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Abstract

Background: Hemophilia A (HA) is an X-linked recessive bleeding disorder with a high rate of genetic heterogeneity. The present
study was conducted on a large cohort of Iranian HA patients and data obtained from databases.

Methods: A total of 622 Iranian HA patients from 329 unrelated families who had been referred to a medical genetics laboratory
in Tehran from 2005 to 2019, were enrolled in this retrospective, observational study. Genetic screening of pathogenic variants
of the F8 gene was performed using inverse shifting PCR, direct sequencing, and multiplex ligation-dependent amplification
(MLPA). Point mutation frequencies in different exons were analyzed for our samples as well as 6031 HA patients whose data
were recorded in a database.

Results: A total of 144 different pathogenic or likely pathogenic variants including 29 novel variants were identified. A strategy to
decrease costs of genetic testing of HA was suggested based on this finding.

Conclusion: This study provides comprehensive information on F8 pathogenic/likely pathogenic variants in Iranian HA patients
which improves the spectrum of causative mutations and can be helpful to clinicians and medical geneticists in counseling and
molecular diagnosis of HA.
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Introduction

Hemophilia A (HA, OMIM: 306700) is an X-linked
hereditary bleeding disorder with an incidence of 1: 5000
male births. HA is caused by a deficiency in coagulation
factor VIII clotting activity; according to the baseline
activity of this factor, HA is classified as severe (<1%),
moderate (1-5%) or mild (>5%).' The FVIII is a plasma
glycoprotein that participates in the blood coagulation
cascade as a cofactor of factor IX (FIX) serine protease.
This protein has a domain structure of A1-A2-B-A3-C1-C2
encoded by the F8 gene (F8, OMIM: 300841). The F8 gene
contains 26 exons, spanning 186 kb at the Xq28 region.>’

HA is genetically heterogeneous. So far, more than
3000 pathogenic variants have been reported, including
missense, nonsense, splice-site mutations, small insertion
and/or deletions, as well as large rearrangements (f8-
db.eahad.org). The most common pathogenic variants
associated with severe HA are intron 22 inversion (40% to
50%) and intron 1 inversion (2% to 5%). Nearly all other
pathogenic variants are rare and usually confined to a
single-family.*”

Despite the advances in treating HA and increasing life
expectancy, there are still challenges in management, most
notably the development of inhibitors in a significant
proportion of patients. Previous studies have shown that

inhibitor development depends on multiple variables
including genetic factors. According to the genetic studies
on this disease, the type of F8 mutation is correlated
to the severity of the disease and predicts the risk of
inhibitor development. On the other hand, despite the
recent advances in HA gene therapy, the high cost of the
treatment and lack of access to these techniques in all
countries has made prenatal diagnosis (PND) and pre-
implantation genetic diagnosis for HA still widely used
in the prevention of birth defects. These issues show the
importance of the genetic study on HA patients.*®

Iran is a country in the Middle East with a population of
more than 80 million; where the prevalence of hemophilia
is approximately 14 per 100000. Although several studies
have already been done on the molecular defects causing
HA, there is still no comprehensive information about the
molecular genetics of HA in Iran.*"

This study was conducted to detect the spectrum of
mutations in F8 gene in Iranian HA patients in more
details and also to find an algorithm for reducing the cost
of point mutation detection as well as a speedy process.

Patients and Methods
A total of 622 Iranian patients from 329 unrelated families
with clinical and laboratory presentation of severe,
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moderate and mild HA, aged between 1 and 73 years, who
had been referred to Dr. Zeinali’s Medical Genetics Lab,
Kawsar Human Genetics Research Center, were enrolled
in a retrospective observational study between 2005 and
2019. Clinical history and pedigree data were taken and
written informed consent form was obtained from patients
or their parents. This study was approved by the Ethics
Committee of Kawsar Human Genetics Research Center.

Genomic DNA was extracted from peripheral blood by
the standard salting-out method." Screening for intron
22 inversion (Inv22) and intron 1 inversion (Invl) was
done using two separate inverse shifting PCRs."!¢ For
point mutation detection, PCR amplification and direct
sequencing of all 26 exons, exon-intron boundaries
and promoter regions of the F8 gene were carried out.
Sequences of primers are available upon request. The data
were analyzed against reference sequence NG_011403.
Finally, multiplex ligation-dependent amplification
(MLPA) (P178-B2 F8 kit, MRC-Holland, Amsterdam,
the Netherlands) was used for identification of deletion/
duplication.

