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Hemophilia, an X-linked recessive disorder, is characterized by spontaneous or trauma-induced prolonged bleeding. It is classified as hemophilia A when caused by variants in the F8 gene, and hemophilia B when caused by F9 variants. Few studies have described hemophilia variants in the Chinese population. This study aimed to investigate the clinical and genetic profiles of 193 hemophilia patients from southern China. Utilizing Sanger sequencing, multiplex ligation-dependent probe amplification, gap detection, long-range PCR, and multiplex PCR, we identified both F8 and F9 gene variants. Pregnant women with a history of hemophilia A offspring underwent amniocentesis or villus sampling for the variant detection. Variants in F8 and F9 were pinpointed in 183 patients, with 26 being novel discoveries. Notably, genetic testing was absent in the initial evaluation of 133 out of 161 patients, leading to a protracted average definitive diagnosis timeline of 2 years. Remarkably, two hemophilia A cases with anticipated severe phenotypes due to protein-truncating variants presented with only moderate or mild clinical manifestations. Among the 40 fetuses tested, 34 were males, with 17 exhibiting hemizygous variants in the F8 gene. Our results contribute to the broader understanding of F8 and F9 variant spectrum and highlight the underuse of genetic analyses in southern China.
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INTRODUCTION
Hemophilia is a rare X-linked recessive disorder characterized by spontaneous or prolonged bleeding from various tissues and organs. Common bleeding sites include the joints, nose, and brain (Fogarty et al., 2013; Josephson, 2013). Hemophilia can be classified as either hemophilia A (HA) (OMIM: 306700), caused by variants of F8 (Gene ID: 2157), or hemophilia B (HB) (OMIM: 306900), caused by variants of F9 (Gene ID: 2158). The pathogenic variants of F8 and F9 may result in the deficiency of two crucial components of the clotting cascade: coagulation factor VIII (FVIII) and factor IX (FIX), respectively. Distinguishing between HA and HB based on clinical features alone is challenging (Castaman and Matino, 2019), despite the accepted notion that HB is less severe than HA (Mannucci and Franchini, 2013). HA and HB can be diagnosed by measuring plasma factor VIII clotting activity (FVIII:C) and factor IX clotting activity (FIX:C) respectively, along with normal and functional von Willebrand factor levels. Depending on FVIII:C and FIX:C levels, hemophilia can be classified as severe (<1%), moderate (1%–5%), or mild (>5–40%) (Bolton-Maggs and Pasi, 2003). It is important to note that HB may be misdiagnosed in infants under 6 months of age because of their naturally low FIX:C levels (Andrew et al., 1987). Genetic analysis plays a crucial role in confirming the diagnoses of HA and HB by enabling the identification of hemizygous pathogenic F8 and F9 variants in males respectively. Heterozygous women may also be affected by hemophilia due to skewing inactivation of the X chromosome (Plug et al., 2006). A rare condition is observed in women harboring compound heterozygous or homozygous pathogenic variants. Hemophilia treatment typically involves the intravenous infusion of FVIII or FIX concentrate. However, a significant replacement therapy complication is the development of inhibitory antibodies against the therapeutic exogenous factor (Oldenburg and Pavlova, 2006; Gouw et al., 2012; Eckhardt et al., 2013). Approximately 25%–30% of patients with severe HA (Knobe et al., 2000) and 5%–10% of patients with severe HB (Male et al., 2021; Johnsen et al., 2022) develop such inhibitors, with variations influenced by ethnicity and variant type (Aledort and Dimichele, 1998; Carpenter et al., 2012). The likelihood of inhibitor formation is notably higher in patients with large deletions, nonsense variants, small deletions and insertions (indels), and splice site variants (Rosendaal et al., 2017). For both HA and HB patients, the formation of inhibitors is predominantly associated with disruptive structural variants such as large deletions. Conversely, missense variants exhibit a lower incidence of inhibitor development (Oldenburg and Pavlova, 2006; Gouw et al., 2012; Rallapalli et al., 2013). It is worth noting that the nonsense variants occurring in the B domain of F8 are associated with the lower inhibitor because the premature stop codon caused by nonsense variants in the B domain may undergo translational readthrough, resulting in the maintenance of the A3-C2 domain. The existence of the A3-C2 domain has been shown to lessen the immunogenicity of therapeutic FVIII and then decrease the formation of inhibitors (Testa et al., 2023). Prenatal testing is crucial for the mothers of affected patients in order to prevent the recurrence of variants in subsequent pregnancies. To date, numerous F8 and F9 variants have been reported in different populations, including Chinese cohorts (https://dbs.eahad.org/) (Xue et al., 2010; Guo et al., 2018; Luna-Záizar et al., 2018; Chen et al., 2021). This study aimed to investigate the clinical and genetic features of hemophilia in southern China by recruiting patients with HA and HB and conducting clinical as well as genetic analyses. Our findings are expected to broaden the variant spectrum of F8 and F9, providing valuable data for the management of patients with hemophilia and prenatal diagnosis in affected families.
