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Potential protein–phenotype correlation in three lipopolysaccharide-responsive beige-like anchor protein-deficient patients
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Abstract
BACKGROUND
Patients with lipopolysaccharide (LPS)-responsive beige-like anchor protein (LRBA) deficiency have a variety of clinical symptoms, but there is no apparent genotype–phenotype correlation, and patients carrying the same mutations may have different phenotypes. Therefore, it is not easy for doctors to make a decision regarding hematopoietic stem cell transplantation (HSCT) for LRBA-deficient patients. We hypothesized that there may be a protein–phenotype correlation to indicate HSCT for LRBA-deficient patients.

AIM
To report on three Chinese LRBA-deficient patients and determine the correlation between residual protein expression and disease phenotypes. 

METHODS
Clinical data of three Chinese LRBA-deficient patients were collected, and protein levels were detected by Western blot analysis. In addition, LRBA mutation information of another 83 previously reported patients was summarized.

RESULTS
All the major clinical findings indicated enteropathy, but patients 1 and 3 presented with more severe symptoms than patient 2. Endoscopy and histology indicated nonspecific colitis for patients 1 and 3 but Crohn's disease-like colitis for patient 2. Compound heterozygous mutations in LRBA were found in patient 1, and homozygous mutations in LRBA were found in patient 2 and patient 3. Only patient 2 responded well to traditional immunosuppressive treatment. Residual expression of the LRBA protein in patients 1 and 3 was very low, but in patient 2, a more than 0.5-fold in expression of the LRBA protein was found compared to that in the control. After HSCT, patient 1 had increased LRBA protein expression. We summarized the genetic information of 86 patients, and the mutations in patients 1 and 3 were novel mutations.

CONCLUSION
We described three Chinese LRBA-deficient patients, two of whom carried novel mutations. These patients had no genotype-phenotype correlations, but their residual LRBA protein expression might be associated with disease outcome and could be an indicator for HSCT.
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Core Tip: Previous studies have showed that there is no apparent genotype–phenotype correlation for lipopolysaccharide-responsive beige-like anchor protein (LRBA) deficiency, but a protein–phenotype correlation may exist. In this study, we described three Chinese patients with LRBA deficiency. Although all their major clinical findings indicated enteropathy, they had different endoscopy findings and different response to the immunosuppressive treatment. Functional experiments revealed that a lack of LRBA protein expression may lead to worse disease outcomes and be an indicator for hematopoietic stem cell transplantation (HSCT). The results of this study will be valuable for the selection of an immunosuppressive treatment or HSCT for treating LRBA-deficient patients in the future.


INTRODUCTION
Lipopolysaccharide-responsive beige-like anchor protein (LRBA) is a member of the PH-BEACH-WD40 (pleckstrin homology-beige and Chediak-Higashi-tryptophan aspartic acid dipeptide) protein family and participates in multiple cellular processes, including signal transduction, vesicular trafficking, transcriptional regulation, cytoskeleton assembly, chromatin dynamics, and apoptosis[1]. The LRBA gene is located on 4q31.3, contains 57 exons, and encodes a protein containing 2851 amino acids. The LRBA protein is a cytosolic protein that is expressed in several cell types, including hematopoietic, neural, gastrointestinal, and endocrine cells[2]. LRBA protein deficiency can cause dysregulation in activated T cells and circulating TFH (cTFH) cells due to marked Treg cell depletion and impaired Treg cell-mediated suppression caused by the large deficiency of cytotoxic T lymphocyte-associated antigen 4 (CTLA4) expression in residual Tregs[1,3-5]. LRBA deficiency is one of the most common autosomal recessive defects that cause common variable immunodeficiency (CVID), and it was first reported in 2012[6-8]. Patients with LRBA deficiency have a variety of clinical symptoms, including gastrointestinal (GI) symptoms, hypogammaglobulinemia, recurrent infections, lymphoproliferation, and autoimmune cytopenias (autoimmune hemolytic anemia (AIHA), immune thrombocytopenia (ITP), and neutropenia)[9-12]. 
To date, over 100 patients with LRBA deficiency have been reported, and most of these patients present with severe clinical symptoms that cannot be controlled by traditional immunosuppressive agents. However, there is no apparent genotype–phenotype correlation for LRBA deficiency; patients carrying the same mutations may have different phenotypes[3,13-16]. Therefore, it is not easy for doctors to make a decision regarding hematopoietic stem cell transplantation (HSCT) for LRBA-deficient patients. A recent study showed that there may be a protein–phenotype correlation[17]. 
LRBA deficiency is rarely reported in Chinese patients. In the present study, we reported three patients who were identified as carrying LRBA mutations. Functional experiments revealed that a lack of LRBA protein expression may lead to worse disease outcomes and be an indicator for HSCT.