HGMD (http://www.hgmd.cf.ac.uk/ac/index.php),
ClinVar (https://www.ncbinlm.nih.gov/clinvar), VarSome
(https://varsome.com), dbSNP (https://www.ncbi.nlm.nih.
gov/snp), EAHAD F8 database (https://f8-db.eahad.org/),
and CHAMP (CDC Haemophilia A Mutation Project,
https://www.cdc.gov/ncbddd/hemophilia/champs.html)
were used as a filter to identify all previously described
pathogenic variants.*'” In silico analysis of pathogenicity
of novel variants was performed using SIFT (https://sift.
bii.a-star.edu.sg/), PolyPhen2 (http://genetics.bwh.harvard.
edu/pph2), Mutation Taster (http://www.mutationtaster.
org/), and CADD (https://cadd.gs.washington.edu/).>"**
American College of Medical Genetics and Genomics
(ACMG) guidelines were used for interpretation of
identified sequence variants.”

Parental origin of pathogenic variants was determined by
genotyping two RFLP markers (BCL1 and IVS7), a VNTR
(DXS52) and 6 STR linked to the F8 gene (GTHapScreen’
F8, Genetek Biopharma, Berlin, Germany, GT).** Based
on the cause of family referral to the genetic laboratory,
access to family members, and informative genetic
markers, the origin of the mutation was determined for 54
families (30 families with point mutations and 24 families
with genomic rearrangements).

Point mutation frequencies in different exons were
analyzed for our samples as well as 6031 HA patients
(including 3235, 2361, 299 and 136 patients from
North America, Western Europe, East Asia, and Iran,
respectively) whose data were retrieved from EAHAD
F8 database (https://f8-db.eahad.org/). The data obtained
from this study were not pooled with those reported from
Iran in the EAHAD F8 database due to the possibility of
overlap between these samples.

Results
Among the 329 unrelated families, 262 (79.6%), 42

(12.7%), and 18 (5.5 %) were classified as severe, moderate,
and mild, respectively. In seven (2.1%) cases, the clinical
data was not available. All patients except two Turner cases
and two females, offspring of consanguineous parents,
were male.

Following the molecular study, F8 pathogenic variants
were identified in 324 families, representing a detection
rate of 98.5%. All 144 identified pathogenic/likely
pathogenic variants; their locations, the severity of the
disease associated with each variant, and the patients
inhibitor status are listed in Table 1. Moreover, 17 benign/
likely benign/uncertain significance variants that were
identified in patients who also had another pathogenic/
likely pathogenic variant are also listed in Table 2. For
the severe form, the detection rate was 99.2%. After
inv22 (41.6%) and invl mutations (1.9%), the majority of
variants in the severe form were insertion and/or deletions
(24.0%) followed by nonsense (12.6%), missense (9.9%),
large deletion/insertion (5.3%), and splice site (3.8%).
For the moderate form, with a detection rate of 92.8%,
the order was missense (69.0%), small insertion and/or
deletion (14.3%), nonsense (4.7%), large insertion and/or
deletion (2.4%) and splice site (2.4%). As expected in the
mild form, only missense mutations were identified.

Frequencies of detected point mutations in different
exons are also shown in Figure 1. The study of point
mutations frequencies in different exons in Iranian severe
HA patients whose data were recorded in the EAHAD F8
database showed that exons 14, 8, 16 and 7 had the highest
proportion of point mutations in this population, in
decreasing order of frequency.”® Study of the frequency of
point mutations in different exons in the three populations
from North America, Western Europe, and East Asia
showed that in all three populations, more than half of
the mutations were concentrated in only five exons of the
gene. In all three populations, exons 11, 14 and 23 in the
mild form, exons 14, 23 and 16 in the moderate form and
exons 14, 18 and 8 in the severe form were among the first
5 exons that had the highest proportion of point mutations
(Table 3). A strategy to decrease the costs of genetic testing
of HA was suggested based on this finding (Figure 2). In
this algorithm, first, the exons which have the highest
contribution to the disease could be investigated and
only if no mutation is found, the remaining exons are
sequenced.

Analysis of the distribution of pathogenic variants
in different domains of factor VIII showed that point
mutations in the severe form are more concentrated in the
B domain, while in the mild and moderate forms, a higher
frequency of these variants was seen in other domains
(especially A2 and c2).