MATERIALS AND METHODS
Subjects
Between May 2013 and November 2022, a total of 296 participants from the Guangzhou Women and Children’s Medical Center were recruited for this study. The participants included 161 unrelated patients clinically diagnosed with HA, along with 99 available mothers, as well as 32 unrelated patients clinically diagnosed with HB, along with four available mothers. All participants were of Han Chinese ethnicity from southern China. A genetic analysis was conducted on all 193 patients. When variants were identified, we performed genetic analysis on mothers to determine their origin. The study was approved by the Ethics Committee of the Guangzhou Women and Children’s Medical Center. Written informed consent was obtained from all participants or their guardians, following the principles outlined in the Declaration of Helsinki.
Laboratory examinations
Laboratory examinations included the measurement of FVIII:C, FIX:C, and inhibitor levels. Peripheral blood samples were collected from the patients in 3.8% citrate tubes, followed by centrifugation at 2500 g for 15 min to obtain platelet-poor plasma. Commercial FVIII- and FIX-deficient plasma (Diagnostica Stago, Asnières-sur-Seine, France) were used to measure FVIII:C and FIX:C levels via standard one-stage clotting assay, which is based on the activated partial thromboplastin time (APTT) test. The reagents for FVIII:C and FIX:C testing, are from Diagnostica Stago (Asnières-sur-Seine, France) and include FVIII or FIX-deficient plasma, calibration plasma, APTT activator reagent (Triniclot aPTT S), calcium, quality control plasma, and dilution buffer. All reagents were prepared according to the manufacturer’s protocol. The coagulometer used for the detection is the STA-R Evolution analyzer (Diagnostica Stago, Asnières-sur-Seine, France). The FVIII:C or FIX:C is provided by comparing the measured APTT of the test plasma with those measured in the standard reference plasma, and is expressed as % of normal. The Bethesda assay was used to determine the inhibitor titers (Duncan et al., 2013), it is a method used to evaluate the capacity of test plasma to inactivate the FVIII or FIX. The test plasma is mixed with an equal volume of a normal plasma pool, the FVIII:C or FIX:C of the mixture is measured and then compared with that of the control plasma. The percentage of residual FVIII:C or FIX:C is calculated, and one Bethesda unit (BU) is defined as the amount of inhibitor that results in 50% residual FVIII:C or FIX:C. The BU/mL in the sample is determined from the theoretical inhibitor graph by interpolating the percentage residual activity against Bethesda units.
