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The challenge of genetically unresolved haemophilia A patients: Interest of the combination of whole F8 gene sequencing and functional assays

des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION

Haemophilia A (HA; MIN: 306700), the most common severe inherited bleeding disorder, is caused by a deficiency and/or dysfunction of coagulation factor VIII (FVIII). According to the recommendations of the International Society on Thrombosis and Haemostasis (ISTH), the clinical severity of HA depends on the residual factor VIII activity (FVIII:C) and is classified into 3 levels: severe (FVIII:C < 1 IU/dl), moderate (1 IU/dl ≤ FVIII:C ≤ 5 IU/dl) or mild (5 IU/dl < FVIII:C < 40 IU/dl). 1 The FVIII is encoded by F8 (MIN: 300841) which spans 186 kb of the long arm of the X chromosome (Xq28) and includes 26 exons. 2 A wide variety of pathogenic variants have been described in all HA phenotypes in the factor VIII variant database (http://f8-db.eahad.org/; accessed May 2020) that documents > 3000 different F8 variants. Identification of the molecular defect responsible for HA is important for both enhancing haemophilia patient care and identifying female carriers with the possibility of prenatal diagnosis in cases of a male foetus and severe HA.

Despite an exhaustive screening of all F8 exons, consensus splice sequences and 5'/3' untranslated regions (UTR), recurrent rearrangements such as inversions affecting introns 1 and 22, and copy number variant analysis, a causative variant is still missing in 2%-5% of HA patients. [3][4][5][6] In these patients, a deep intronic variant or a genomic rearrangement disrupting the F8 gene could be causal. Several F8 deep intronic variants have been previously reported to create de novo acceptor splice sites (ASS) or donor splice sites (DSS), increase the strength of a pre-existing cryptic ASS or DSS, promote Alu exonization or reduce F8 RNA expression. [7][8][9][10][11] Consequently, several groups have developed whole F8 gene sequencing approaches using next-generation sequencing (NGS) in order to identify deep intronic variants and to resolve the mutant genotype in patients in whom conventional genetic approaches failed. 12,13 However, the influence of deep intronic variants is challenging to evaluate and functional studies are often necessary to generate conclusive evidence of variant pathogenicity.

This study aimed to identify F8 deep intronic variants in genetically unresolved French and Canadian HA patients using F8 whole gene sequencing and to characterize these variants using functional analyses.

MATERIAL AND METHODS

Patient

Fifteen male HA patients (9 French and 6 Canadian) were enrolled in this study. Two patients had severe HA, 4 had moderate HA (FVIII:C 1%-3%), and 9 patients had mild HA (FVIII:C 8%-38%; Table 1). No F8 candidate pathogenic variant was found after direct sequencing of F8 coding region, including the flanking intronic sequences and 5ʹ/3 ʹ UTR. Multiplex ligation-dependent probe amplification assay (MRC Holland) was performed, and all patients had a normal allele copy number for F8 exons. Both intron 1 and intron 22 inversion screening were negative in the 2 severe HA patients. von Willebrand disease (including type 2N) and combined FV and FVIII deficiency have been previously excluded. Written informed consent for genetic analyses was signed by all patients or parents if the patient was a minor. Clinical investigations have been conducted according to the principles expressed in the Declaration of Helsinki. No candidate variant was found for patients 5 and 6.

 Abbrevitaions: ACMG, American College of Medical Genetics and Genomics classification; ASS, acceptor splice site; DSS, donor splice site; HA, haemophilia A; MAF, minor allele frequency; P, patient.

