysplastic syndrome (MDS) and/or acute myeloid leukemia 

(AML) (Dror 2005). 

There are multiple genetic disorders where the phenomenon of PTC can give rise to 

the diseased condition (Atkinson et al. 1999). In few such genetic disorders, the PTC 

has been suppressed successfully by a counter strategy called nonsense suppression 

(Morais et al. 2020). By nonsense suppression, the stop codon that contributes to PTC 

can be substituted by a sense codon to fix the mutation and ensure normal protein 

synthesis. Welch and colleagues in the year 2007 described a novel molecule, PTC124 

(commonly called ataluren or translarna) that can enhance nonsense suppression in 

dose-dependent manner (Welch et al. 2007). Although the mechanism of action of 

ataluren is still not fully understood, it is believed that ataluren enhances the 

integration of near-cognate tRNAs at the position of nonsense codon that can result in 

the production of full length functionally active protein (Welch et al. 2007). Presently, 
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ataluren is used for the treatment of Duchenne Muscular Dystrophy (Ryan et al. 2014) 

while it is still under investigation for the treatment of cystic fibrosis (Kerem et al. 

2014; Zainal Abidin et al. 2017). Considering the apparent potential of ataluren to 

repair PTC, we designed a small scale study to evaluate the effect of ataluren on 

patient derived lymphoblastoid cell lines (LL) for the restoration of c.183_184TA>CT 

mutation in the absence of an effective therapy for SDS to analyze its capacity as a 

future therapeutic option for SDS patients.  

13. Material and Methods 

13.1. Cell culture 

Patient-derived lymphoblastoid cells (LL) were grown in complete RPMI media in the 

presence of 10 % FBS and 2 mM L-glutamine at 37 °C in humidified Co2 incubator. 

Cultures were maintained for at least three passages before any treatment was 

applied. A total of six samples (45, 90, 39, 100, 75, 46) were used in two different 

experiments for SBDS protein examination by western blot while two samples (100 

and 45) were utilized for ribosomal profiling.  

13. 2. Ataluren treatment 

Approximately 48 hours before harvesting the cells, ataluren treatment was applied to 

cell cultures at a concentration ranging from 2.5 μM-5 μM. Ataluren was applied in the 

form of a solution dissolved in dimethyl sulfoxide. 

13. 3. Cell lysate for SBDS protein western blot  

Following ataluren treatment, about 1 million cells were collected in microcentrifuge 

tube and pelleted at 2200 RPM for 10 minutes at 4 °C. Subsequently, the pellet was 

subjected to a wash with PBS followed by a second centrifugation at 2200 RPM at 4 °C. 

The pellet was dried completely and re-suspended in about 50 μL of RIPA buffer mix 

that comprised of 47.5 μL RIPA buffer (Sigma®), 2 μL phosphatase inhibitor (Roche®) 

and 0.5 μL protease inhibitor (Sigma®). The solution was incubated on ice for 30 
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minutes with periodic pulse vortexing after every 5 minutes. Finally, the homogenized 

solution was centrifuged for 10 minutes at 10,000 RPM and 4 °C, thereby obtaining the 

clear lysate for western blot which was stored at -80 °C until the next use. The 

remaining steps of western blot were performed according to the protocol described 

with slight modifications (Bezzerri et al. 2017). 

13. 4. Cell lysate preparation for ribosome profiling 

Approximately 50 million cells in T75 flask were treated with cycloheximide (CHX) at 

a final concentration of 100 μg/mL and incubated for 20 minutes at 37 °C before 

harvesting. The same concentration of CHX was maintained in all the solutions 

throughout the harvesting process and all the following steps were performed on ice 

or 4 °C (inside the centrifuge). Briefly, cells were pelleted and washed twice with ice 

cold PBS at 300 x g at 4 °C for 5 minutes. Cells pellets were re-suspended in adequate 

volume of detergent buffer (1.2% Nonidet P-40, 0.2 M Sucrose and 0.004 U/μL RNAse 

inhibitor) and lysis buffer (20 mM Tris PH 7.5, 10 mM Nacl and 3 mM Mgcl2 ) followed 

by incubation on ice for 10 minutes that involved occasional vortexing and mixing.  