Genetic analysis
Genomic DNA was extracted from the peripheral blood of participants using a QIAamp Blood DNA Kit (QIAGEN, Hilden, Germany) and subjected to genetic analysis. A long-range polymerase chain reaction (PCR) was performed to detect the intron 22 (IVS 22) inversion in F8 according to the manufacturer’s instructions (Yaneng Bioscience, Shenzhen, China). Multiplex PCR was used to detect the intron 1 (IVS 1) inversion in F8. Primers were designed using Oligo6.0 (http://www.oligo.net/downloads.html) in order to amplify all exons and exon-intron boundaries of F8 and F9 via PCR. The PCR products were then sequenced on an ABI 3730XL Automated DNA Sequencer using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). The GenBank sequences NM_000132.3 for F8 and NM_000133.3 for F9 were retrieved from the UCSC database (http://genome.ucsc.edu/) and were used for comparison of our sequencing results for variant detection. The reference sequences for the encoded proteins of F8 and F9 were NP_000123.1 and NP_000124.1 respectively. Variant nomenclature was adopted, with +1 corresponding to A of the AUG translation initiation codon, according to the Human Genome Variation Society nomenclature (den Dunnen et al., 2016). When PCR failed for certain exon(s), Multiplex Ligation Dependent Probe Amplification (MLPA) was used to detect large deletions of F8 and F9, according to the manufacturer’s instructions for the SALSA MLPA probemix P178-B2 F8 and P207-D1 F9 respectively (MRC-Holland, Amsterdam, Netherlands). Since IVS 22 inversion accounts for approximately 40%–50% of severe HA cases, detection of IVS 22 inversion should be the top priority in patients with severe HA. Sequencing for F8 and detection of IVS 1 inversion were performed sequentially due to the minimum proportion of IVS 1 inversion (1%–5%) (Antonarakis, et al., 1995; Abelleyro, et al., 2020). Forty pregnant women underwent amniocentesis or villus sampling, and quantitative fluorescence-polymerase chain reaction was used to rule out maternal cell contamination. All 40 fetuses were genetically tested for causative variants, regardless of the sex of the fetuses.
Variant interpretation
The variants were interpreted in accordance with the recommendations of the American College of Medical Genetics (ACMG) (Richards et al., 2015). The framework classifies variants as pathogenic (P), likely pathogenic (LP), variant of uncertain significance (VUS), benign (B), and likely benign (LB). The criteria for classification are based on a level of strength: stand-alone (A), very strong (VS), strong (S), moderate (M), or supporting (PP). Twenty-six criteria can be applied, including 15 pathogenic criteria: 1 very strong (PVS1), 4 strong (PS1-4), 6 moderate (PM1-6), 4 supporting (PP1-4), and 11 benign criteria: 1 stand-alone (BA1), 4 strong (BS1-4), and 6 supporting (BP1-7 except BP6). The applied criteria are then combined to reach a classification according to the scoring rules in the ACMG/AMP recommendations (Richards et al., 2015). The criteria used in this study are described below. PVS1 is applicable when a variant is predicted to result in nonsense medicated decay (NMD). Automatic PVS1 interpretation (AutoPVS1) (https://autopvs1.bgi.com/) was used to predict whether PVS1 is applicable or should be used as reduced strength for the nonsense, frameshifts, ±1 or 2 canonical splice sites, and initiation codons variants. For single or multi-exon deletions that cannot be predicted by AutoPVS1, NMD prediction is based on the premature termination codon not occurring in the 3′ most exon or the 50 bp in the 3′ most penultimate exon (Abou Tayoun et al., 2018). PS4 is applicable when the prevalence of a variant in affected individuals is significantly increased compared to the prevalence in controls. For the rare variants of F8 and F9 that do not provide sufficient power to reach statistical significance due to small sample sizes, a modified strength of PS4 is most applicable. The thresholds for “PS4_Supporting”, “PS4_Moderate”, “PS4”, and “PS4_Very Strong” have been specified as 1, 2, 4, and 16, respectively, for previously reported cases (Lee et al., 