In this study, a total of 29 novel pathogenic or likely
pathogenic variants (five missense, one nonsense, two
splice site, 18 small insertion and/or deletion, and three
large rearrangements) and six benign/likely benign/
uncertain significance variants were found. These variants
were not described in the HA mutation databases or
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Table 1. List of Pathogenic/likely Pathogenic Variants Identified in this Study

Nucleotide Change Amino Acid Change Exon/ Domain Num'ber of Phenotype Inhibitor
(NM_000132.3) (NP_000123.1) Intron Patients
Missense
c.77T>C p.Leu26Pro Ex 1 Al 1 S =
c.341C>T p.Pro114Leu Ex 3 Al 1 Mi N
c.517C>G, c.1372C>T p.Leu173Val, p.Arg458Cys Ex 4/9 AT/A2 1 Mi N
c.7917>G p.Leu264Arg Ex 7 Al 2 S/Mi —
c.797G>A p.Gly266Glu Ex 7 Al 1 Mo —
c.832G>A p.Gly278Arg Ex 7 Al 1 S —
c.863T>C p.lle288Thr Ex 7 Al 1 S —
c.901C>T p.Arg301Cys Ex 7 Al 2 S —
c.1172G>C p-Arg391Pro Ex 8 A2 1 Mo =
c.1315G>A p.Gly439Ser Ex 9 A2 1 Mo —
c.1487C>G p.Pro496Arg Ex 10 A2 1 S —
c.1492G>A p.Gly498Arg Ex 10 A2 1 Mo N
c.1630G>A p.Asp544Asn Ex 11 A2 1 Mo —
c.1683T>A p.Asp561Glu Ex 11 A2 1 Mo —
c.1696C>T p.Leu566Phe Ex 11 A2 4/2 Mo/S =
c.1778T>A p.lle593Asn Ex 12 A2 1 S —
c.1834C>T p.Arg612Cys Ex 12 A2 3 Mi N
c.1893C>G p.Asn631Lys Ex 12 A2 1 S N
c.1898T>C p-Met633Thr Ex 12 A2 1 Mi —
c.1952A>C p.His651Pro Ex 13 A2 1 S N
c.2013C>G p-Phe671Leu Ex 13 A2 2 Mi N
c.2077T>C p.Ser693Pro Ex 13 A2 1 S N
c.5122C>T p.Arg1708Cys Ex 14 A3 2 S/Mo N
c.5329C>T p.Leu1777Phe Ex 15 A3 1 Mi —
¢.5359G>A p.Glu1787Lys Ex 15 A3 1 Mo —
c.5526G>A p.Met1842lle Ex 16 A3 1 Mi —
¢.5558C>A p.Ala1853Asp Ex 16 A3 1 S —
c.5641A>C p.Thr1881Pro Ex 17 A3 1 Mo —
€.5724G>T p-Trp1908Cys Ex 17 A3 1 Mo =
c.5954G>A p.Arg1985GIn Ex 18 A3 1 Mi —
c.6046C>T p-Arg2016Trp Ex 19 A3 1 S —
€.6319G>C p.Gly2107Arg Ex 22 C1 1 S —
C.6443A>G p.Asn2148Ser Ex 23 C1 1 Mi —
€.6506G>A p.Arg2169His Ex 23 C1 3 Mo N
c.6539C>A, c.6541C>T p.Thr2180Asn, p.Leu2181Phe Ex 23 2 1 S =
c.6545G>A p-Arg2182His Ex 23 2 1 S N
c.6671C>T p.Pro2224Leu Ex 24 2 1 S N
€.6683G>A p.Arg2228GIn Ex 24 (e) 3 S N
C.6689A>C p.His2230Pro Ex 24 C2 2 Mo N
€.6844T>C p.Ser2282Pro Ex 25 c2 1 S —
€.6967C>T p.Arg2323Cys Ex 26 2 1 Mo —
€.6968G>T p.Arg2323Leu Ex 26 c2 1 S —
c.6977G>A p.Arg2326GIn Ex 26 2 9/5 Mo/Mi N
C.6989A>C p.GIn2330Pro Ex 26 C2 1 S —
Nonsense

c.43C>T p.Arg15Ter Ex 1 Al 1 Unknown —
c.801C>A p.Cys267Ter Ex 7 Al 1 S N
c.1057C>T p.GIn353Ter Ex 8 al 1 S —
c.1063C>T p.Arg355Ter Ex 8 al 2 S N
c.1165C>T p.GIn389Ter Ex 8 A2 2 S —
c.1236G>A p.Trp412Ter Ex 8 A2 1 S —
c.1250T>G p.Leu417Ter Ex 8 A2 1 S —
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Table 1. Continued