MATERIALS AND METHODS
Patients
Three individuals who were diagnosed with LRBA deficiency at our department were enrolled in this study. Clinical data, including complete blood counts, immunoglobulin levels, lymphocyte subsets, genetic mutations, and histopathological findings of biopsy specimens, were analyzed.

Genetic analysis
Whole-exome sequencing (WES) and analysis protocols were adapted for genetic analysis. Genomic DNA fragments of the patients and their parents were enriched for sequencing. The enriched DNA samples were indexed and sequenced on a HiSeq 2000 sequencer (Illumina, San Diego, CA, United States). Nucleotide changes observed in more than 5% of aligned reads were identified and reviewed by using NextGENe software (SoftGenetics, State College, PA, United States).
Missense mutations in LRBA from patients and their parents were confirmed by Sanger sequencing. Genomic DNA was extracted from peripheral blood using the Blood DNA Isolation Kit (Vazyme, DC111-01) according to the manufacturer’s instructions. PCR was carried out in a 25 μL reaction volume containing 70 ng of template DNA, 1 μL of each designed primer (10 µmol/L), 12.5 µL of Premix Taq (Takara, No: RR003A), and H2O. PCR was conducted using the following program: A denaturation step at 95 °C for 5 min; amplification via 35 cycles as follows: 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min; and a final extension step at 72 °C for 7 min. Then, the products were sent for purification and sequencing (ABI 3730xl, Jieli Company). Mutations were confirmed using SeqMan software.

Quantitative polymerase chain reaction
Deletion mutations were confirmed by quantitative PCR in patient 1 and his parents. Briefly, Takara SYBR quantitative polymerase chain reaction (qPCR) Mix (RR820A), genomic DNA, and the primers were mixed, and qPCR was performed following the manufacturer’s instructions. The primer sequences are as follows: LRBA-exon 53 forward, 5’-gaatgcacaggaggcaaatc-3’ and reverse, 5’-ccagaagccacagacgaga-3’; LRBA-control forward, 5’-atcacaccagcagcattcag-3’ and reverse, 5’-tccacatggcttcctaaacc-3’.

Western blot analysis and quantification of relative LRBA protein expression
LRBA protein analysis was performed on patients and their parents. Peripheral blood mononuclear cells (PBMCs) were lysed, and protein was extracted using RIPA buffer (Thermo Scientific 89900) according to the manufacturer’s instructions. Equal amounts of cell extracts were separated using 10% SDS polyacrylamide gels and then transferred to PVDF membranes at 100 V for 90 min. The membranes were blocked with 6% nonfat milk for 1 h and incubated overnight at 4 °C with primary antibodies against LRBA (Sigma-Aldrich, HPA023597), GAPDH (Protein-HRP, HRP-60004), and β-actin (Affinity, AF7018). After incubation with a secondary antibody, visualization was performed using ECL substrate (LumiBest ECL Substrate Solution Kit, Share-bio, Sb-wb011).
Quantity One software was used to analyze the gray value. The relative LRBA protein expression level was evaluated by the gray value of LRBA protein/the gray value of the internal reference protein. Then, the relative expression of LRBA in patient PBMCs was compared with that in the control group.

Peripheral blood mononuclear cell isolation
Heparin sodium anticoagulated peripheral blood diluted with isometric phosphate-buffered saline (PBS) was slowly added to Ficoll-Paque Plus (GE Healthcare) and then centrifuged at 450 g at room temperature for 30 min. The PBMC layer was pipetted and washed twice with PBS. After centrifugation at 1500 rpm for 5 min, the PBMCs were stored until use in other experiments.

Literature review and total patients enrolled in this study
We searched PubMed using the terms "LRBA", "LRBA deficiency", "common variable immunodeficiency", and "primary immunodeficiency diseases". The last search date was January 1, 2012. The search was limited to full texts in English and human studies, and duplicate cases, asymptomatic cases, and cases with no genetic information were excluded. The reported genetic mutation information was summarized.

Statistical analysis
Statistics were analyzed using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, United States). Data are presented as the mean ± SD, and a t-test was used to analyze differences between groups. P < 0.05 was considered statistically significant.