Next-generation sequencing

The whole F8 (NM_000132.3) gene with the complete 5' and 3' UTR and an additional 2500 bp upstream sequence (ChrX:155,026,925-154,831,631; GRCh38/hg38) was analysed using NGS. The SureSelect XT Target Enrichment System (Agilent) which is a capture-based protocol for library preparation was used, according to the manufacturer's instructions. An iterative approach was used, and 40-kb repetitive regions were excluded to maximize the target coverage, resulting in a total of 1630 probes for a total 156 kb covered region of 195 kb total target region size, corresponding to 80% of F8. Patients' blood was collected into 2 EDTA tubes. DNA was extracted using the QIAamp ® DNA Blood Maxi kit (Qiagen) in France and Gentra ® Puregene ® Blood kit (Qiagen) in Canada, both according to the manufacturer's protocol. Three micrograms of genomic DNA were necessary for NGS analysis. After library preparation, NGS was performed on a MiSeq sequencer (Illumina Inc) with 150 bp paired-end reads. All identified F8 variants were confirmed by Sanger sequencing.

Bioinformatic analyses

An in-house pipeline was used for bioinformatic analysis. Raw data were aligned to the human reference sequence of the X chromosome (GRCh38/hg38). Sequence processing, alignment and variant calling were conducted according to the Broad Institute Genome Analysis ToolKit (GATK v.3.6) best practices, and variant annotation was done with a modified version of ANNOVAR using publicly available databases and Qiagen Genome Trax. For variant trimming, only variants with a minor allele frequency (MAF) ≤1% in the GnomAD database were retained. We also consulted the dbSNP, ClinVar and Intervar databases for clinical interpretation of previously described variants.

For in silico prediction, we used Alamut Visual® software version 2.15 (Interactive Biosoftware, Rouen, France) and its algorithms (MaxEnt and HumanSpliceFinder (HSF)) to predict the potential splice effect of the variants.

Variants were categorized according to the American College of Medical Genetics and Genomics classification (ACMG): pathogenic, likely pathogenic, variant of uncertain significance (VUS), likely benign and benign. 14

F8 mRNA analysis

Patients' blood was collected into 2 PAXgene ® blood RNA tubes. RNA was extracted from leucocytes using the PAXgene® Blood RNA kit (Qiagen) following the manufacturer's instructions. We followed the protocol established by El-Maarri et al for the F8 mRNA analysis. 15 After reverse transcription, the F8 cDNA was amplified in 8 fragments using 2 rounds of nested PCR. The fragments were Sanger sequenced with the same primers as used for the nested PCR.

Minigene splicing reporter assay

The minigene assay was performed as previously reported. 11 Briefly, the exon of interest and its flanking intronic regions were amplified from patient or control DNA using PrimeSTAR GXL DNA polymerase (Clonetech, Saint-Germain-en-Laye, France). Then, the PCR product was inserted in the NdeI site of the pTB minigene 16 using the In-fusion HD PCR cloning kit (Clontech, Mountain View, CA, USA). In the case of c.787+1957C>T, c.5220-8563A>G and c.5219+7731G>T, only the region of intron 6 or intron 14 containing these variants respectively was inserted in the pTB minigene. The correct sequences of wild-type (WT) and mutant plasmids were verified by DNA sequencing. The detailed vector constructs are summarized in Table S1. HeLa cells were transiently transfected with 1 µg of either WT or mutated plasmid using X-tremeGENE9 DNA (Roche Molecular Diagnostics, Meylan, France). Forty-eight hours after transfection, total RNA was extracted, and RT-PCR analysis was performed using specific primers located in the minigene exons surrounding the pTB cloning site. The PCR products were resolved on agarose gel and sequenced to identify splicing events. If more than one transcript was present, an additional cloning step using TOPO TA cloning kit (Life technologies, Carlsbad, CA, USA) was performed before the sequencing, to isolate the different transcripts. All experiments were run in triplicate.

RESULTS

Identification of deep intronic variants with NGS

NGS data analysis yielded a high global output (4.3 GB) with a mean of 2.3 million reads for each patient. On average, 98.6% of the targeted region was covered with > 30 reads. The coverage depth was between 150 and 400x. More than 90% of the reads had a quality value above 30. An average of 50 variants per patient was detected. Variants with MAF > 1% and variants that were misaligned in repetitive regions were excluded from the analysis. Eleven deep intronic variants (2 being recurrent) remained in 13 patients (Table 1). No candidate deep intronic variant was detected in 2 moderate HA patients (patients 5 and 6).