Nucleotide Change Amino Acid Change Exon/ Domain Num'ber of Phenotype Inhibitor
(NM_000132.3) (NP_000123.1) Intron Patients
c.1336C>T p.Arg446Ter Ex 9 A2 1 S —
c.1596G>A p.Trp532Ter Ex 11 A2 1 S N
c.1804C>T p.Argb602Ter Ex 12 A2 2 S/Mo P
c.2120G>A p.Trp707 Ter Ex 14 A2 1 S N
c.2440C>T p.Arg814Ter Ex 14 B 3/1 S/Mo P/ N
c.3077C>G p.Ser1026Ter Ex 14 B 1 S —
c.3175A>T p.Lys1059Ter Ex 14 B 1 S —
c.3381G>A p.Trp1127Ter Ex 14 B 1 S N
c.4819G>T p.Glu1607Ter Ex 14 B 1 S N
c.4924G>T p.Glu1642Ter Ex 14 B 1 S —
c.5143C>T p.Arg1715Ter Ex 14 A3 2 S —
€.5263C>T p.GIn1755Ter Ex 15 A3 1 S —
c.5953C>T p.Arg1985Ter Ex 18 A3 1 S P
c.5985C>G p-Tyr1995Ter Ex 18 A3 1 S —
€.6267G>A p.Trp2089Ter Ex 21 C1 1 S —
c.6403C>T p.Arg2135Ter Ex 22 C1 1 S N
C.6496C>T p.Arg2166Ter Ex 23 C1 3 S N
c.6976C>T p.Arg2326Ter Ex 26 2 2 S —
€.6988C>T p.GIn2330Ter Ex 26 c2 1 S N
Splice-site
c.143 +3_143 +4insT — Int 1 — 1 S —
c.266-1G>A — Int 2 1 S N
c.1009+1G>A = Int7 1 S —
¢.1752 +5dupG — Int 11 1 S —
c.1903+5 G>A — Int 12 1 Mo —
c.5816-1G>A — Int17 1 S
c.5998+1G>A — Int 18 — 1 S —
c.6115+4A>G — Int 19 1 S N
C.6274-8A>G — Int 21 1 S N
c.6273+1G>T — Int 21 — 1 S —
€.6430-1G>C — Int 22 — 1 S —
Small insertion and/or deletion
¢.199_200delAA p.Lys67AspfsTer15 Ex 2 Al 1 S N
€.205_206delCT p.Leu69ValfsTer13 Ex 2 Al 1 S N
€.209_212delTTGT p.Phe70Ter Ex 2 Al 4 S N
c.438delA p-Val147SerfsTer14 Ex 4 Al 1 S —
c.636delC p.His212GlInfsTer24 Ex 5 Al 1 S —
¢.1090delG p.Asp364ThrfsTer54 Ex 8 al 1 S N
c.1184dupA p-Lys396GlufsTer4 Ex 8 A2 1 S N
¢.1230_1232del p.Glu410del Ex 8 A2 1 S —
c.1664delT p-Phe555SerfsTer8 Ex 11 A2 1 S —
€.2015_2017del p.Phe672del Ex 13 A2 3 S N
€.2354_2355del p.lle785ArgfsTer4 Ex 14 B 1 S —
€.2438_2448del p.Leu813SerfsTer10 Ex 14 B 1 S —
c.2444dupA p.Ser816GlufsTer11 Ex 14 B 1 S —
¢.2638dupG p-Glu880GlyfsTer15 Ex 14 B 1 S N
¢.2831dupA p.Ser945ValfsTer6 Ex 14 B 1 S —
c.2882delA p.Asn961llefsTer7 Ex 14 B 1 S —
€.2945dupA p.Asn982LysfsTer9 Ex 14 B 3 S N
c.3242delA p-Asn1081llefsTer57 Ex 14 B 1 S —
c.3275dupA p.Asn1092LysfsTer26 Ex 14 B 1 S —
€.3409_3410del p.Leu1137GlufsTer28 Ex 14 B 2 S N
c.3455delG p-Gly1152AspfsTer19 Ex 14 B 1 S
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Table 1. Continued