RESULTS
Case presentations
Patient 1: A 5.4-year-old boy presented with severe chronic diarrhea and abdominal distention starting at 2 years of age (Table 1). Watery diarrhea often caused dehydration, hypokalemia, and failure to thrive, and the severe abdominal distention could only be alleviated after defecation. He required hospitalization several times since 2 years of age due to severe complications. During treatment courses, he developed recurrent upper respiratory infections, temporary hypothyroidism, and arthritis, and no infectious agents were found. He showed significant growth delay, with a weight of 9 kg (under the third percentile) and height of 75 cm at 3.7 years old (under the third percentile). Endoscopy and histology showed nonspecific colitis characterized by no crypt destruction and villus atrophy (Table 1). Despite changing medication and treatment, he did not show any improvement of his symptoms. He was the first child in his family.

Patient 2: A 7.1-year-old girl presented with chronic diarrhea and hematochezia with recurrent abdominal pain at 10 mo old, and no infectious agents were found (Table 1). She had mucus and bloody stool 3-6 times a day, and her symptoms could be improved by antibiotics but persisted. During her treatment courses, no severe complications developed. Endoscopy and biopsies revealed chronic disease-like mucosal inflammation (Figure 1A and B). She was initially diagnosed with CD and had a healthy brother.

Patient 3: A 3.2-year-old boy was admitted to our department with complaints of chronic diarrhea and growth delay. He had watery, mucus stool 6–14 times a day since 1 year of age and required hospitalization several times for severe complications since then. Regular medicine, including antibiotics and formula changes, did not improve his symptoms. He showed significant growth delay, with a weight of 6.5 kg (under the third percentile) and height of 75 cm at 3.2 years old (under the third percentile). During treatment courses, he developed Rotavirus and Klebsiella pneumoniae infections, liver dysfunction, Bacillus thuringiensis sepsis, and temporary hypothyroidism. Left renal pelvis separation was found. Endoscopy and histology also showed nonspecific colitis characterized by no crypt destruction and villus atrophy.

Immunological features
For patient 1, the complete blood count showed neutropenia. Immune cell subclass analysis, which was performed at 3.7 years old, showed that the levels of IgG, IgA, and IgM were within the reference ranges for his age but a low CD19+ B cell count (Table 1). For patient 2, the complete blood count was normal, and immune cell subclass analysis, which was performed at 2 years old, showed that the IgA level was decreased (Table 1). For patient 3, an immunologic evaluation was performed at 3.2 years old; it was found that the complete blood count was normal, the IgG and IgA levels were slightly decreased, and the CD19+ B cell count and CD3+ T cell percentage were lower than the reference ranges for his age.

Genetic and functional evaluations
Genetic analysis of patient 1 revealed heterozygous c.918delc in exon 8 of LRBA. The patient’s mother was a heterozygous carrier, and his father showed no mutation (Figure 2A), but sequence alignment suggested that the father may have a large deletion. We performed qPCR to verify this hypothesis and found that both the child and father had a large deletion in exon 53 of LRBA (Figure 2C). To verify and confirm the genetic testing results, LRBA protein analysis was performed and showed that patient 1 had very low LRBA protein expression (Figure 2B), which was consistent with the WES results and symptoms.
Genetic analysis of patient 2 revealed homozygous c.1570G>A in exon 12 of LRBA, and both of her parents were heterozygous carriers (Figure 2D). Western blot analysis also confirmed that the patient had lower LRBA protein expression than that of the healthy controls (Figure 2E).
Genetic analysis of patient 3 revealed homozygous c.2479C>T in exon 21 of LRBA, and both of his parents were heterozygous carriers (Figure 2F). Western blot analysis also confirmed that the patient had lower LRBA protein expression than the healthy controls (Figure 2G).

Therapeutic approach and outcome
Patient 1 showed no response or allergic reaction to immunosuppressive treatment. Because of the patient’s severe complications of chronic diarrhea and growth restriction, at 4.1 years old, he was treated with HSCT. To date, 1.3 years after HSCT, he is alive with no symptoms. He has been off immunosuppressive treatment for 8 mo with no signs of graft-vs-host disease (GVHD), and his health has improved markedly, with an increased growth rate (weight of 15 kg and height of 100 cm at 5.4 years old).
Patient 2 was treated with steroids to induce remission and 5-aminosalicylic acid and azathioprine to maintain remission. She was asymptomatic for 3 years and on normal food, with weight and height gain at normal rates. Endoscopy at 5 years old showed that there were no ulcers in her gut (Figure 1C and D).
Patient 3 still required hospitalization for dehydration, electrolyte disturbances, infections, and abdominal distention. Antibiotics and steroids were used, which seemed to partly improve his symptoms, and he defecated 2–5 times per day.