Short deletions in F8 intron 13, c.2113+461_2113+473del, c.2113+463_2113+473del and c.2113+465_2113+473del which were previously described as pathogenic variants causing HA 11,17 were found in 6 mild HA (patients 9-14), and consequently, no additional genetic analysis was performed in these patients. Among the 8 remaining variants, 2 were listed in GnomAd with a MAF < 1% (c.787+1967C>T at 0.04% and c.1753-750G > A at 0.01%, Table 1). The 6 other variants were not previously described (c.265+1116C>G, c.1010-443A > G, c.5219+7731G>T, c.5999-27A > G, c.2113+1153G>C, c.5220-8563A > G). The in silico analysis predicted that the variants c.265+1116C>G and c.1010-443A > G (patient 1) create a de novo DSS with a medium strength (MaxEnt = 4.9 and 5.2, respectively) and the variant c.5220-8563A > G (patient 15) creates a strong de novo ASS at c.5220-8562 (MaxEnt = 8, HSF = 81.1). No impact on splicing was predicted for the other variants (Table 1).

mRNA analysis and functional confirmation of the candidate variants

Except for patient 7 in whom RNA sample was not available, F8 mRNA analysis was performed in all the patients in which no clearly pathogenic variants was found (patients 1-6, 8 and 15). Aberrant transcripts were observed in three cases (patients 4, 8 and 15).

RNA analysis revealed in patient 4, carrying the variant c.5999-27A > G, a unique transcript in which exon 19 was skipped (p.Gly2000_Lys2039delinsGlu) (Figure 1A). The deleterious impact on exon 19 splicing of c.5999-27A > G was confirmed in vitro. Two transcripts were found with the minigene experiment (363 and 246 bp, Figure 1B). The sequencing of each band showed that the 363-bp transcript corresponded to correct exon 19 splicing and the 246- RNA analysis performed in patient 8, carrying the variant c.2113+1153G>C, showed an additional fragment corresponding to a 113-bp sequence from intron 13 (c.2113_2114ins2113+1144_2113+1257) inserted at the exon 13-14 junction (Figure 2). This insertion in the cDNA sequence causes a frameshift during translation and the generation of a premature stop codon (p.Gly705Valfs*55). This 113-bp sequence in intron 13 is naturally flanked by strong AG/GT splice sites (MaxEnt = 4.14 and 10.5, for AG ASS in position c.2113+1144 and GT DSS in position c.2113+1256, respectively). However, this pseudo-exon was spontaneously exonized in the WT minigene; thus, in vitro analysis was uninterpretable for the c.2113+1153G>C variant (Figure S2A). Only a normal FVIII transcript was detected for patient 5 (with no candidate variant). Despite several tests, no F8 transcript was detected after mRNA analysis in patients 1, 2, 3 and 6.

Minigene analysis was performed for the candidate variants found in patient 1 (c.265+1116C>G and c.1010-443A>G), patient 2 (c.5219+7731G>T), patient 3 (c.787+1967C>T) and patient 7 (c.1753-750G>A). No impact on splicing was found for all these variants (Figure 4). 

DISCUSSION

F8 deep intronic variants have been previously reported as HA-causing mutation. 7- 9, 11, 18 These variants either create de novo ASS or DSS (c.143+1567A>G, c.5587-93C>T, and c.1537+325A>G) or increase the strength of a pre-existing ASS or DSS located close to the substitution (c.5999-277G>A, c.5998 + 941G>A, c.2113+461_2113+473del and c.2113+1152delA). However, the determination of the functional impact of variants found using this approach remains challenging. In this study, we used a combination of whole F8 gene sequencing analysis and functional analyses (mRNA and minigene assay analysis) to identify disease causing deep intronic variants in genetically unresolved HA patients.