2018; Mester et al., 2018). We searched the Human Gene Mutation Database (http://www.hgmd.org/) and two European Association for Haemophilia and Allied Disorders (EAHAD) Coagulation Factor Variant Databases (McVey et al., 2020): Factor VIII Gene (F8) Variant Database (https://f8-db.eahad.org/) and Factor IX Gene (F9) Variant Database (https://f9-db.eahad.org/index.php) to determine whether the variants had been reported. When a missense variant is located in a mutational hot spot and/or a critical and well-established functional domain without benign variation, PM1 is applicable. For the missense variants of F8 located in the B domain, PM1 is not applicable as the B domain is partially spliced off the mature protein. The domain data were obtained from UniProt (https://www.uniprot.org/). If a variant is absent from a large general population, this observation can be considered a moderate piece of evidence for pathogenicity (PM2). The weight of PM2 criteria should be decreased to supporting according to the Sequence Variant Interpretation Working Group, as the absence or rarity is given too much weight after substantial analysis and modeling (ClinGen Sequence Variant Interpretation Recommendation for PM2-Version 1.0). We searched the Genome Aggregation Database (gnomAD) (http://gnomad-sg.org/) to determine whether the variant is absent from the general population. For the missense variants, we used Rare Exome Variant Ensembl Learner (REVEL) (https://sites.google.com/site/revelgenomics/) to predict the possible effects. The thresholds for the levels of evidence for pathogenicity (PP3) were: ≥0.932 for strong, [0.733, 0.932) for moderate, and [0.644, 0.733) for supporting, and for benign, they were: ≤0.003 for BP4-very strong, (0.003, 0.016] for BP4-strong, (0.016, 0.183] for BP4-moderate, and (0.183, 0.290] for BP4 (Pejaver et al., 2022). To avoid overinterpretation of variants, a moderate strength of PP3 was applied even when the scores were ≥0.932. For the noncanonical splice site variant, SpliceAI (https://github.com/Illumina/SpliceAI) was used to predict the splicing effect. PP3 can be applied when the SpliceAI scores are >0.2, and BP7 can be applied when the SpliceAI scores are <0.01. PP4 is applicable when patient’s phenotype or family history is highly specific for a disease with a single genetic etiology, and PP4 is applied in this study when the FVIII:C or FIX:C is below 40%.
RESULTS AND DISCUSSION
Clinical characteristics of HA and HB patients
Of the 161 unrelated patients clinically diagnosed with HA, 117 were classified as having severe, 16 as having moderate, 19 as having mild, and nine as having disease of unknown severity owing to FVIII:C data not being available (Table 1). Of the 32 unrelated patients diagnosed with HB, 20 had severe, seven had moderate, four had mild disease, and one had disease of unknown severity (Table 1). Finally, 153 HA and 30 HB patients were confirmed via genetic testing. Among these, the mean age of disease onset was 1.7 years (ranging from 1 day to 15 years) for HA and 3.4 years (ranging from 5 days to 11.3 years) for HB, with median values of 9 months and 1.4 years, respectively (Table 2). The diagnosis of hemophilia was typically established at a mean age of 4.3 years (ranging from 14 days to 23 years) for HA and 5.1 years (ranging from 19 days to 12 years) for HB (Table 2). The mean time to a definitive diagnosis was 2.1 years for HA and 1.6 years for HB (Table 2). Notably, genetic testing was offered to only 18% of the HA patients (24/132) and 14% of the HB patients (4/29) during their initial hospital visit, reflecting a lack of awareness regarding F8 and F9 genetic analysis in many parts of southern China. Most patients underwent genetic testing only after being referred to our institute, the major referral center for pediatric patients in the region. The lack of awareness regarding genetic analyses leads to low rates of genetic testing during initial hospital visits for patients with HA and HB. This may result in a delayed diagnosis and inadequate genetic counseling.
TABLE 1 | Characteristic of variant in F8 and F9 and inhibitor in this cohort.