Literature review of the reported LRBA mutations
Finally, 83[2,6-9,11-14,16,18-43] patients with genetic information were reviewed, and their genetic mutation information together with that of our three patients are summarized in Table 2. A total of 54 mutations located in exons and 10 mutations located in introns were identified. Most patients carried mutations in exon 23 (13/85), exon 54 (9/85), introns (9/85), exon 44 (6/85), and exon 47 (6/85) (Figure 3A). The LRBA protein map shows the mutation sites (Figure 3B). The mutation sites in patient 1 (P84 in Table 2) and patient 3 (P86 in Table 2) were novel mutations, which are reported for the first time in this study. The mutation site in patient 2 (P85 in Table 2) was reported in another Chinese patient who carried compound heterozygous mutations[43]. This disease is more common in consanguineous families, and 85.4% (70 of 82) of patients who suffer from this disease were from consanguineous marriages, such as in Middle Eastern populations (Table 2). To date, seven Chinese patients with LRBA deficiency have been reported (Table 2).

DISCUSSION
In this study, we described three Chinese patients with LRBA deficiency, and all their major clinical findings indicated enteropathy. Enteropathy is one of the most common early manifestations of LRBA deficiency[10,12,16,22], and it has been identified in 53.3%-88.2% of LRBA deficiency patients[2,12,16]. As previously reported, endoscopy findings can be divided into inflammatory bowel disease-like colitis or nonspecific colitis (characterized by no crypt destruction and villus atrophy, or completely normal and lymphocytic infiltration, resembling autoimmune colitis or celiac disease). Our three patients had different endoscopy findings; although patients 1 and 3 had more severe chronic diarrhea than patient 2, nonspecific colitis was found by endoscopy. IBD-like colitis was only found in patient 2 (1/3). Patients 1 and 3 also had different responses to immunosuppressive treatment; patient 2 responded well to treatment with traditional medicine, but patient 1 had no response to immunosuppressive treatment and, finally, had to undergo HSCT. It seemed that patient 3 also did not respond well to steroids.
It is not clear what caused the different endoscopy findings and different responses to immunosuppressive treatment. As previous studies have reported, there is no apparent genotype–phenotype correlation in LRBA deficiency, and our patients also seemed not to show a genotype–phenotype correlation. Both patients 2 and 3 carried homozygous mutations, but they had different clinical and endoscopy findings.
A recent study has shown a possible protein–phenotype correlation in LRBA deficiency[17], so we quantified the expression of residual LRBA protein. We found that patients 1 and 3 had very low protein expression compared with the controls (Figure 4A), but a more than 0.5-fold in expression of the LRBA protein was found in patient 2 compared to that in the control (Figure 4A). Patient 2 had fewer and weaker symptoms than patients 1 and 3 (Figure 4B), and only patient 2 responded well to traditional medicine (Figure 4B). After HSCT, patient 1 showed increased LRBA protein expression (Figure 4C). These results suggest that residual LRBA protein expression may be associated with disease outcome and that a lack of LRBA protein expression may indicate a worse disease outcome. HSCT has been suggested as the last available approach for LRBA patients with severe and complicated clinical manifestations who do not respond to conventional therapies[16,27]. However, because of complications and GVHD, it is better to have indicators to help doctors make a decision regarding HSCT. Our results suggest that the lack of LRBA protein expression may be an indicator for HSCT. When doctors treat LRBA-deficient patients, more protein information is needed. The results of this study will be valuable for the selection of an immunosuppressive treatment or HSCT for treating LRBA-deficient patients in the future.

CONCLUSION
We described three Chinese LRBA-deficient patients, two of whom carried novel mutations. Their major clinical findings indicated enteropathy, but they had different clinical phenotypes and different responses to immunosuppressive treatment. There may be a protein–phenotype correlation in LRBA deficiency, and residual LRBA protein expression may be associated with disease outcome and can be an indicator of HSCT.
There are limitations to this study. Only three patients were enrolled in this study, and the patients' LRBA protein levels were not quantified by flow cytometry and could not be compared among patients. We need to collect more data in the future and change our methods to improve the strength of our findings.