Finally, the cloudy solution was centrifuged at 14000 x g for 10 minutes to obtain the 

clear cell lysate. 

13. 5. Sucrose gradient centrifugation, fractionation and ribosomes peak 

detection 

Cell lysates with a quantity of about 800 μg - 1.5 mg total proteins were poured on the 

top of sucrose gradient (15%-50%) and after balancing they were ultra-centrifuged at 

36000 RPM for 2 hours at 4 °C in ultracentrifuge (Beckman Coulter). Subsequently, 

gradient fractions were monitored at 254nm UV absorbance for various ribosomal 

peaks by UV detector (Brandel) and about 13 fractions were retrieved per sample 

using the Foxy Jr. gradient collector (Teledyne Isco). Ribosomal profiling was 

performed before and after ataluren treatment to judge the effect of ataluren on 

ribosomal assembly. 
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14. Results 

14.1 Positive response of LL cells to ataluren 

We analyzed the effect of ataluren on LL cells in two discrete experiments and levels. 

In the first small scale experiment ataluren was applied to one million of cells (Fig. 1) 

while in another similar experiment, we applied ataluren to approximately 50 million 

cells to evaluate our findings at larger scale (Fig. 2). In both experiments the response 

of patients samples to ataluren was apparently positive by all patients’ samples 

carrying c.183_184TA>CT (samples 45, 46 and 100). The only patient sample that 

lacked the c.183_184TA>CT was 90 (contains c.258+2T>C only) which did not show 

response to ataluren (Fig 1) and hence was excluded from the following experiment as 

shown in Fig 2. Samples 39 and 75 being controls were also not influenced by ataluren 

as expected (Fig 1 and Fig 2). Further, we were also interested to record the trickled 

down effect of ataluren at the ribosomal level to assess the change in ribosomal 

assembly in patients’ samples. Knowing that ataluren would have apparently no effect 

on ribosomal assembly of healthy individuals and 90 patient as demonstrated in Fig 1 

and Fig 2, they were not considered for ribosomal profiling. Although we included 

patient 46 for ribosomal evaluation initially, however, later due to some ambiguity we 

excluded it in the final result. Generally, our results of ribosomal profiling 

demonstrated the effect of ataluren treatment also at the ribosomal level. We observed 

an apparent increase in the ribosomal biogenesis (Fig 3B, 3C and Fig 4B and 4C), 

which validated our proposed hypothesis. However, due to time stringency we could 

not expand the spectrum of this experiment to a larger scale. 
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Figure 1. a) Western blot image of SBDS compared to β-actin at two concentrations of 
ataluren (2.5 µM and 5 µM) in LL cells. Numbers 45, 90, 100 and 39 describe various samples. 
Samples 45 and 100 contain c.183_184TA>CT mutations, sample 90 is homozygous for 
c.258+2T>C mutation while sample 39 is healthy control. b). SBDS relative protein expression. 
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Figure 2. Western blot image of SBDS compared to β-actin at 5 µM concentration. a). Numbers 
45, 46 and 100 indicate patients samples while 39 and 75 are healthy controls. “Ata” stands for 
ataluren treated samples while “NT” means not treated. b). SBDS relative protein expression. 
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Figure 3A. Ribosomal profile of 100 sample (100/07/LL) before ataluren treatment. 

 

Figure 3B. Ribosomal profile of 100 sample (100/07/LL) after ataluren treatment. 
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Figure 3C.  Ribosomal subunits ratios of 100 sample (100/07/LL) in untreated and ataluren 
treated conditions. 

 

 

Figure 4A. Ribosomal profile of 45 sample (45/07/LL) before ataluren treatment. 
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Figure 4B. Ribosomal profile of 45 sample (45/07/LL) after ataluren treatment. 

 

Figure 4C. Ribosomal subunits ratios of 45 sample (45/07/LL) in untreated and ataluren 
treated conditions. 
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15. Discussion 

The role of ataluren to rectify PTC by nonsense suppression (Welch et al. 2007) is a 

ray a hope for those genetic disorders where PTC can severly impair the production of 

a functionally vital protein. Morais et al. (2020) has mentioned multiple counter 

strategies along with ataluren to be considered for PTC-triggered genetic disorders. 

