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Objectives: Hemophilia A (HA) is an X-linked recessive inherited bleeding disorder that typically affects men. Women are usually asymptomatic carriers, and rarely presenting with severe or moderately severe phenotype. This study aims to describe a case of a 17-year-old girl with moderate HA, investigating the mechanisms of her condition and the genetic basis within her family.Methods: We conducted coagulation tests and bleeding assessments to evaluate her bleeding phenotype. Molecular genetic examinations, karyotype analysis, X-chromosome inactivation testing, and targeted bioinformatic analysis were used to identify potential genetic etiologies.Results: The proband exhibited a severe bleeding phenotype and was found to be a heterozygous carrier of an intron 22 inversion (Inv22) with a normal chromosomal karyotype. No other hemostatic defects were identified through whole exome sequencing. The proband’s mother and monozygotic twin sister are also Inv22 carriers, yet remain asymptomatic with normal FVIII activity. X-chromosome inactivation experiments revealed unbalanced inactivation in the proband, leading to the silencing of the healthy X copy. Notably, several novel X-linked gene mutations (SHROOM2, RPGR, VCX3B, GAGE, GCNA, ZNF280C, CT45A, and XK) were identified in the proband compared to her monozygotic twin sister, though their impact on X-chromosome inactivation remains unclear.Conclusion: Our findings suggest that the proband’s bleeding phenotype results from unbalanced X-chromosome inactivation. This research marks the first analysis of X chromosome-related gene mutations among monozygotic twins who are carriers of hemophilia A, laying the groundwork for further investigations into the disorder’s pathogenesis in women and highlighting the complexities in genetic counseling.Keywords: hemophilia a, females, carriers, x-chromosome inactivation, gene mutations
1 INTRODUCTION
Hemophilia A (HA) is an X-linked recessive inherited bleeding disorder caused by an abnormal quality or quantity of factor VIII (FVIII). Clinical manifestations include spontaneous bleeding or bleeding after minor trauma in joints, muscles, internal organs, and deep tissues. Repeated joint bleeding can gradually impair joint mobility and lead to disability (Mannucci, 2008; Quintana Paris, 2023). HA primarily affects males, while females are typically asymptomatic carriers, although they may also experience symptoms and rarely exhibit severe or moderately severe clinical phenotypes (Mingot Castellano, 2020; Cygan and Kouides, 2021; Dardik et al., 2023; Hermans et al., 2023). Recently, increasing evidence suggests an increased bleeding tendency in female hemophilia carriers (HCs) (Young et al., 2017; Chaudhury et al., 2020; Li et al., 2020), which warrants further attention and research. To improve diagnosis and management and establish uniform terminologies for clinical research, the International Society on Thrombosis and Haemostasis (ISTH) has developed a new nomenclature that takes into account personal bleeding history and baseline plasma FVIII levels in female patients. This nomenclature distinguishes five clinically relevant HC categories: women/girls with mild, moderate, or severe hemophilia (consistent with the diagnostic criteria for HA in males), symptomatic and asymptomatic HC (van Galen et al., 2021). Currently, there is limited information available in female patients with severe and moderate hemophilia.
The molecular pathogenesis of male HA is well established as a typical FVIII monogenic disease. In approximately 40% of male HA patients, the disorder is attributed to inversions occurring in the F8 gene. The remaining cases are caused by various mutations in F8, including small and large deletions, insertions, as well as non-sense and missense mutations (Borràs et al., 2022). However, the genetic defects underlying female HA exhibit wide variability and few larger reports on its genetic etiology are available. Currently, skewed X-chromosome inactivation (XCI) combined with F8 variants on the active allele is believed to be the most common cause of female HA. Other molecular mechanisms include the involvement of a second mutation in F8 gene (homozygous or compound heterozygous), the presence of a second hemostatic defect due to mutations in genes other than F8 gene (e.g., von Willebrand factor, VWF), abnormalities of the X-chromosome in structure and number (e.g., Turner syndrome), and androgen insensitivity syndrome (Janczar et al., 2020; Miller and Bean, 2020; Shen et al., 2022). Current understandings of hemophilia genetics in female patients are mainly based on published case reports. Therefore, it is necessary to evaluate the clinical characteristics and clarify the pathogenesis for each female HA patient.
Here, we describe a case of a girl with moderate HA, exhibiting a severe bleeding phenotype. We analyzed the laboratory characteristics of the proband and her family members. Additionally, we conducted research on the pathogenesis of the proband through genetic testing for F8, chromosomal karyotype analysis, whole exome sequencing (WES), XCI assay, and X-chromosome targeted bioinformatic analysis.