ARTICLE HIGHLIGHTS
Research background
Patients with lipopolysaccharide-responsive beige-like anchor protein (LRBA) deficiency have a variety of clinical symptoms, and most patients present with severe clinical symptoms. However, it seems that there is no apparent genotype–phenotype correlation for LRBA deficiency. Therefore, it is not easy for doctors to make a decision regarding hematopoietic stem cell transplantation (HSCT) for LRBA-deficient patients. Therefore, we studied the protein–phenotype correlation in three LRBA-deficient patients and found that the lack of LRBA protein expression may indicate worse disease outcomes and be an indicator for HSCT.

Research motivation
The main motivation of this study was to study the protein–phenotype correlation in LRBA-deficient patients. The key problem to be solved is as follows: A lack of LRBA protein expression may indicate worse disease outcomes and be an indicator for HSCT.

Research objectives
The aim of this study was to identify potential protein–phenotype correlations in LRBA-deficient patients and look for indicators for HSCT. We hope that this study can provide some beneficial information to doctors regarding when HSCT should be considered in LRBA-deficient patients.

Research methods
Whole-exome sequencing was adapted for genetic analysis in three LRBA-deficient patients, and their clinical data were analyzed. Protein was extracted from peripheral blood mononuclear cells of the three patients and their parents. Western blot was performed for protein analysis. Relative LRBA protein expression was determined for every patient and compared with the controls. Data are presented as the mean ± SD, and a t-test was used to analyze the differences. P < 0.05 was considered statistically significant.

Research results
The results showed that there may be a protein–phenotype correlation in LRBA deficiency, and residual LRBA protein expression may be associated with disease outcome and could be an indicator for HSCT. However, there are limitations to this study, and we need to collect more data in the future to strengthen our findings.

Research conclusions
There may be a protein–phenotype correlation in LRBA deficiency, and residual LRBA protein expression may be associated with disease outcome and can be an indicator of HSCT.

Research perspectives
In the future, we will collect more data from LRBA-deficient patients. It would be better to analyze the LRBA protein level by flow cytometry and compare the level among patients.
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Figure Legends
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Figure 1 Endoscopy images of patient 2. A and B: At the onset, ulcers (black arrows) in a gastrointestinal tract resembling Crohn's disease-like colitis; C and D: Three years post-treatment, no mucosal inflammation was found in the gastrointestinal tract.
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Figure 2 Genetic testing and Western blot analysis results of the three patients. A: Sanger sequencing confirmed the presence of a mutation in exon 8 (c.918delC, p.H306Qfs*15) of the LABA gene in patient 1. The patient’s mother is a carrier with a heterozygous variant; B: Western blot analysis of the LRBA protein from peripheral blood mononuclear cells (PBMCs) from patient 1, his parents, and a healthy control. GADPH was used as a loading control; C: Quantitative polymerase chain reaction verified a large deletion in exon 53 of the LABA gene in patient 1 and his father; D: Sanger sequencing confirmed the presence of a homozygous mutations in exon 12 (c.1570G>A, p.524G>S) of the LABA gene in patient 2. Her parents are heterozygous variant carriers; E: Western blot of the LPS-responsive beige-like anchor protein (LRBA) protein from PBMCs of patient 2, her mother, and a healthy control. β-actin was used as a loading control; F: Sanger sequencing confirmed the presence of a homozygous mutation in exon 21 (c.2479C>T, p.Arg827*) of the LABA gene in patient 3. His parents are heterozygous variant carriers; G; Western blot of the LRBA protein from PBMCs from patient 3 and a healthy control. GADPH was used as a loading control. LRBA: LPS-responsive beige-like anchor protein.
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Figure 3 Genetic mutations identified in LABA-deficient patients (83 previously reported patients together with our three patients). A: The number of patients carrying mutations in different exons/introns; B: LRBA protein map indicating the mutation sites. The location of the present mutations is represented with a red arrow, and previously reported mutations are represented by black arrows. LRBA: LPS-responsive beige-like anchor protein.
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Figure 4 Potential protein–phenotype correlation in the three LPS-responsive beige-like anchor protein deficient patients. A: Relative residual LPS-responsive beige-like anchor protein (LRBA) protein expression in our three patients was quantified and compared with that in controls; B: The clinical phenotype of the three patients grouped by the LRBA protein level; C: Western blot analysis of the LRBA protein on peripheral blood mononuclear cells from patient 1 before and after hematopoietic stem cell transplantation. LRBA: LPS-responsive beige-like anchor protein; HSCT: Hematopoietic stem cell transplantation.