Using NGS whole F8 sequencing, at least one candidate variant was identified in 13/15 HA patients with mild to severe HA. Short deletions in a poly(T)-track in F8 intron 13, from 9 to 13 bp in size, were identified in two thirds of mild HA patients included in this study. This finding was in line with the recent study published by Jourdy et al where such deletions were found in about half of French mild HA patients in whom no genetic events were identified using conventional genetic testing approaches. 11 The authors showed that these deletions result in a 122-bp AluY insertion in F8 transcripts. Recently, it was suggested that the poly(T)-track in F8 intron 13 (c.2113+449_2113+473) is a deletion hotspot and these deletions should be investigated in all genetically unresolved mild HA whatever their geographic origin. 17

Using our complete analysis protocol combining NGS and functional analyses, we identified and characterized the causative variant in 3 HA patients. In two cases (c.5220-8563A>G and c.2113+1153G>C), intronic variants led to the exonization of intronic sequence introducing premature stop codons in F8 transcripts. In silico and functional analyses clearly showed that the c.5220-8563A>G creates a new ASS. However, due to the uninterpretable result obtained with the minigene assay for the c.2113+1153G>C, the molecular mechanism by which this variant led to the activation of the 113-bp pseudo-exon was not clear. Splicing prediction tools from Alamut Visual ® identified 2 new splicing regulatory elements created by the variant c.2113+1153G>C: one is a SF2/ASF splicing factor site (SFS) with a score at 1.97 (threshold 1.956), and one is a SRp55 SFS with a score at 2.95 (threshold 2.676). Interestingly, the same intronic insertion has been described in a mild HA patient carrying the c.2113+1152delA variant. 8 The fact that 2 mild HA patients are both carrying variants in the region c.2113+1152_2113+1153 and presenting the same exonization combining with the in silico splicing prediction supports the evidence of a splicing regulatory sequence in this region. For the last case, both mRNA and minigene analysis showed that the c.5999-27A>G variant leads to F8 exon 19 skipping confirming the causality of this variant. As they are not quantitative methods, the mRNA analysis might be not sensitive enough to detect the normal transcript found with the minigene, if it is in very low quantity, explaining the moderate and not severe phenotype of patient 4.

The c.787+1967C>T and c.1753-750G>A variants were reported in the healthy population at very low frequency (MAF < 1%), and no impact on splicing was found in minigene analysis suggesting that these variants were more likely rare benign than pathogenic variants. The 3 remaining variants (c.265+1116C>G, c.1010-443A>G and c.5219+7731G>T) were not reported in the healthy population which is suggestive of their pathogenic effect but no impact was found in minigene analysis. However, it is possible that these variants reduce the F8 mRNA levels and/or stability as it has been previously reported by Pezeshkpoor et al. 9 Therefore, the causality of these variants remains uncertain.

F8 mRNA was undetectable in 4 patients. Two of these (patients 1 and 2) have a severe HA phenotype. A structural genomic rearrangement is hypothesized. Indeed, no detectable F8 mRNA has been previously described in a severe HA patient carrying a F8 disrupting genomic rearrangement. 19 Whole F8 sequencing approaches are not able to detect F8 structural variants, and thus, additional experimental strategies are needed to detect breakpoints like long-range PCR. The two remaining patients (patients 3 and 6) have a moderate HA phenotype. The lack of F8 mRNA in non-severe HA patient has been previously reported in mild HA patient and remained unexplained. 9