2 MATERIALS AND METHODS
2.1 Subjects
Patients and their families were studied after obtaining their written informed consent. The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University.
2.2 Haemostatic tests
Basic hemostatic analyses were conducted using the Stago fully automated coagulation analyzer and its corresponding reagents, including prothrombin time (PT), activated partial thromboplastin time (APTT), factor VIII activity (FVIII:C), and plasma von Willebrand factor antigen (vWF:Ag).
2.3 Karyotype analysis
Peripheral blood samples were collected from the proband using heparin anticoagulant. The samples were cultured according to standard cytogenetic protocols (Bates, 2011). Giemsa-banding staining was used to analyze the cultured cells, and then the karyotype was analyzed using a chromosome karyotyping software system (Zeiss).
2.4 Genetic analysis
The genomic DNA was extracted from peripheral blood using QIAGEN’s QIAamp DNA Blood Mini Kit following the provided instructions. Long-distance PCR ((LD-PCR), gene sequencing, and Multiplex Ligation-dependent Probe Amplification (MLPA) technology was applied to screen for the F8 mutations. Among these, LD-PCR technology is used to detect the intron 1 and intron 22 inversion mutations of the F8; gene sequencing involves direct sequencing of the coding regions of the F8 gene’s exons and comparing them with reference sequences (NM_000132.3 and NG_011403.1) to identify potential micro-mutations; MLPA detection is used to examine each exon of the F8 gene in the sample, using normal human DNA as a reference to determine whether there are deletions or duplications in the gene.The intron 22 inversion (Inv22) was assessed by LD-PCR as per the protocol described in the kit’s instructions (AmpliTaq Gold® 360 Master Mix). The polymorphism of 17 autosomal short tandem repeats (STRs) (THO1, D21S11, D2S1338, Penta E, D5S818, D13S317, D7S820, D16S539, CSF1PO, vWA, D8S1179, TPOX, FGA, D6S1043, D12S391, D10S1248, Penta D) and a sex marker (amelogenin) was analyzed in the DNA samples of the proband and her twin sister. The WES process was carried out by Shanghai Diagnostics Biotechnology Co., Ltd. The sequencing library was constructed using the VAHTS Universal DNA Library Prep Kit for Illumina V3 (NuGEN) and captured using Twist Comprehensive Exome (twist). High-throughput sequencing was performed on the library using the NovaSeq 6,000 (Illumina) sequencer. X chromosome-focused bioinformatics analysis was done based on WES.
2.5 X chromosome inactivation
Currently, methylation-based methods are the most widely used for quantitatively defining human XCI status. In this study, we initially utilized the methylation-sensitive HUMARA (human androgen receptor) assay, following previously described modifications (Juchniewicz et al., 2018), to determine XCI patterns across all DNA samples. However, due to the uninformative nature of the androgen receptor locus in this case, we subsequently assessed XCI status at the ZNF261 locus using primers designed by Beever et al. (2003). This approach employed the methylation-sensitive restriction endonuclease HhaI (Thermo Scientific™, ER1851) and a pair of ZNF261-specific fluorescently labeled primers (forward primer: 5′-ATG​CTA​AGG​ACC​ATC​CAG​GA-3’; reverse primer: 5′-GGA​GTT​TTC​CTC​CCT​CAC​CA-3′). DNA was extracted from peripheral blood samples of the proband and family members, and DNA concentration and purity were measured. Each sample (500 ng DNA) was digested with 20 U of HhaI enzyme in a 20 μL reaction buffer at 37°C for 16 h, followed by heat inactivation at 65°C for 20 min. Complete digestion was confirmed by PCR and agarose gel electrophoresis. A 20 μL PCR system was then used to amplify both digested and undigested DNA, and the resulting amplification products were verified using 2% agarose gel electrophoresis. Capillary electrophoresis was performed on a genetic analyzer (Superyears, Classic116, Nanjing, China) to obtain fluorescence values.
To ensure the reliability and accuracy of the results, we strictly adhered to standard operating procedures (SOP) throughout the experiment. To minimize the impact of stutter peaks—a common issue with dinucleotide repeats—we optimized PCR conditions, employed high-resolution capillary electrophoresis, used GeneMapper software for precise data analysis, and conducted repeated experiments. The XCI ratio was calculated based on fluorescence intensities before and after digestion: (a) the paternal X chromosome inactivation ratio was determined as the signal intensity of the paternal X chromosome after digestion divided by its intensity before digestion; (b) the maternal X chromosome inactivation ratio was calculated similarly. XCI patterns were classified into random (50:50 to 70:30), moderately skewed (70:30 to 90:10), or highly skewed (90:10 or above) categories, consistent with criteria established in previous studies (Xiao et al., 2023; Bagislar et al., 2006; Yoon et al., 2008). These rigorous methodologies allowed for accurate classification of XCI patterns in our study.