Table 1 Clinical features of the three patients with LPS-responsive beige-like anchor protein deficiency
	
	Patient 1
	Patient 2
	Patient 3

	[bookmark: RANGE!A2]Age of onset
	2.0 yr 
	10.0 mo
	< 1.0 yr

	Age of genetic diagnosis (yr)
	3.9
	2
	3

	Current age (yr)
	5.4
	7.1
	3.2

	Sex
	M
	F
	M

	Consanguinity
	No
	No
	No

	Final outcome
	Alive
	Alive
	Alive

	First symptoms
	Diarrheal, abdominal distention
	Diarrheal, hematochezia,
	Diarrheal, growth delay

	
	
	abdomen pain
	

	[bookmark: RANGE!A10]Failure to thrive
	(+)
	(-)
	(+)

	Other clinical findings
	RURI, temporary hypothyroidism, neutropenia, urticaria, arthritis, growth delay.
	No  
	Elevated liver enzymes,

	
	
	
	renal pelvis separation, sepsis, temporary hypothyroidism,  pneumonia.

	Endoscopy findings
	Non-specific colitis
	Chron's-like disease  
	Non-specific colitis

	Infectious agents
	No documented infectious agent
	No documented infectious agent
	Rotavirus, Klebsiella pneumoniae, Bacillus thuringiensis.

	IgG (g/L) (RV: 4.95-12.85)
	12.7
	8.7
	4.4

	IgA (g/L) (RV: 0.52-2.16)
	1.42
	0.28
	0.49

	IgM (g/L) (RV: 0.65-2.01)
	0.8
	1.01
	2.04

	White blood cells count (× 109) 
	2.70-3.60
	7.2
	9.7

	(RV: 4.0-10.0)
	
	
	

	Absolute lymphocyte count (× 109) (RV: 1.20-4.00)
	2.00-2.80
	3.6
	3.36

	Absolute neutrophil count (× 109) (RV: 2.00-7.00 )
	0.21-0.42
	3.18
	5.54

	CD19+ B cells 
	(%) (RV: 14-21)
	12.78
	18.63
	12.03

	
	Count
	345.82
	535.9
	349.8

	CD3+ T cells 
	(%)(RV: 64-73)
	76.97
	69.66
	59.69

	
	Count
	2083.5
	2003.7
	1735.4

	CD3+CD4+ Th cells  
	(%)(RV: 29-36)
	39.86
	37.37
	33.32

	
	Count
	1078.83
	1074.84
	965.76

	CD3+CD8+ Tc cells
	(%) (RV: 24-34)
	32.04
	31.4
	24.38

	
	Count
	867.33
	903.31
	708.84

	CD3-CD16+56+NK cells 
	(%) (RV: 11-23)
	8.88
	10.34
	26.98

	
	Count
	240.5
	297.45
	784.43

	CD4/CD8
	1.24
	1.19
	1.36

	[bookmark: RANGE!A33]Immunosuppressive agents 
	/
	Steroids , 5-ASA, AZA
	Steroids

	HSCT
	+
	-
	-


RURI: Recurrent upper respiratory infections; RV: Reference values; ASA: Acetyl salicylic acid; AZA: Azathioprine; HSCT: Hematopoietic stem cell transplantation.

Table 2 LPS-responsive beige-like anchor mutations reported in patients
	Patient
	Ethnicity
	CF
	[bookmark: _GoBack]Affected exon/intron
	Defect (cDNA)
	Defect (protein)

	P1[2,7]
	Arab
	Y
	Exon 44
	c.6657_6658del
	p.E2219Dfs*3

	P2[2,7]
	Arab
	Y
	Exon 44
	c.6657_6658del
	p.E2219Dfs*3

	P3 [2,7] 
	Arab
	Y
	Exon 44
	c.6657_6658del
	p.E2219Dfs*3

	P4[2,7]
	Arab
	Y
	Exon 44 
	c.6657_6658del
	p.E2219Dfs*3

	P5[2,7]
	Arab
	Y
	Exon 44
	c.6657_6658del
	p.E2219Dfs*3

	P6[2,6]
	Sicilian
	Y
	Exon 30
	c.5047C>T
	p.R1683*

	P7[2,6]
	Iranian
	Y
	Exon 2
	c.175G>T
	p.E59*

	P8[2,6,18]
	Iranian
	Y
	Exons 1-2
	c.A1-G216del
	p.M1-L72del

	P9[2,8]
	Pakistani
	Y
	Exons 1-30
	c.A1-G5171del
	p.M1-R1724del

	P10[2,9]
	Arabian
	Y
	Exon 16
	c.2032C>T
	p.Q678*

	P11[2,9]
	Lebanese
	Y
	Exon 7
	c.865_866delTG
	p.V290Efs*3

	P12[2,19]
	Kurdish
	Y
	Exon 48 
	c.7162_7162delA
	p.T2388Pfs*8

	P13[2,19]
	Kurdish
	Y
	Exon 48
	c.7162_7162delA
	p.T2388Pfs*8

	P14[2,20,21]
	Turkish
	Y
	Exon 57
Exon 57
	c.A8470C 
p.T8471C 
	p.I2824L
p.I2824T