Due to its ease of use and past precedence, we formulated a pilot scale study to 

evaluate the effects of ataluren on LL cells. Our results revealed that the nonsense 

mutation c.183_184TA>CT that triggers the PTC of SBDS protein in SDS patients was 

restored in the our LL samples (Fig 1 and Fig 2). Similarly, the utimate effect of this 

mutation restoration was also demonstrated in the form of increased ribosomal 

assembly (Fig 3B, 3C and Fig 4B, 4C), which authenticate the capability of ataluren to 

revert PTC signals and promote ribosomal biogenesis of 80S particle in accordance 

with the mechanism highlighted by Finch et al. (2011). Our study outcomes are in 

accordance with a recent report that applied ataluren in SDS and obtained positive 

results (Bezzeri et al. 2017). Many other past and recent studies have highlighted the 

scope of ataluren as a potential drug for PTC triggered genetic conditions (Lentini et al. 

2014; Samanta et al. 2019; Tutone et al. 2019; Morias et al. 2020). Similarly, in 

Duchenne Muscular Dystrophy, the increased expression of dystrophin  due to 

ataluren treatment was noticed in  61% of patients (Finkel et al. 2013), whereas  

between 40%-70% response was estimated in the case of cystic fibrosis patients 

(Kerem et al. 2008). However, response to ataluren is attributed to a variety of factors 

(Finkel et al. 2012) and may also vary among various tissue types as observed in mice 

(Thada et al. 2016). Therefore, although we apparently demonstrated that ataluren 

has restoring efficacy to rectify SBDS nonsense mutation and partially justify its scope 

for treatment of SDS in the future. Nevertheless, there are muliple factors that need 

our attention i. e.  limitation of our sample size, authentication of ataluren in  various 

cell types, evaluation of its toxicity and side effects, association between ataluren and 

patients demographic parameters etc. are some known factors that leave sufficient 
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space to challenge its efficiency in different cellular environments and circumstances 

before concluding the ultimate potential of ataluren in the case of SDS. 
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The discovery of SBDS gene by Boocock and colleagues (2003) was a breakthrough 

event in determining the genetic and molecular basis of Shwachman Diamond 

Syndrome (SDS). Earlier studies (Mack et al. 1996; Ginzberg et al. 1999a; Ginzberg et 

al. 1999b) and subsequent reports (Dror 2005) on SDS demonstrated its multifactorial 

dimensions and diverse clinical phenotypes in the SDS patients. Today, SDS is known 

to be a rare autosomal recessive disorder that demonstrates heterogeneous symptoms 

including exocrine pancreatic deficiency, hematological disorders, bone irregularities 

and neurodevelopmental abnormalities (Dror 2005). Patients with SDS tend to 

develop myelodysplastic syndrome (MDS) and/or acute myeloid leukemia (AML) 

(Dror 2005). SDS patients contain biallelic hypomorphic mutations in the SBDS gene 

(Shwachman–Bodian–Diamond syndrome) in 90% of clinically diagnosed patients 

(Boocock et al. 2003). Recent reports on SDS have revealed the association of other 

genes such as DNAJC21 (Dhanraj et al. 2017), EFL1 (Stepensky et al. 2017), SRP54 

(Carapito et al. 2017) and EIF6 (Koh et al. 2020) to this syndrome which can trigger 

SDS or SDS like phenotype in the affected individuals. SBDS gene itself is functionally 

highly versatile which has key role in regulation of cell division (Austin et al. 2008), 

DNA replication (Ball et al. 2009), ribosomal biogenesis (Finch et al. 2011; Wong et al. 

2011) and probably other cellular processes that mostly remain unknown till now. 

Due to the multifarious role of SBDS, it is understandable that in the case of its 

depletion, the affected individuals have to bear multipronged effects and 

complications both at cellular and overall phenotype level. Taking into consideration 

the aforementioned scenario, we devised the central idea of this PhD project to 

illustrate the pathogenesis, pathophysiology and clinical aspects of SDS for better 

understanding of this disorder by the use of advanced and state of the art molecular 

techniques. 