3 RESULTS
3.1 Case presentation
The proband is a 17-year-old female with a history of hemorrhage including epistaxis, gingival bleeding, skin bruising, frequent bruising after minor trauma, and menorrhagia. At the age of 13, she experienced a ruptured left ovarian corpus luteum with bleeding and underwent surgical treatment, which was followed by postoperative bleeding. Coagulation assays revealed significantly prolonged APTT, normal PT, factor VIII activity of 1.4%, and normal vWF:Ag levels. Due to having a younger brother with severe HA, she was diagnosed with moderate HA and received replacement therapy with plasma and FVIII concentrates. At the age of 14, she had one episode of gastrointestinal bleeding, requiring FVIII concentrates replacement therapy. Her bleeding score, calculated with the Bleeding Assessment Tool (BAT) (Rodeghiero et al., 2010), was 12, as compared to 0–5 in normal females.
The proband’s maternal grandfather, grandmother, father, mother, and twin sister reported no hemorrhagic symptoms. The proband’s 10-year-old brother is a severe HA patient and requires long-term replacement therapy with FVIII concentrates. The proband’s mother has a younger brother who had recurrent bleeding, joint pain, and joint deformities, but was not definitively diagnosed. He passed away at the age of 6. After obtaining informed consent, we conducted this study on the proband, her parents, twin sister, and brother, while other relatives declined to participate in this study.
3.2 Subject characteristics
The coagulation test results of the proband and her family members are presented in Table 1. The proband and her brother had significantly decreased FVIII activity, at 1.1% and 0.4% respectively, while their father, mother, and twin sister had normal FVIII activity. APTT test results were consistent with the FVIII activity test results, with the brother showing significantly prolonged APTT, followed by the proband, while the father, mother, and sister had normal results. The level of vWF:Ag of the proband and her family members was within the normal range. Both the proband and her brother tested negative for FVIII inhibitor. Additionally, targeted joint ultrasound examinations were performed on the proband and her brother, including the elbows, knees, and ankles. The results showed that the proband’s joint ultrasound examination was normal, but her brother had varying degrees of hemophilic arthropathy changes in both knees and ankles (data not shown).
TABLE 1 | Laboratory Findings of the proband and her family.
[image: Table 1]3.3 Gene and chromosome analysis
Genetic screening for HA revealed a heterozygous Inv22 of the F8 in the proband. To determine if there are other chromosomal or genetic abnormalities exacerbating the deficiency of FVIII, we performed chromosomal karyotype analysis and WES on the proband. The patient’s chromosomal karyotype analysis was normal, and WES revealed no other mutations associated with bleeding disorders (Table 2).
TABLE 2 | Exome sequencing findings in proband and her monozygotic twin sister.
[image: Table 2]To confirm the inheritance mode of the Inv22 in the family, we further validated it in the proband’s parents, sister, and brother. Specific primers were used to amplify the gene fragment flanking the Inv22, and the analysis was performed using agarose gel electrophoresis. The results showed that two bands were obtained from the samples of the proband, proband’s mother, and sister (one 12 kb long identifying the normal allele, the other 11 kb long identifying the Inv22 mutated allele), which is characteristic of Inv22 carrier. The father’s sample showed one band at the 12 kb position, indicating a normal state. The brother showed an amplification band only at the 11 kb position, indicating a HA patient (Figure 1). The results of the STRs polymorphism analysis indicated that the proband and her twin sister are monozygotic twins (Supplementary Table S1). The pedigree diagram is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Electrophoresis diagram of F8 gene Inv22 detection in the proband and their family members. The bands 11 and 12 kb long identify the Inv22 and wild-type alleles, respectively. The lanes a to e represent samples from the proband, father, mother, brother, and sister, respectively. The results indicate that the proband, mother, and the sister are HA carriers, while the brother is a HA patient, and the father is normal. HA: hemophilia A; CA, carrier; N, normal subject; Inv22, intron 22 inversion; M: DNA molecular weight marker.
[image: Figure 2]FIGURE 2 | Pedigree chart. I1: normal male; I2: female Inv22 carrier; II1: female Inv22 carrier; II2: the proband, female Inv22 carrier, but presented as HA phenotype; III3: male with Inv22, a HA patient. Inv22: intron 22 inversion; HA, hemophilia A.