	P15[2]
	NA
	Y
	Exon 33
	c.5505_5505delT
	p.I1836*

	P16[2]
	North African
	Y
	Exon 44
	c.6607C>T
	p.R2203*

	P17[2]
	Iranian
	Y
	Introns 8-9
	c.1014 + 1 C> T
	

	P18[2,12,14,22]
	Iranian
	Y
	Exon 30
	c.C4814G
	p.S1605*

	P19[2]
	Iranian
	Y
	Exon 4
	c.C544T
	p.R182*

	P20[2,12,14,22]
	Iranian
	Y
	Intron 29-30
	c.4729 + 2insA
	

	P21[11]
	Libyan
	Y
	Exon 20
	c.2445_2447delinsCC
	p.P816Lfs*4

	P22[11]
	Libyan
	Y
	Exon 20
	c.2445_2447delinsCC
	p.P816Lfs*4

	P23[23]
	Persian
	Y
	Exon 6
	c.743_744insAAGA
	p.D248Efs*3

	P24[24]
	Turkish
	Y
	Exon 48
	c.7162delA
	p.T2388Pfs*8

	P25[25]
	Egyptian
	Y
	Exon 46
	c.6862delT
	p.Y2288Mfs*29

	P26[21,26]
	Turkish
	Y
	Exon 33
	c.5505delT
	p.I1836*

	P27[27]
	Caucasian
	NA
	Exon 23
Exon 54 
	c.3647_3650delCTAA 
c.7937T>G
	p.N1217Sfs*7 
 p.I2646S 

	P28[28]
	Omani
	Y
	Exon 23
	c.3811C>T
	p.R1271*

	P29[9,30]
	Turkish
	N
	Exon 23
Exon 54
	c.3156_3156delT
c.7976C>A
	p.D1053Tfs*2
p.S2659*

	P30[16,21]
	Turkish
	Y
	Exon 6
	c.675G > A
	p.W225*

	P31[30]
	Moroccan
	Y
	Exon 47
	c.7042C>T
	p.R2348*

	P32[30]
	Moroccan
	Y
	Exon 47
	c.7042C>T
	p.R2348*

	P33[30]
	Omani
	Y
	Intron 34-35
	c.5581-1G>A
	

	P34[30]
	Egyptian
	Y
	Exon 20 
	c.2447_2447delC
	p.P816Lfs*4

	P35[30]
	Chinese
	N
	Intron 29-30
	c.(4729+1_4730-1)_(5171
+1_5172-1)del
	

	P36[22]
	Pakistani
	Y
	Exon 24
	c.3988delinsAA
	p.I1330Nfs*18

	P37[31]
	Caucasian
	Y
	Exon 23
	c.2836_2839delGAAA
	p.E946*

	P38[32]
	Arab
	Y
	Exon 54
	c.7970T>G
	p.I2657S

	P39[32]
	Arab
	Y
	Exon 56
	c.8174_8175insCATG
	p.N2727Hfs*13

	P40[32]
	Arab
	Y
	Exon 53
	c.7869_7873delTTCTA
	p.S2624Rfs*23

	P41[13]
	Belarusian
	N
	Exon 22
	c.2762C>G
	p.S921*

	P42[13]
	Belarusian
	N
	Exon 22
	c.2762C>G
	p.S921*

	P43[33]
	NA
	Y
	Exon 21
	c.2496C>A
	p.C832*

	P44[33]
	NA
	Y
	Exon 21 
	c.2496C>A
	p.C832*

	P45[34]
	NA
	NA
	NA
	c.2450+1C >T
	p.E789fs*792

	P46[35]
	Moroccan
	Y
	Intron 20-21 
	c.2450-3C>A
	

	P47[36]
	NA
	NA
	Exon 15
	c.1931delinsCC
	p.R645Afs*3

	P48[37]
	Caucasian
	N
	Exon 23
	c.3366delinsAA
	p. A1123Sfs*2

	P49[38]
	Arab
	Y
	Intron 41-42
	c.6364-1G >C
	

	P50[16,39]
	Turkish
	Y
	Exon 34
	c.5527delT
	p.C1843Afs*2

	P51[16,39]
	Turkish
	Y
	Exon 47
	c.7042C>T
	p.R2348*

	P52[16]
	NA
	Y
	Exon 47
	c.7041G>T
	p.W2347C

	P53[16]
	NA
	Y
	Intron 6–7 
	IVS6+1delT
	

	P54[16]
	NA
	Y
	Exon 31 
	c.5504delT
	L1835fs*1

	P55(21,32)
	Turkish
	Y
	Exon 23
	c.2893_2900delinsGCCAGATATATATATATATATATATATA
	p.I964Afs*32