The initial goal of the project comprised of the evaluation of karyotype instability and 

clonal chromosomal aberrations that take place in SDS patients’ bone marrow (BM) 

cells (Pressato et al. 2012). Conventional cytogenetic techniques like karyotyping and 

fluorescent in situ hybridization (FISH) have been used in the past for examining 
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various chromosomal aberrations. Nevertheless, due to the limitation of karyotyping 

to identify small aberrations and FISH to detect only specific known regions, we used 

them in conjunction with comparative genomic hybridization array (aCGH). The use of 

aCGH technique gives a superior advantage over conventional cytogenetic approaches 

to evaluate micro deletions, micro duplications and loss of heterozygosity (LOH) along 

with its suitability to be utilized easily for various cell types without their prerequisite 

of going through division phase. Generally, different type of chromosomal aberrations 

may accumulate in the BM Of SDS patients, however, due to their hypothesized 

prognostic value and frequent occurrence in SDS (Pressato et al. 2012; Valli et al. 

2013; Pressato et al. 2015), we were primarily focused on del(20)(q) and, i(7)(q10). 

To assess clonal chromosomal anomalies in SDS, we analyzed a total of twenty five SDS 

patients BM in two batches (twelve in 2018 and thirteen in 2020). Interesting, in all 

BM samples carrying del(20)(q), EIF6 was lost unanimously and the deletion was 

always interstitial (Results section 1 and Results section 2). Similar results have been 

reported in a study by Pressato et al. (2012). Moreover, the proximal ends of 

breakpoints were conserved between bands q11.211-q11.22. These results were 

accomplished through aCGH in twenty three patients, whereas, in two cases 

informative probes based FISH was applied for this purpose. In most cases (18/25), 

interstitially deleted fragments with a size ranging from 14-26.9 Mb, were visible by 

chromosome analysis. Conversely, relatively smaller deletions were identified by 

aCGH or FISH in few cases. The size of lowest deletion was recorded as 1.7 Mb (patient 

13). Two patients (SDS1-000050 and UPN 68) were identified with two separate 

del(20)(q) (Results section 2, unpublished data).  

Chromosomal anomalies, i(7)(q10) and del(20)(q) are known to be the most 

predominant clonal anomalies that are acquired by the BM of SDS patients (Pressato et 

al. 2012; Valli et al. 2013). The locus of SBDS gene is positioned on the chromosome 7, 

so, the i(7)(q10) is a way of augmenting the reduced quantity of SBDS protein by 

giving rise to duplication of hypomorphic SBDS allele. The EIF6 protein (Eukaryotic 

initiation factor 6) is an anti-association factor whose removal from the 60S ribosomal 
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subunit is essential for the association of 60S and 40S subunits to ensure the 

formation of 80S ribosomal particle (Finch et al. 2011). Therefore, del(20)(q) which 

contains the locus of EIF6 gene, is an indirect mechanism to reduce the quantity of 

ribosomal anti-association factor by EIF6 haploinsufficiency and hence, to enhance the 

ribosomal assembly in the absence of sufficient SBDS quantity. Our study regarding 

karyotype instability in SDS, particularly the presence of i(7)(q10) and del(20)(q) is 

testimony of the fact that SDS depleted clones strive to use this phenomena as a rescue 

mechanism for the deficiency of the SBDS protein to evolve and reach better fitness 

level. 

The second part of our study comprised of understanding the BM gene expression 

pattern of SDS patients. The comparative analysis of SDS patients and healthy controls 

using expression arrays highlighted that the gene expression pattern of the SDS 

patients was quite different than the healthy individuals (Results section 3). This 

difference was obvious both at the level of whole transcriptome (WT) analysis as well 

as in the selected gene sets that are considered vital in normal BM functioning. 

Previously, few studies (Rujkijyanont et al. 2008; Nihrane et al. 2009; In et al. 2016) 

have been carried out in this domain that reported similar results, however, the scope 

of those studies remain confined to few gene sets only. Similarly, another study by 

Frattini and colleagues also discussed this gene expression pattern (Frattini et al. 