3.4 X chromosome inactivation analysis
The proband is an Inv22 carrier, and her FVIII levels decreased enough to classify her as a case of moderate HA. Therefore, she was tested for non-random XCI, a condition that may lead to this phenotypic expression of HA in female carriers. Initially, we analyzed the polymorphic CAG locus in the HUMARA gene in the genomic DNA of the proband and her sister before and after digestion with the methylation-sensitive restriction endonuclease HhaI. The results show that the amplifications of the HUMARA alleles from both the father and mother of the proband have the same fragment length of 272 bp, making it impossible to determine the XCI status. The same result was found for her sister (data not shown).Therefore, we changed our approach and analyzed the polymorphic locus of the ZNF261 gene. The ZNF261 PCR fragment, 258 bp long, was inherited from the mother and identified the X chromosome carrying the Inv22 mutation. The 258 bp allele in the proband was mostly digested, while her second ZNF261 allele (254 bp in length, inherited from the father, identifying the X chromosome carrying the normal F8 allele) showed almost no change after HhaI digestion (Figure 3). HhaI restriction enzymes can selectively cut active (non-methylated) DNA, so the above results suggest that the proband’s Inv22 X chromosome was transcriptionally very active, while her normal X copy was silenced (Inv22: wild-type ratio 71:29, moderately skewed). A more balanced X inactivation ratio was observed in the proband’s sister, with an Inv22: wild-type ratio of 63:37 (Figure 3).
[image: Figure 3]FIGURE 3 | Capillary electrophoresis of the X chromosome inactivation analysis. Digesting with the HhaI restriction enzyme, which selectively cuts active (non-methylated) DNA. (A) Analysis of the ZNF261 polymorphism in the proband, displaying results before digestion (HhaI-) and after digestion (HhaI+). (B) Analysis of the ZNF261 polymorphism in the monozygotic twin sister, displaying results before digestion (HhaI-) and after digestion (HhaI+). (C) The 254 bp allele identifies the normal X chromosome inherited from father to daughter. (D) The 258 bp ZNF261 allele identifies the Inv22 X chromosome inherited from mother to daughter. The numbers below each allele represent peak areas (A) and base pair sizes (S). The relative percentage of active and inactivated X chromosome was calculated from the ratio of the peak areas of the different ZNF261 alleles before and after digestion.
3.5 X-chromosome targeted bioinformatic analysis
To investigate whether other X chromosome-related gene mutations led to XCI skewing in the proband, we conducted targeted bioinformatics analysis of the WES results focusing on the X chromosome. The results were then compared between the proband and her monozygotic twin sister. The proband identified several novel X chromosome-related mutations, including SHROOM2, RPGR, VCX3B, GAGE, GCNA, ZNF280C, CT45A, and XK. Comprehensive information about these mutated genes is available in Table 3. These genes are associated with the development of tissues such as the nervous system, retina, sperm, and blood, as well as tumor occurrence (according to NCBI and ClinVar). Currently, none of these mutations have been reported to result in skewed XCI.
TABLE 3 | Novel X chromosome-related mutations identified in the proband compared to her monozygotic twin sister.
[image: Table 3]4 DISCUSSION
This is the case of our proband, an Inv22 carrier with skewed XCI, whose FVIII levels decreased enough to classify her as a case of moderate HA, and therefore representing one of the extremely rare cases of the disease that have been described in females. The proband exhibited significant bleeding symptoms and had a family history of HA, yet the diagnosis of HA did not occur until a severe bleeding event at the age of 13. This delayed diagnosis indicates the need for increased attention to individuals in similar situations. Referring to the study by Daidone et al. (2018), we utilized the BAT questionnaire, a tool currently employed in von Willebrand’s disease, to assess the proband’s bleeding tendency. Her bleeding score was found to be significantly higher than normal. Since HA carriers are typically asymptomatic or have mild symptoms, evaluating the bleeding score could aid in identifying these patients in specific populations, particularly in females with a family history. This approach may also help in better defining their bleeding risk and enable more appropriate management. Therefore, it would be valuable to incorporate the BAT questionnaire into clinical practice for this purpose.