Nucleotide Change Amino Acid Change Exon/ Domain Num'ber of Phenotype Inhibitor
(NM_000132.3) (NP_000123.1) Intron Patients
c.3637delA p.lle1213PhefsTer5 Ex 14 B 6/1 S/Mo P/ N
c.3637dupA p.lle1213AsnfsTer28 Ex 14 B 3/1 S/Mo N
€.3702_3705del p.His1234ClnfsTer2 Ex 14 B 1 Mo —
¢.3863dupC p.Gly1291ArgfsTer29 Ex 14 B 1 S N
¢.3870dupA p.Gly1291ArgfsTer29 Ex 14 B 1 S —
c.4247delC p-Pro1416HisfsTer8 Ex 14 B 1 S —
c.4333delT p.Ser1445LeufsTer20 Ex 14 B 1 S —
€.4346_4352del p.Glu1449ValfsTer14 Ex 14 B 1 Mo —
c.4379delA p.Asn1460llefsTer5 Ex 14 B 1 S —
c.4379dupA p.Asn1460LysfsTer2 Ex 14 B 5 S P/ N
€.4646_4647delAG p-Glu1549GlyfsTer4 Ex 14 B 1 S —
c.4686delA p-Val1563PhefsTer4 Ex 14 B 1 U —
c.4724delA p.lys1575ArgfsTer46 Ex 14 B 1 S —
¢.4770_4819delins491 — Ex 14 B 1 S —
c.4825dupA p.Thr1609AsnfsTer4 Ex 14 B 4 S N
€.5296_5302delTTATACC p-Leu1766ValfsTer4 Ex 15 A3 1 S —
¢.5350delG p.Ala1784GlnfsTer9 Ex 15 A3 1 S —
€.5366_5368delATA p-Asn1789del Ex 15 A3 1 S N
c.5387delA p.Asn1796llefsTer75 Ex 16 A3 1 S —
c.5674delG p-Val1892TyrfsTer53 Ex 17 A3 1 S —
¢.5689_5690del p.Leu1897ValfsTer6 Ex 17 A3 1 S P
¢.6006delT p.Phe2002LeufsTer28 Ex 19 A3 1 Mo —
c.6146dupG p.His2050ThrfsTer3 Ex 20 C1 1 Mo —
€.6737_6738delAA p.Llys2246ArgfsTer138 Ex 25 C2 1 S —
€.6800dupT p-Ser2269llefsTer116 Ex 25 C2 1 S —
Large rearrangements
Intron 22 inversion — Int 22 — 109/5 S/J P/ N
Intron 1 inversion — Int 1 — 5 S P/ N
Deletion exon 1 — Ex 1 — 2 S —
Deletion exon 1-4 — Ex 1-4 — 1 S —
Deletion exon 4-9 — Ex 4-9 — 1 S —
Deletion exon 6-22 — Ex 6-22 — 1 S —
Deletion exon 7 — Ex 7 — 1 Mo —
Deletion exon 7-13 — Ex 7-13 — 1 S —
Deletion exon 8-9 — Ex 8-9 — 1 S —
Deletion exon 14 — Ex 14 — 3 S —
Deletion exon 22 — Ex 22 — 1 S —
Deletion exon 22-25 — Ex 22-25 — 1 S P
Deletion exon 26 — Ex 26 — 1 S —
Do eon 260 . en - 1 ; :
Ex, exon; Int, intron; S, severe; Mo, moderate; Mi, mild; U, unknown; N, negative; P, positive; —, data is not available.

Note: Novel variants are in bold font.

published articles.*

The parental origins of pathogenic/likely pathogenic
variants for 54 HA families, including 30 families
with point mutations and 24 families with genomic
rearrangements, are shown in Table 4.

Discussion

In previous studies, the severe form of the disease has
been reported as the most abundant form of HA, followed
by mild and moderate forms.””?® However, in contrast
to previous studies, in our cases, the severe form was

followed by moderate cases in terms of prevalence. A lower
frequency of mild cases compared with the moderate
may be due to lack of referral for prenatal diagnosis (Iran
fetuses with mild phenotype, as seen in other affected
family members, cannot be aborted legally) or lack of
family desire for genetic analysis or both.

A total of 144 different pathogenic or likely pathogenic
variants (including 29 novel mutations) were identified,
which confirms the high rate of allelic heterogeneity in
HA. According to previous reports, the distributions of
the different forms of F8 pathogenic/likely pathogenic
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Table 2. List of Benign/likely, Benign/uncertain Significance Variants Identified in Patients with an Identified Pathogenic/likely Pathogenic Variant

Suggested cause of Number Amino Acid Nucleotide Change
HA in the patient who of Patients Predicted Pathogenicity ACMG Evidence Codes dbSNP/HGMD ID Change (NM_000132 3)g
carries this variant (NP_000123.1) - ’
Inversion22 1 Likely Benign BS2, BP4, BP5 rs28370201/CS1314199 = €.266-19G>A
Del exon 22 1 Likely Benign BS2, BP4, BP5 rs28370236/- — €.388+134G>C
Del exon 22 1 Likely Benign PM2, BP4, BP5 NR — c.787+158T>C
c.1009+1G>A 1 Likely Benign PM2, BP4, BP5 -/CS0911204 — c.1009+3A>T
Different variants 4 Benign BAT1, BP4, BP6, BP5 rs7058826/- — c.1010-27G>A
c.1063C>T 1 Likely Benign PM2, BP4, BP5 rs1318036910/- — c.1271+78C>T
c.1778T>A 1 Likely Benign PM2, BP4, BP5 NR — c.1903 +44A>C
c.2438_2448del 1 Likely Benign PM1, PM2, BP7, BP5 NR p.Leu812= c.2436C>A
c.1596G>A 1 Likely Benign PM1, PM2, BP7, BP5 NR p.Asn847 = c.2541T>C
c.5263C>T 1 Likely Benign PM1, PM2, BP7, BP5 NR p.Leu1080= c.3238C>T
Different variants 12 Benign PMT, EFI;ZG, gﬁ;' BP4, rs1800291/CM960556  p.Asp1260Glu c.3780C>G
Different variants 28 Benign PMIT, BA;’PE%’ BP7, NR p.Ser1288= c.3864A>C
c.1952A>C 1 Uncertain Significance PM2, PP2, PP3, BP5 rs782055986 p-Glu1642Gly c.4925A>G
c.5263C>T 1 Likely Benign PMT, PM;’)SPPZ’ BP4, NR p.GIn1742Glu c.5224C>G
Different variants 60 Benign BA1, BP4, BP5 rs4898352/- — c.5998+91T>A
Del exon 7 1 Likely Benign BS2, BP4, BP5 rs782132907/CS141485 — €.5999-11G>A
c.5359G>A 1 Uncertain Significance e NR p.His2174Arg c.6521A>G