Finally, no candidate variant was found in 2 moderate HA patients (patients 5 and 6). In these patients, variant in repetitive regions, which were not explored with our NGS methodology, could be suspected. The implication of miRNA as molecular mechanism resulting in HA has also been proposed recently. 20 As we know, the in silico prediction efficacy for F8 deep intronic variants is quite poor, 8, 9 and it is desirable to confirm pathogenic effects predicted by in silico analysis with functional assays evaluating alterations of splicing. Classically, the study of variant impact on gene splicing is performed by the analysis of mRNA. Liver sinusoidal endothelial cells (ECs) and lymphatic ECs are considered as the main sites of the biosynthesis of FVIII. [21][22][23] Because of the relative inaccessibility of this tissue in HA patients, F8 mRNA studies are classically performed in leucocytes as they contain small amounts of ectopic F8 mRNA transcripts. 11,15 These results obtained on 'illegitimate' F8 mRNA might be tissue-specific and might not reflect the native splicing mechanism that occurs in FVIII-producing cells. However, no alternative transcript of the F8 gene has yet to be described, and thus, F8 ectopic mRNA analysis provides useful information on the splicing impact of genomic variants. Alternatively, the minigene approach used in this study provides an alternative testing strategy in the cases where an RNA sample is not available. 24,25 RNA analysis is known to present a certain lack of sensitivity on some points. First, this technique does not use long-range PCR; therefore, an aberrant transcript including a full intron inclusion, with a very long sequence, would not be detected and cannot be excluded for patients with a normal transcript only. Even in the literature, we can find some results contradictions for the same F8 variants, like for the variant c.222A>G for which Zimmermann et al found no impact 26 but Martorell et al found an exon 2 skipping, 27 or for the variant c.5587-93C>T for which Castaman et al found a pseudo-exon insertion 8 but Pezeshkpoor et al did not detect any aberrant transcript. 9 Then, even if the F8 gene does not seem to be subjected to nonsense-mediated mRNA decay (NMD), 27, 28 a biological process that degrades nonsense transcripts and could underestimate aberrant isoforms, we cannot exclude either that aberrant transcripts leading to a premature stop codon in the coding sequence could undergo to NMD anyway, preventing their detection or lowering their amount.

Unfortunately, this level of comprehensive combinatorial analysis will be challenging as a routine assay in a clinical setting. The application of functional tests, such as the minigene studies employed here, will not be feasible on large numbers of variants. In our study, we evaluated 8 minigene constructs and only 2 gave a clear result of pathogenicity, after the commitment of a significant amount of work. It seems likely that the only practical solution will be the development of enhanced in silico programs to assess functional significance through the incorporation of strategies employing artificial intelligence-based algorithms.

In conclusion, we elucidated the causing defect for 9 out of 15 genetically unresolved French and Canadian HA patients and we reported new deep intronic variants that can cause HA.

This comprehensive study is one of very few to combine NGS and mRNA sequencing as well as minigene assay to confirm the pathogenic effect of the detected variants. This work emphasized the important role of deep regulatory sequences in causing the disease and above all the difficulty of interpretation of these non-coding variants.

FIGURE 1

 1 FIGURE 1 Open in figure viewerPowerPoint Characterization of the deep variant c.5999-27A>G in intron 18. (A) RNA analysis performed in patient P4. A unique aberrant 466-bp transcript was observed when amplifying fragment spanning exons 17-21. Sequencing of this fragment revealed complete exon 19 skipping. (B) Minigene analysis of the c.5999-27A > G variant. HeLa cells were transiently transfected with WT (lanes 1-3) and mutated (lanes 4-6) splicing reporter constructs. Forty-eight hours after transfection, RNA products were analysed by RT-PCR (normal exon 19 splicing 363 bp; exon 19 skipping 246 bp). Abbreviations: C, control; M, marker size; WT, wild type; Ex, exon; bp, base pair

FIGURE 2

 2 FIGURE 2 Open in figure viewerPowerPoint Characterization of the deep variant c.2113+1153G>C in intron 13. Two mRNA fragments were observed when amplifying fragments spanning exons 11-14 (WT 645 bp; aberrant 755 bp). Sequencing of the 758-bp fragment found the insertion of intron 13 fragment of 113 bp (c.2113_2114ins2113+1144_2113+1256). Abbreviations: C, control; M, marker size; WT, wild type; Ex, exon; bp, base pair

FIGURE 3

 3 FIGURE 3Open in figure viewerPowerPoint Characterization of the deep variant c.5220-8563A>G in intron 14. Two mRNA fragments are observed for patient 15 (P15) when amplifying fragments spanning exons 14-17 (WT 700 bp; mutant 824bp). Sequencing of the 824-bp fragment found the insertion of intron 14 fragment of 124 bp (c.5219_5220ins5220-8562_5220-8439). Abbreviations: C, control; M, marker size; WT, wild type; Ex, exon; bp, base pair