2015). However, due to the choice of selected hela cell line by them, the obtained 

results may not be plausible as hela cell line shows high genetic unstability and 

variability and expression profiling among various batches may lack accuracy. More 

detailed studies supporting our findings on this topic have been published 

(Rujkijyanont et al. 2007; Rujkijyanont et al. 2009) which have used BM or better cell 

lines but they did not consider the clonal chromosomal changes in the BM of SDS 

patients in their studies. In our study, the differential expression pattern was more 

pronounced in those SDS patients with normal karyotype (SDS-NK) that lacked clonal 

chromosomal anomalies (Results section 3, Fig 2). On the contrary, patients with 

clonal anomalies (particularly in high proportion) behaved similar to the healthy 
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controls. Out of the total examined samples, only eight patients showed chromosomal 

anomalies, whereas, nine samples did not exhibit any chromosomal anomaly at the 

time of RNA extraction for transcriptome study. By evaluating the WT via the principal 

component analysis (PCA) for all the samples (both patients and controls), a pattern 

highlighting the stratification of patients in groups was seen. Similarly, WT based 

dendogram, also revealed clustering pattern bifurcating into two major groups 

indicating variable gene expression impression in the SDS-NK patients (Results section 

3, Fig 3). Keeping in mind the importance of EIF6 and its deletion in case of del(20)(q), 

it was intriguing to ascertain the expression level of EIF6 in various samples. The 

extrapolated array raw data to assess EIF6 levels of RNA showed that of del(20)(q) 

containing the interstitial deletion of EIF6 expressed low EIF6 RNA similar to the 

healthy controls, especially when high proportion of clones containing del(20)(q) 

were present (Results section 3, Fig 1). The sole i(7)(q10) case i.e. UPN 24 showed 

normal EIF6 levels as anticipated, while patient suffering from AML and with complex 

karyotype (UPN 92) revealed elevated EIF6 levels. High expression of EIF6 has been 

linked to human cancer in a previous report (Zhu et al. 2017). These outcomes 

enlighten the role of clonal chromosomal changes and particularly the significance of 

EIF6 in the del(20)(q) due to its prognostic importance (Pressato et al. 2012). One 

notable limitation of the study includes the scarcity of whole BM material used in 

expression array experiments for confirmation of the achieved results for important 

genes by real time PCR and western blot. Moreover, we could not figure out the wide 

spread distribution among the control individuals on PCA plot and were unable to 

mention the reason for lack of a coherent behaviour. Nevertheless, the most 

convincing rationale which justifies this aspect is the type of study samples used. Since 

whole bone marrow is composed of a heterogeneous population of cells and therefore, 

may not behave in a homogeneous manner. 

Similarly, as a continuation of gene expression pattern examination in SDS by 

expression array, SDS patient derived osteoblast cells (SDS-OBs) also endorsed the 

findings of our work on whole bone marrow samples indicating altered gene 
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expression pattern compared to healthy controls (Results section 4). Thanks to the 

availability of sufficient material this time, we were able to carry out confirmatory 

experiments. Surprisingly, SDS-OBs lacked chromosomal anomalies and showed 

normal expression of EIF6 (data not shown). Further, the quantity of SBDS protein was 

highly compromised in SDS patients as expected. The impaired production of SBDS in 

osteoblasts was noticeably correlated to compromised expression of key 

osteoblastogenesis genes (Results section 4, Fig 3b and 3c) such as Runx2, BGP, BSP, 

ALP, COL1A  and OPN etc. (except OSX) that are considered crucial in the maturation 

and differentiation process of osteoblasts (Lian et al., 1982; Holm et al. 2014; Singh et 

al. 2018; Komori, 2019) attributing to reduced mineralization potential and low bone 

mass. In accordance with these results, low levels of mineralization has been seen in 

the past in a study involving SDS patients biopsies (Toiviainen-Salo et al. 2007). 