BP4, BP5

NR: not reported.

ACMG evidence codes, these codes are based on the 2015 ACMG-AMP guideline.?
Note: Novel variants are in bold font.

Other exons
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|
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Other exons
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15.8%
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27.8%
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Figure 1. Distribution of Detected Point Mutations in Different Exons and
Their Boundary Regions of the F8 Gene in Three Forms of HA; a) Severe,

b) Moderate, c) Mild.

variants have been shown to be different between the mild,
moderate and severe forms. Inv22 and Invl mutations
were detected in 109 (41.6%) and 5 (1.9 %) severe HA
families (Table 1). The frequencies of Inv22 and Inv1 were
within the ranges reported in previous studies."*

In this study, five novel missense variants in exons 15,
16, 17, 22 and 25 were identified. These variants were
interpreted as “likely pathogenic” based on two moderate
(PM1: variant in a mutational hotspot in F8 gene and
PM2: absent in population databases) and two supporting
(PP2: missense variant in gene F8 that has 611 pathogenic
missense variants out of 635 pathogenic variants and
PP3: pathogenic computational predicts) evidence of
pathogenicity.'"® For the three variants ¢.5558C> A,
¢.5724G>T and c.6319G>C, there is also an additional
evidence of pathogenicity (PM5: another amino-acid
missense variant at this position)."®* Among novel
varjants, one nonsense and 18 small insertion and/or
deletion mutations were interpreted as “pathogenic” based
on one very strong (PVS1: Null variant) and two moderate
(PM1 and PM2) evidence of pathogenicity.'** In addition
to the novel point mutations mentioned above, three large
rearrangements were also found that affect critical regions
of the FVIII protein. Therefore, these variants were also
considered to be the cause of HA in the cases with these
changes.

¢.1752+5dupG was another novel variant that was
identified in one patient listed in Table 1. The pedigree
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Table 3. Exons with the Highest Frequency of Mutations in 3 Mild, Moderate and Severe Forms of HA in 3 Different Populations (North America, Western Europe,
and East Asia)

Northern America
(3235 Cases)

Western Europe
(2361 Cases)

Eastern Asia
(299 Cases)

11 (19.6%), 14 (11.6%), 12 (11.1%), 23

23 (15%), 11 (9.9%), 8 (9.4%), 4 (8.3%), 14

14 (16.2%), 11 (13.5%), 23 (13.5%), 4

Mild (9.1%), 18 (5.5%) (8.3%) (10.8%), 18 (10.8%)

Moderate 14 (22.7%), 23 (12.4%), 18 (10.2%), 11 14 (19.0%), 23 (10.9%), 19 (8.8%), 16 14 (23.7%), 23 (16.3%), 16 (10.0%), 13
(8.9%), 16 (5.1%) (6.9%), 11 (5.5%) (7.5%), 3 (5%)

Severe 14 (38.7%), 18 (5.6%), 23 (5.2%), 8 (4.8%), 14 (41.7%), 23 (4.7%), 18 (4.6%), 8 (4.2%), 14 (36.1%), 18 (7.1%), 2 (5.9%), 4 (4.7%),

24 (4.1%)

24 (3.8%) 8 (4.7%)

The percentage of mutations in each exon is shown in parentheses. Exons common between the three populations in each of the three forms of disease are shown

by bold font.