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[image: Table 2]Among the 117 patients with HA who underwent inhibitor testing, 14 (11.9%) developed inhibitors, with only one being mildly affected (Table 1). The incidence of inhibitor development varies across regions, with the highest incidence reported in the American population (30%) and the lowest being in East Asia (11%). The incidence rate in this cohort was similar to that of the overall population in East Asia but higher than that in two other Chinese cohorts (Luna-Záizar et al., 2018). In this cohort, the highest incidence of inhibitors was observed in patients with canonical splice site variants (50%, 1/2), although the limited number of patients may have introduced bias. The incidence rates for other variant types were as follows: gross deletion (33.3%, 2/6), nonsense (21%, 4/19), indel (14.2%, 3/21), and IVS 22 inversion (11.8%, 4/34). These rates were generally consistent with prior findings (Luna-Záizar et al., 2018). A comparable rate of inhibitor development was exhibited among patients with nonsense variants within the B domain (20%, 1/5) and the non-B domain (21%, 3/14). This is different from earlier reports that patients with nonsense variants in the B domain had a lower rate of developing inhibitors than those with non-B domain variants (Testa et al., 2023). This may be due to the bias introduced by the limited number of patients. None of the patients with IVS 1 inversion or missense variants developed inhibitors. Further, only two patients with HB harboring gross deletions and nonsense variants (8%, 2/25) developed inhibitors (Table 1).
Variants in F8
Variant spectrum
Variants in the F8 gene were identified in 153 of the 161 patients with HA, resulting in a variant detection rate of 95% (Table 1). In addition to IVS 22 inversion and IVS 1 inversion, a total of 83 distinct variants were identified, including five large deletions (6%, 5/83), 22 indels (26.5%, 22/83), 36 missense variants (43.4%, 36/83), 18 nonsense variants (21.7%, 18/83), and two canonical splice site variants (2.4%, 2/83) (Table 1). Among these variants, 20 had not been previously reported (Table 1).
Analysis of the 99 available mothers revealed that 94 of the 99 variants (95%) were inherited (Table 1), indicating a higher carrier rate than reported for another Chinese cohort (79%) (Lu et al., 2018). The high rate of inherited variants highlights the increased likelihood of variant recurrence in families with HA in southern China. Therefore, it is crucial for mothers and other female family members to undergo genetic testing before planning a pregnancy. The remaining five cases involved de novo variants, including four IVS 22 inversion variants and one small deletion (Table 1). In cases of de novo variants, prenatal diagnosis must be performed during subsequent pregnancies to determine whether the variants are germline mosaicism rather than de novo, as previously reported (Lu et al., 2018).
No detectable variants were noted in eight patients (5%, 8/161), including two severe, one moderate, and five mild cases. However, this does not rule out the diagnosis of HA. It is possible that the variants are located deep within introns or regulatory regions (Castaman et al., 2011; Bach et al., 2016; Chang et al., 2019; Dericquebourg et al., 2020) or that unknown causal genes may be involved, resulting in decreased FVIII:C levels. Further investigation of these patients is ongoing.
A prenatal diagnosis was performed for 40 pregnant women with a family history of F8 variants. Hemizygotes were identified in 42.5% (17/40) of the cases (Table 3). Following genetic counseling, decisions were made regarding pregnancy termination for the affected fetuses. Interestingly, 85% (34/40) of the fetuses were males, yielding a sex ratio of 0.85 (male fetus numbers/total fetus numbers), a deviation from reported sex ratio of 0.502 of all embryos from conception to birth (Orzack et al., 2015).
TABLE 3 | Distribution of variants of F8 in prenatal diagnosis.