Elevated levels of P53 were also recorded, hence, highlighting its inhibitory role in the 

overall ossification process (Elgetany and Alter, 2002). As a consequence of these 

altered cellular activities in osteoblasts, stunted bone phenotype may be observed in 

SDS patients. Therefore, it was deduced that SBDS is imperative for the regulation of 

differentiation and normal function of osteoblasts. 

The third portion of our project was focused on the hunt for therapeutic agent for SDS. 

Till date, no drug is available to cure SDS. However, by exploiting the known capability 

of ataluren to revert nonsense mutations (Linde et al. 2008), it was proposed to assess 

the restoring potential of ataluren in SDS patient derived lymphoblastoid cell lines 

(LL) for restoration of SBDS gene nonsense mutation c.183_184TA>CT, that causes 

premature termination of the SBDS protein. Our results revealed that nonsense 

mutation was restored in the LL cells. The trickled down effect of this restoration was 

observed in the form of increased SBDS quantity as seen in both pilot and high scale 

experiments (Results section 5, Fig 1 and Fig 2). These finding are in line with the 

outcomes of Bezzerri et al. (2017), indicating the potency of ataluren in SDS. Likewise, 

the therapeutic capability of ataluren has been validated by various other studies 

(Lentini et al. 2014; Samanta et al. 2019; Tutone et al. 2019; Morias et al. 2020). In 
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Duchenne Muscular Dystrophy, the increased expression of dystrophin due to ataluren 

treatment was noticed in 61% of patients (Finkel et al. 2013), whereas between 40%-

70% response was estimated in the case of cystic fibrosis patients (Kerem et al. 2008). 

As an extension of our work and knowing the role of SBDS in ribosomal biogenesis, we 

also demonstrated an increased quantity of 80S subunit in ataluren treated cells 

(Results section 5, Fig 3B, 3C and Fig 4B, 4C ), indicating improved ribosomal assembly 

to form 80S particle in accordance with the mechanism proposed by Finch et al. 

(2011). Nevertheless, response to ataluren is attributed to a variety of factors (Finkel 

et al. 2012) and may also vary among various tissue types as observed in mice (Thada 

et al. 2016). Apparently, it was demonstrated that ataluren has restoring efficacy to 

rectify SBDS nonsense mutation and justify its scope for treatment of SDS in the future. 

However, considering the small sample size of our study, validation of ataluren in 

various cell types, evaluation of toxicity and side effects, correlation between ataluren 

and patients demographic parameters are some of the aspects that leave sufficient 

room to challenge its efficiency in different cellular environments and conditions prior 

to reach a firm conclusion. 

Cumulatively, despite our study limitations, the outcomes of our study enhance the 

existing knowledge about SDS and advance it one step further. In the absence of an 

appropriate animal model for SDS, our studies on patient derived samples lay the 

foundation for future studies to pursue the aspects of pathogenesis, clinical 

repercussions and quest for potential therapy for SDS in the future.  

Future perspective 

SDS is a complex genetic disorder that is not very well understood till date. Our 

current study on SDS can be further extended to improve multiple other hidden 

aspects of the disorder. In the future, we intend to evaluate more samples from 

various global partners for cytogenetic monitoring and to assess the genomic 

instability in more detail, especially to ascertain the del(20)(q), always observed to 

retain the EIF6 gene, which is a very fascinating finding exclusively associated to SDS.  
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 In addition, it would be also of immense interest to examine the role of EIF6 in-vitro in 

cell culture studies. The quantity of EIF6 in cell culture could be regulated by 

knockdown effect using an appropriate cell line and proper knockdown strategy to 

mimic the haploinsufficiency. By this mean, we would be able to compare the obtained 

results with our existing studies on patient derived samples. Therefore, we would be 

in a better situation to give remarks about our existing findings and importance of 

EIF6 in SDS. Similar proposal is also under consideration for the duplication of the 

SBDS hypomorphic mutation c.258+2T>C to achieve i(7)(q10) like condition. 

Lastly, taking into consideration the apparently positive outcome of ataluren in LL cell 

line, it would be amazing to enhance the spectrum of these experiments by including 

more samples and other relevant cell lines to reach a firm conclusion regarding our 

preliminary work. 
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