A male patient with | P_Q
confirmed diagnosis of
hemophilia A DXF8SUB.7 2
DXF85U6.1 3
DXF85U6 3
Genetic pre-test BCL1 -
counseling DXF85D1.6 2
DXF85D8.4 1
¢ DXF85D15.9 2
r T 1
Severe Moderate Mild I ¢
Genotyping of Intron 22 Sequencing of exons | + | Sequencing of exons | _ DXFSSUS.7 2
and Intron 1 Inversions 14, 23, 16 11, 14,23 DXF85U6.1 3
*. ¢_ N DXF8SUG 3
- BCL1 -
+ le Sequencing of exons | - Sequencing of DXF85D1.6 2
14,18, 8 remaining exons | DXF85D8.4 1
- DXF85D15.9 2
MLPA m
Genetic post-test DXF8SUB.7
counseling K DXF85U6.1
DXF85U6
BCL1
DXF85D1.6

Figure 2. Suggested Algorithm for Molecular Diagnosis of Patients with HA.

Table 4. Parental Origin of Pathogenic/likely Pathogenic Variants for 54 HA
Families

Carrier Mother

Variants Non-carrier Total
Grandfather Grandmother Mother

Inversion 22 type 1 13 1 2 16

Inversion 22 type 2 3 1 — 4

Inversion 1 1 — — 1

Gross del/dup 2 — 1 3

Point mutation 14 2 14 30

of the family is shown in Figure 3 as an example of
pedigrees in which STR markers were used to determine
the origin of the mutation and also to determine the status
of different members in the pedigree. As can be seen,
the proband (III-2) was an 11-week pregnant woman
who had been referred to our center in 2014 for prenatal
diagnosis. Two individuals with HA (II-3 and IV-2) were
recorded in this pedigree, based on the couple’s report.
Clinical and laboratory information was available only
for the IV-2 individual. Sanger sequencing of the F8 gene
in IV-2 (which was negative for Inv22&1) was performed
simultaneously with indirect screening using STR and
RFLP markers. The only variant observed in the affected
boy (c.1752+5dupG) was not found in his mother. The
pathogenicity of this variant is not clear since the claim
is that II-3 may be affected by HA (was not registered as
hemophilia and was not alive to perform any test and only

DXF85D8.4
DXF85015.9

1

DXF85U8.7
DXF85U6.1
DXF85U6
BCL1
DXF85D1.6
DXF85D8.4
DXF85D15.9

Figure 3. A pedigree of an HA family in which STR and RFLP markers were
used to determine the origin of the mutation and also to determine the
status of different members in the pedigree. Affected individuals are shown
shaded.

his family had claimed that he was affected). If this is the
case, then it could be argued that a variant other than this
change might be the cause of HA. But if the disease was
ruled out in the II-3, a de novo mutation in the only person
with HA in the family could provide strong evidence of
pathogenicity. However, the indirect method showed that
the pregnant woman did not have the haplotype observed
in the affected boy nor did she have the mutation; so both
methods revealed that the risk of HA for the fetus was no
greater than the general population.

Another novel variant was ¢.143 + 3_143 + 4insT. Despite
the sequencing of all exons and promoter region of the F8
gene, no changes other than c.143+3_143 +4insT were
identified in this patient. This variant was interpreted as
“likely pathogenic” based on (PS4, PM2, PP3, and PP4)
evidence of pathogenicity.'**

For molecular testing, information about benign
variants is just as important as information about
pathogenic variants. In this study, four benign variants,
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c.5998+91T> A, ¢.3864A>C (p.Ser1288=), c.3780C>G
(p-Asp1260Glu) and ¢.1010-27G > A, were more frequent.
Given that non-pathogenic variants were not recorded
in all patients, it was not possible to determine the
frequency of these variants in the studied population. In
addition to the four variants mentioned, 13 other benign/
likely benign/ uncertain significance variants (including
six novel variants) were observed, each of which was
identified in only one patient.

A novel variant ¢.5359G>A (p.Glul787Lys) and
a reported variant c.6521A>G (p.His2174Arg) were
identified in exons 15 and 22, both together in an
individual with moderate hemophilia. No variant has
been reported so far in codon 1787, but amino acid
substitution, from histidine to residues with different
properties (leucine/aspartic/tyrosine) at position 2174
has been reported previously.*** The variant ¢.5359G > A
results in a substitution of an acidic residue (Glu) for a basic
residue (Lys) but c.6521A>G replaces one amino acid
with another amino acid in the same amino acid group.
Therefore, although variant ¢.6521A > G has already been
reported as a pathogenic variant in the f8-db.eahad.org
database, it can be suggested that based on two moderate
and two supporting evidence of pathogenicity (PM1 PM2
PP2 PP3), the ¢.5359G> A (p.Glul787Lys) variant is the
cause of the disease. Therefore, the variant ¢.5359G> A
was listed in Table 1. A study of individuals with each of
these changes alone can provide more information about
the effect of each of these variants.