[image: Table 3]Inversion
A total of 52 patients (32.2% of all patients and 41.9% of severe patients) had an IVS 22 inversion (Table 1). IVS-1 inversion was found in only four patients, accounting for 2.5% (4/161) of all patients and 2.6% (3/117) of patients with severe disease. These results are comparable to those reported in other populations (Luna-Záizar et al., 2018). Nearly all patients with IVS 22 inversion were classified as severe, except for four cases (HA1-4) (Table 4). Three patients (HA1-3) carried IVS 22 inversion, and one patient carried IVS 1 inversion. In this study, HA1 was a seven-year-old boy who was diagnosed with HA at the age of 2 years, with an FVIII:C level of 10%. After diagnosis, he received two cryoprecipitate injections for treatment. HA2 was a three-year-old boy whose guardian requested genetic testing after being diagnosed with HA, with an FVIII:C level of 6.6% following cerebral infection and bleeding at 2 months of age. FVIII injections were not administered to this patient. HA3 presented with cutaneous ecchymosis at 6 months of age, and FVIII:C testing revealed a level of 2.6%. No further spontaneous bleeding episodes were observed, and treatment was provided only for the injuries. Hospitalization was required because of a sudden oral hemorrhage, and further testing confirmed the presence of inhibitors. HA4, a patient with an IVS 1 inversion, was a 17-year-old boy. His FVIII:C level was 8% at 1 year of age. He occasionally developed petechiae after the trauma, and at present, his knee joint is severely swollen, preventing him from walking. It is generally believed that the presence of IVS 22 inversion and IVS 1 inversion in patients with moderate or mild HA is either due to residual FVIII clotting activity from prior transfusions or inaccurate test methods (Konkle et al., 2000). In these four patients, FVIII:C testing was conducted before exogenous FVIII therapy. Unfortunately, retesting the patient’s peripheral blood using another method was not possible. In addition to the inaccurate measurement of FVIII:C, one possibility is that patients with mild or moderate disease carrying IVS 22 inversion and IVS 1 inversion harbor undetected variants, such as complex rearrangements associated with IVS 22 inversion and IVS 1 inversion, which preserve the F8 reading frame. However, further investigation is required to confirm this hypothesis.
TABLE 4 | The moderately or mildly affected patients with inversion of intron 22 and 1 and protein-truncating variants in F8.
[image: Table 4]Protein-truncating variants
Forty protein-truncating variants, including 22 indels and 18 nonsense variants, were identified in 49 patients (Table 1). Long poly-A and poly-T runs (at least 6 consecutive adenines or thymine) are hotspots for indels due to slipped mispairing or intragenic recombination, which are mechanisms responsible for indel formation (Krawczak and Cooper, 1991; Bidichandani et al., 1994; Nakaya et al., 2001; Bogdanova et al., 2002). In this study, four indels recurred at positions c.3637, c.4379, and c.4825 in three, three, and two patients, respectively, all the indels are within the poly-A runs. Approximately 50% of the nonsense variants (7/18) occurred at arginine codons (Table 5). These seven nonsense variants involved a change from the CGA for arginine to the TGA, a premature termination codon, which is consistent with earlier reports that arginine is a hotspot for nonsense variants. (McGinniss et al., 1993; Xue et al., 2010). It is commonly believed that patients with protein-truncating variants predicted to produce new stop codons develop severe diseases. However, the two patients (HA 5-6) with such variants in this study were only moderately affected. HA5, who harbored a c.6496C>T (p.Arg2166*) variant, was a one-year-old boy who underwent FVIII:C testing after experiencing bruising and swelling around the eye following a fall. The test revealed an FVIII:C level of 1.2%. Interestingly, another patient with HA and the same c.6496C>T (p.Arg2166*) variant was severely affected (Table 4). This difference highlights the phenotypic variability associated with F8 variants. The mother of HA6 was referred to our clinic for prenatal diagnosis, and her affected son had an FVIII:C level of 2%. Unfortunately, these two patients were not available for follow-up. Although the two variants are expected to result in a null phenotype, functional assays are required to confirm their effects, as some protein-truncating variants may display trace or residual expression and/or functional levels. Similarly, patients with certain protein-truncating variants are moderately or mildly affected (Miller et al., 2012; Testa et al., 2023).
TABLE 5 | Detailed description of variants in F8 identified in this cohort.
[image: Table 5]Canonical splice site variants
Two canonical splice site variants were identified in this cohort, accounting for 1.3% of all patients and 1.7% of the cases classified as severe (Table 1). Canonical splice site variants were the least represented variant type in this study, which may partially result from the limited number of cases.