	P56[16]
	NA
	Y
	Exon 2 
	c.175G>T
	p.E59*

	P657[16]
	NA
	Y
	Exon 23
	c.2836_2839delGAAA
	p.E946*

	P58[2,6]
	Arab
	Y
	Exon 54
	c.7970T>G
	p.I2657S

	P59[2,6]
	Arab
	Y
	Exon 54
	c.7970T>G
	p.I2657S

	P60[2,9]
	Lebanese
	Y
	Exon 7
	c.865_866delTG
	p.V290Efs*3

	P61[2,32,40]
	Arab
	Y
	Exon 54 
	c.7970T>G
	p.I2657S

	P62[2,32,40]
	Arab
	Y
	Exon 56
	c.8174_8175insCATG
	p.N2727Hfs*13

	P63[2,32,40]
	Arab
	Y
	Exon 56
	c.8174_8175insCATG
	p.N2727Hfs*13

	P64[2,12,14,22]
	Iranian
	Y
	Exon 30
	c.C4814G
	p.S1605*

	P65[2]
	Lebanese
	Y
	Exon 23 
	c.2963_2963delA
	p.N988Mfs*8

	P66[2,12,14]
	Iranian
	Y
	Intron 29-30
	c.4729+4dupA
	

	P67[41]
	NA
	Y
	Exon 51 
	c.7620_7621insT
	p.A2541Cfs*2

	P68[41]
	NA
	Y
	Exon 51
	c.7620_7621insT
	p.A2541Cfs*2

	P69[25]
	Egyptian
	Y
	Exon 46
	c.6862delT
	p.Y2288Mfs*29

	P70[21]
	Turkish
	N
	Exon 23
Exon 54
	c.3028G>A  
c.7976G > C
	p.Q1010*
p.S2659*

	P71[30]
	Omani
	Y
	Exon 23
	c.3811C>T
	p.R1271*

	P72[30]
	Iranian
	Y
	Exon 14
	c.1764delinsTT
	p.M589Yfs*18

	P73[22]
	Turkish
	Y
	Intron 30-31
	c.5172-2A>G
	

	P74[32]
	Arab
	Y
	Exon 54
	c.7970T>G
	p.I2657S

	P75[32]
	Arab
	Y
	Exon 54
	c.7970T>G
	p.I2657S

	P76[16]
	Turkish
	N
	Exon 37
Exon 47
	c.5805delT 
c.7042C>T
	p.C1935Wfs*4                                              p.R2348*   

	P77[16]
	NA
	Y
	Exon 23 
	c.3396_3397delCA
	p.N1132Lfs*8

	P78[16]
	Turkish
	Y
	Exon 47
	c.7042C>T
	p.R2348*

	P79[16]
	NA
	Y
	Exon 23
	c.3811C>T
	p.R1271*

	P80[16]
	NA
	Y
	Exon 3
Exon 4
	c.(501+1_502-1)_(733+1
_734-1)del.
	P. G75_W183*

	P81[42]
	Chinese
	NA
	Exon 57
Exon 25
	c.8436G>C
c.4089A>T
	p.K2812N 
p.Q1363H

	P82[43]
	Chinese
	N
	Exon 15
Exon 29 
	c.1933C>T
c.G4570-G4729del
	p.R645*
p.E1524-S1576 del

	P83[43]
	Chinese
	N
	Exon 23
 Exon 12
	c.3778G>C 
c.1570G>A
	p.A1260P 
p.G524S

	P84our patient
	Chinese
	N
	Exon 8
Exon 53
	c.918delC
c.C7727-G7882
	p.H306Qfs*15 p.A2576-T2627 del  

	P85our patient
	Chinese
	N
	Exon 12 
	c.1570G>A
	p.524G>S

	P86our patient
	Chinese
	N
	Exon 21
	c.2479C>T
	p.Arg827*


P: Patient; CF: Consanguineous family; Y: Yes; N: No; NA: Not available.
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