The proband has a younger brother with severe HA and a healthy twin sister, making it essential to conduct a family pedigree study. Unfortunately, apart from the proband’s parents, sister, and brother, all other relatives have refused to participate in the investigation. The family investigation revealed that the proband’s mother transmitted Inv22 mutation to her three children. More interestingly, it was confirmed that the proband and her sister are monozygotic twins. However, even though they carry the same mutation, the phenotypes are different. Thus, we speculate that the proband may have acquired chromosomal abnormalities or skewed XCI during development. These two conditions have been previously observed in females with HA and may explain the manifestation in heterozygous mutation carriers (Knobe et al., 2008; Berendt et al., 2020; Janczar et al., 2020). Karyotype analysis revealed the proband to have a normal 46, XX karyotype, eliminating the diagnosis of Turner Syndrome or other large chromosomal abnormalities. Subsequently, XCI analysis explained the different phenotypes between the monozygotic twins. Currently, there are only a few case reports on the occurrence of HA in female monozygotic twins (Valleix et al., 2002; Bennett et al., 2008). One case report describes a pair of monozygotic twins, with only one showing the phenotype of HA, while the other is an asymptomatic carrier. Another report describes a pair of monozygotic twins, both presenting with HA. The reported mechanisms involve unbalanced XCI leading to the overexpression of mutant alleles. However, the potential mechanisms behind the differences in XCI between monozygotic twins remain unclear.
In the normal female population, about 10% of females exhibit non-random XCI in peripheral blood cells. Non-random XCI typically does not have an impact on females. However, in certain cases, skewed XCI can result in X-linked disease in females due to a prevalent silencing of the healthy X copy (Khan and Theunissen, 2023; Schwämmle and Schulz, 2023). Currently, the relationship between FVIII activity and the severity of XCI skewing in female HA carriers has not been well elucidated. Additionally, there is a variety of criteria in the research field for defining XCI deviation. Unlike the previously published studies (Knobe et al., 2008; Daidone et al., 2018), female HA patients showed strongly unbalanced XCI. However, in our case, the maternal XCI ratio of Inv22 was 29%, indicating a moderate inactivation shift, yet the FVIII activity was very low, at only 1.1%. We need to pay attention to the limitations of the XCI marker. The dinucleotide repeat sequence of ZNF261 has high polymorphism as an XCI analysis marker; however, it may lead to stutter peaks, which can affect the results of XCI. In this study, to ensure the reliability of the results, we have optimized the experimental conditions, employed high-resolution capillary electrophoresis to better distinguish stutter peaks, and conducted repeated experiments. Therefore, we still believe that ZNF261 can provide sufficient accuracy for determining the XCI pattern in our research. Given the limitations of HUMARA in our study, selecting other suitable XCI markers for more comprehensive validation will be more helpful in ensuring the reliability and accuracy of the data. FVIII is mainly produced by liver cells; however, studies have shown that non-random XCI does not differ significantly in different tissues and is mainly influenced by age (Bittel et al., 2008). Thus, we cannot completely rule out the possibility that other factors may be contributing to the decreased FVIII activity in the proband, such as deep intronic mutations. Additional tests like RNA sequencing and deep intronic sequencing will aid in clarifying these matters.
In addition, there are many reasons for non-random XCI, which can be classified as primary or secondary. Primary non-random XCI occurs at the initial stage of inactivation. Secondary non-random X chromosome inactivation is often related to cell selection, where the presence of certain specific gene mutations on the X chromosome can lead to cells gaining a proliferative advantage or disadvantage (Dardik et al., 2021; Dardik et al., 2023). In our study, all three females were Inv22 carriers, but only the proband experienced unbalanced XCI. Analysis of the WES results of the proband and her monozygotic twin sister revealed the presence of some novel gene mutations, with the SHROOM2 mutation frequency exceeding 50%. However, currently, there are no reports linking any of these gene mutations to XCI skewing. The limitation of this study is the lack of functional validation for these mutations. Therefore, the impact of these different gene mutations between monozygotic twins on XCI and FVIII activity remains unclear. However, we believe that our findings provide important clues and potential directions for further functional validation studies. We believe that future work will further clarify the relationship between these mutations and the pathogenesis of HA, providing deeper insights into the role of XCI in female patients with HA.
5 CONCLUSION
We report a rare case of a girl with moderate HA carrying a heterozygous Inv22 mutation. Pedigree analysis revealed that the proband’s mother and her monozygotic twin sister are both Inv22 carriers, but only the proband exhibited severe bleeding symptoms. Chromosome inactivation analysis indicated that the proband’s clinical phenotype was attributed to an unbalanced XCI pattern, resulting in the allele carrying the Inv22 being transcriptionally more active than the normal allele. Furthermore, we identified several novel X-linked gene mutations, including SHROOM2, RPGR, VCX3B, GAGE, GCNA, ZNF280C, CT45A, and XK, in the proband compared to her monozygotic twin sister. However, it remains uncertain whether these mutations affect XCI in the proband. We conducted the first analysis of the differences in X chromosome-related gene mutations among monozygotic twins who are carriers of HA, laying the foundation for further research into the pathogenesis of HA in women. Our study also emphasizes that the complexity of the pathogenesis of HA in females poses challenges for subsequent genetic counseling.
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