Missense variants
Our analysis identified 36 distinct missense variants across the F8 gene in 40 patients, with an exception for exons 1, 6, 8, 18, 20, and 24. We found a c.394G>A (p.Glu132Lys) variant along with the exon 1 deletion in one patient; this variant, located in the A1 domain, is absent from the gnomAD database and previously unreported in HA patients (https://f8-db.eahad.org/). The variant c.2535C>A (p.Asp845Glu) was discovered alongside the known variant c.871G>A (p.Glu291Lys) in one patient. This variant has been implicated in HA patients, and in vitro analyses for this variant did not demonstrate a significant reduction or revealed only a mild decrease in FVIII:C (Zhang et al., 1999; Ogata et al., 2011; Pahl et al., 2014). Notably, this variant is located in exon 14, the region coding for the B domain of FVIII. The B domain is partially spliced off the mature protein and lacks procoagulant activity (Thompson, 2003; Camire and Bos, 2009); it is responsible for FVIII processing and trafficking via its N-linked oligosaccharides (Ogata et al., 2011; Testa et al., 2023). It is well known that variants of the B domain are unlikely to cause severe HA and rarely cause mild HA (Ogata et al., 2011). One explanation could be that the observed variant(s) in the B domain may have a minor impact on FVIII intracellular processing. Regardless of the two likely benign variants, c.394G>A (p.Glu132Lys) and c.2535C>A (p.Asp845Glu), all the missense variants in this study were located outside the B domain.
Large deletion
MLPA identified five large deletions within the F8 gene among six patients, with two deletions extending over multiple exons—specifically from exon 5 to 6 and exon 15 to 26. To identify the breaking point of the gross deletion of exon 26, multiple primers were designed around exon 26 to amplify the sequences, and an approximately 1 kb PCR product was amplified with the primers (forward: TGT​AAT​TCA​GTT​AGT​CAC​AGG​AT, reverse: TAA​AAC​AAC​CTA​TTC​ACT​ACC​AC). Sequencing of the PCR product indicated the breakpoint at positions chrX:154083181 upstream and chrX:154053438 downstream of exon 26, resulting in a 29,742 bp deletion. The same deletion was confirmed in the proband’s mother, suggesting hereditary transmission. While these exon deletions have been previously reported, this is the first report to delineate the breakpoint for the exon 26 deletion.
Variants in F9
In the F9 gene, 24 unique variants were observed in 30 of 32 male patients with FIX:C levels <40%. These included 16 missense variants, two nonsense variants, one small deletion, two gross deletions, one canonical splice site variant and two noncanonical splice site variants (Table 1). Missense variants were the most prominent variant type in all severities and were distributed across all exons, except exon 1 and 3. The majority of missense variants (9/16) occurred in exons 7 and 8 (Table 6), which encode the serine protease (SP) domain. The c.571C>T (p.Arg191Cys) variant recurred in four patients (4/30) (Table 6), which is consistent with the high frequency described in a previous report (Branchini et al., 2022), and more than 100 HB patients with variants at p. Arg191 have been reported; there are two variants at p. Arg43 (c.127C>T (p.Arg43Trp) and c.128G>A (p.Arg43Gln)) (Table 6) in this study, but more than 100 HB patients with variants at p. Arg43 have been reported in the EAHAD F9 databases. The prevalent variants observed at positions p. Arg43 and p. Arg191 suggest mutational hotspots, possibly resulting from the inherently mutagenic nature of CpG dinucleotides at these positions (Morgan et al., 1995). All the nonsense variants, small deletion, gross deletions and canonical splice site variant were predicted to cause protein truncation. The two noncanonical splice site variants were predicted to affect the splicing of the exon in F9. No F9 variants were identified in the two patients with FIX:C levels below 40%, which could be due to naturally low FIX:C levels in these patients, as they were under the age of 6 months.
TABLE 6 | Detailed description of variants in F9 identified in this cohort.