A co-occurrence of two previously reported
variants, ¢.1952A>C (p.His651Pro) and c.4925A>G
(p.Glul642Gly), were also identified in one patient with
severe HA. Each of these changes had been previously
reported separately in two individuals with a moderate
form of the disease (c.4925A>G in an Iranian and
c.1952A>C in a Canadian patient).'>” Computational
algorithms predict conflicting effects of these variants on
protein structure and function. The histidine at position
651 is conserved across species and the variant ¢.1952A > C
is reported in ClinVar as a likely pathogenic variant but the
evidence is not sufficient to classify c.4925A>G (in the
B domain) as a pathogenic or likely pathogenic variant.
According to the previous studies, the B domain is not
necessary for FVIII procoagulant function. Therefore, the
c.4925A > G in this domain is not expected to cause loss
of function. It is suggested that the variant c.1952A>C,
based on two moderate and three supporting evidence of
pathogenicity (PM1, PM2, PP2, PP3, and PP5), could be
considered as the cause of the disease and the latter change
may be considered as a modifier or a neutral variant. More
studies on these variants, alone or in combination with
each other, is needed.’

Direct sequencing of Inv22&1- negative severe HA cases
showed that although pathogenic variants detectable by
Sanger sequencing are scattered in the different exons, they
are concentrated in exons 14 (39.4%), 8 (7.6%), 7 (4.5%),
2 (4.5%) and 23 (4.5%) (Figure 1). More than half of the

pathogenic/likely pathogenic variants are accumulated in
the three exons 26 (26.3%), 11 (15.8%), and 14 (15.8%)
in the moderate form, and in the three exons 26 (27.8%),
12 (22.2%), and 13 (11.1%) in the mild form. In 2005 and
2007, Bogdanova et al reported molecular studies on 86
Inv22&1- negative severe HA, 23 moderate and 112 mild
HA cases.””* They reported that more than half of the
identified mutations in severe HA cases were in exon 14,
while about half of the variants identified in mild and
moderate forms were in exons 11 and 23. In the majority
of molecular studies on HA, the distribution of different
variants in the F8 gene exons has been examined and the
frequency of each of the variants is less discussed.*

Although modern sequencing technologies are already
in use in many countries and may eventually substitute the
traditional approaches in the near future, these methods
are not yet used routinely in developing and transition
countries; therefore, it seems that suggestion of a cost-
effective strategy would be worthwhile for centers using
Sanger sequencing to detect F8 point mutations. This
study showed that depending on the severity of HA, the
order of Sanger sequencing of the exons can be different.
To determine whether the specific strategy should be
considered for each population, the frequency of point
mutations in different exons in the three populations
was compared. This comparison showed that although
the pattern of distribution of mutations in different
exons among these populations is not the same, for all
three severe, moderate, and mild forms, there are at
least three exons that are common between the three
populations among the exons with the highest mutation
frequency. Based on these results, an algorithm applicable
to populations from different continents was proposed
(Figure 2).

Given the different pattern observed for the distribution
of mutations in different exons of the F8 gene in the
Iranian population compared to the other populations, it
is suggested that, depending on the form of the disease,
the combination of the suggested exons in the algorithm
and the exons with the highest frequency of mutation
should be examined first. It is clear that more Iranian
patients should be considered to find the best strategy for
this country.

Despite genetic screening of the entire coding region,
promoter and exon-intron boundaries using direct
sequencing, introns 22 and 1 inversion by inverse shifting
PCR and large insertion and/or deletions by MLPA, no
pathogenic variant was found in five cases. Pathogenic
variants outside the investigated regions (deep intronic
or regulatory regions far from the F8 gene), structural
varjants as well as misdiagnosis, can account for this
finding. In previous studies, it was also reported that a
percentage of patients remain undiagnosed.?**!

The majority of variants (94.5%) were associated with
only one form of HA (severe or moderate or mild) but
for eight variants (5.5% of variants), variable severity was
found. Modifier genes and environmental factors may
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play a role in phenotypic heterogeneity.**

Determination of the parental origin of F8 pathogenic
variants in pedigrees is one of the important issues in
carrier detection and PND for HA. Molecular analysis of
the F8 gene combined with linkage analysis using genetic
markers can be useful in this regard. In this group, the
majority (21/24, 87.5%) of genomic rearrangements
including inversions and deletions/duplications of one
or multiple exons were inherited from a carrier mother
but about half (14/30, 46.7%) of the point mutations were
de novo. This finding is in accordance with the results of
previous studies.**

In conclusion, the results of a molecular study on
329 unrelated Iranian HA families are presented here.
According to the literature, this is the most comprehensive
molecular analysis of HA families in Iran and provides
deep aspects of the molecular basis of the disease. The
results of the study can help genetic labs to choose the most
appropriate diagnostic workflow for HA and provides
information for genetic counseling of the families.
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