FIGURE 4

 4 FIGURE 4Open in figure viewerPowerPoint Negative minigene results for candidate variants c.265+1116C>G, c.1010-443A>G, c.5219+7731G>T, c.787+1967C>T and c.1753-750G>A. HeLa cells were transiently transfected with WT and mutated splicing reporter constructs. Forty-eight hours after transfection, RNA products were analysed by RT-PCR. In each case, the same unique transcript was observed for both WT and mutant minigene. The 369-bp transcript observed for the c.265+1116C>G corresponded to normal exon 2 splicing, the 508-bp transcript observed for the c.1010-443A>G corresponded to normal exon 8 splicing, and the 397 bp transcript observed for the c.1753-750G>A corresponded to normal exon 12 splicing. In the case of c.5219+7731G>T and c.787+967C>T, the 246-bp transcript corresponded to the absence of intronic sequence retention. WT, wild type; bp, base pair

TABLE 1 .

 1 Intronic candidate variants detected with NGS for the 15 patients

	ID	HA severity Family	FVIII:C Candidate variant	Intron MAF	In silico	mRNA	Minigene assay ACMG
			history				GnomAD	prediction on	sequencing		classification
								splice sites			(consequence o
											the variant)
	P1	Severe	No	<1%	c.265+1116C>G	2	Not	de novo	No	No impact	Uncertain
							described	DSS	transcript		significance
								(MaxEnt			
								4.9)			
					c.1010-443A > G	7	Not	de novo			Uncertain
							described	DSS			significance
								(MaxEnt			
								5.2; HSF			
								82.3)			
	P2	Severe	Unknown	<1%	c.5219+7731G>T	14	Not	No effect	No	No impact	Uncertain
							described		transcript		significance
	P3	Moderate	No	1%-	c.787+1967C>T	6	0.04%	No effect	No	No impact	Uncertain
				2%					transcript		significance
	P4	Moderate	No	1%	c.5999-27A > G	18	Not	No effect	Aberrant	Aberrant	Likely
							described				pathogenic
											(exon 19

ID HA severity Family history FVIII:C Candidate variant Intron MAF GnomAD In silico prediction on splice sites mRNA sequencing Minigene assay ACMG classification (consequence o the variant)

  

											skipping)
	P5	Moderate	Yes	3%	No variant				Normal		
	P6	Moderate	No	3%	No variant				No		
									transcript		
	P7	Mild	No	29%	c.1753-750G > A	11	0.01%	No effect	Unavailable	No impact	Uncertain
											significance
	P8	Mild	Yes	8%	c.2113+1153G>C	13	Not	No effect	Aberrant	Uninterpretable Likely
							described				pathogenic
											(exonization
											of intronic
											sequence)
	P9	Mild	Yes	38%	c.2113+461_2113+473del	13	Described by Jourdy et al (Am J Hum Genet, 2018)	Pathogenic
	P10 Mild	No	31%	c.2113+461_2113+473del	13	Described by Jourdy et al (Am J Hum Genet, 2018)	Pathogenic
	P11 Mild	Yes	30%	c.2113+461_2113+473del	13	Described by Jourdy et al (Am J Hum Genet, 2018)	Pathogenic

ID HA severity Family history FVIII:C Candidate variant Intron MAF GnomAD In silico prediction on splice sites mRNA sequencing Minigene assay ACMG classification (consequence o the variant)

  

	P12 Mild	No	28%	c.2113+463_2113+473del	13	Described by Jourdy et al (J Thromb Haemost, 2020)	Pathogenic
	P13 Mild	No	35%	c.2113+463_2113+473del	13	Described by Jourdy et al (J Thromb Haemost, 2020)	Pathogenic
	P14 Mild	Unknown	30%	c.2113+465_2113+473del	13	Described by Jourdy et al (J Thromb Haemost, 2020)	Pathogenic
	P15 Mild	Yes	11%	c.5220-8563A > G	14	Not	de novo	Aberrant	Aberrant	Likely
						described	ASS			pathogenic
							(MaxEnt			(exonization
							8.0; HSF			of intronic
							81.1)			sequence)
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