[image: Table 6]Novel F8 and F9 variants
Twenty novel variants were identified among the 83 F8 variants detected. These included 11 indels, five missense variants, and four nonsense variants (Table 1), representing a novel variant detection rate of 24%. The low yield of novel variants likely reflects the extensive genetic testing for this disease, particularly in the era of whole-exome sequencing. It remains to be seen which fraction of variants in Chinese patients may be genuinely distinct from those in other ethnic groups. None of the novel variants had been cataloged in the gnomAD and F8 EAHAD databases. Except for c.394G>A (p.Glu132Lys), the other four missense variants, c.976C>G (p.Leu326Val), c.1891A>T (p.Asn631Tyr), c.2099C>G (p.Ser700Trp), and c.6361A>T (p.Ile2121Phe), occurred at conserved sites relative to those in other species (data not shown), affecting the A1, A2, and C1 domains. The remaining 15 novel indel and nonsense variants were predicted introduce premature stop codons and result in C-terminal truncation of the protein (Table 5).
In the F9 gene, six novel variants were identified among the 24 F9 variants detected, including three missense variants, one noncanonical splice site variant, one small deletion, and one large deletion (Table 1). None of these variants were recorded in the gnomAD and F9 EAHAD databases. Missense variants c.754T>A (p.Cys252Ser), c.992T>A (p.Val331Asp), and c.1115T>A (p.Leu372His) were clustered in the SP domain, and the mutant amino acids were also conserved among species. The variant c.754T>A (p.Cys252Ser) has a novel nucleotide change, but a variant c.755G>C (p.Cys252Ser) with the identical amino acid alteration has been reported in the EAHAD F9 database. Only one novel small deletion, c.252del (p.Thr85Leufs*19), was detected. It resulted in a premature stop codon, causing a truncation of 357 amino acids at the C-terminus of the coding protein. In addition, we identified a deletion in exons 6 and 7 via MLPA. The noncanonical splice site variant c.253-6T>G was the only novel variant of uncertain significance (Table 6).
CONCLUSION
In conclusion, this analysis expands the variant spectrum of F8 and F9 in the southern Chinese population, identifying 26 novel variants and providing insights into the clinical features and prenatal diagnosis of hemophilia. This study contributes to our understanding of the genetic basis of the disease in this population and emphasizes that the effects of F8/F9 variants on FVIII/FIX protein levels and function should be thoroughly analyzed.
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Variant type Male Female Total

N (Positive*/negative) N (Positive*/negative) N (Positive*/negative)
IVS 22 inversion 12 (7/5) 20 14 (8/6)
Missense 7 (3/14) | 2(/m | 9 (4/5)
Nonsense 7 ar3) 1.(01) 8 (4/4)
Indel 7(3/4) | 1(0r1) | 8 (4/4)
» Canonical splice site 1(01) 0 (0/0) 1(0/1)
Total | 34 17117) [ 6(2/4) | 40 (20/20)

Vs

tron 22. Indel: Small deletion and insertion. N: Number. # means hemizygote in male and heterozygote in female.
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Variant type

Clinical manifestation

HA 1 IVS 22 inversion Inversion 10 NA Elbow joint swelling

HA 2 IVS 22 inversion Inversion 66 NA Intracranial hemorrhage

HA3 IVS 22 inversion Inversion 26 Yes Gum bleeding, ecchymoses

HA 4 IVS 1 inversion Inversion 8 NA Ecchymoses after injuries, knee swelling
HA'S €6496C>T (p.Arg2166%) Nonsense 12 No Eyelids swelling

HA 6 €5963_5964del (p.Glul988Glyfs*3) © Small deeton 2 NA ?

Factor VIII clotting activity; IVS 22: Intron 22. IVS 1: Intron 1. NA: not available.
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“Two variants ¢2535C>A (p.Asp845Glu) and ¢.394G>A (p.Glul32Lys) were excluded as they appeared with other pathogenic variants in the identical patients respectively and both were
classified as likely benign. Indel: Small deletion and insertion. IVS 22: Intron 22. IVS 1: Intron 1. N: Number. NA: not available,
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9 months)

5 days - 11.3 years (3.4 years/
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