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Abstract

Background: Genetic variants in coagulation factor IX (FIX) are associated with he-

mophilia B, a rare bleeding disease. F9 variants are widespread across the gene and

were summarized in our FIX variant database introduced in 2013.

Objectives: We aimed to rationalize the molecular basis for 598 new F9 variants and

1645 new clinical cases, totaling 1692 F9 variants and 5358 related patient cases.

Methods: New F9 variants were identified from publications and online resources, and

compiled into a MySQL database for comparison with the human FIXa protein

structure.

Results: The new total of 1692 F9 variants correspond to 406 (88%) of the 461 FIX

residues and now include 70 additional residues. They comprise 945 unique point

variants, 281 deletions, 352 polymorphisms, 63 insertions, and 51 others. Most FIX

variants were point variants, although their proportion (56%) has reduced compared to

2013 (73%); at the same time, the proportion of polymorphisms has increased from 5%

to 21%. The 764 unique mild severity variants in the mature protein with known

phenotypes include 74 (9.7%) quantitative type I variants and 116 (15.2%) predomi-

nantly qualitative type II variants. The remaining 574 variants types are unspecified.

Inhibitors are associated with 152 hemophilia B cases out of 5358 patients (2.8%), an

increase of 93 from the previous database.

Conclusion: The even distribution of the F9 variants revealed few mutational hotspots,

and most variants were associated with small perturbations in the FIX protein struc-

ture. The updated database will assist clinicians and researchers in assessing treat-

ments for patients with hemophilia B.
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Essentials

• We update our widely used interactive factor IX (FIX)

web database first released in 2013.

• We report 1692 F9 variants from 5358 patient cases

covering 88% of the 461 FIX residues.

• Most missense variants cause small structural perturba-

tions in the FIXa protein structure.

• The database provides an easy-to-use resource for clini-

cians working with hemophilia B.
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1 | INTRODUCTION

Hemophilia B, originally known as Christmas disease, is an X-linked

recessive blood clotting disorder that affects 1 in 25,000 to 30,000

male births worldwide. It is associated with deficiencies in coagulation

factor IX (FIX) as a result of genetic variants in the 33.5 kb F9 gene

located at the distal end of the long arm of the X chromosome

(Xq27.1) (Figure 1) [1]. FIX, is a vitamin K–dependent single-chain

zymogen that is activated to FIXa. The cleavage of FIX to FIXa is

achieved either by factor VIIa via the tissue factor pathway or by

factor XIa via the contact pathway, both of which require the presence

of Ca2+. FIXa consists of 1 light chain with a γ-carboxyglutamic acid-

rich (Gla) domain and 2 epidermal growth factor-like domains (EGF-

1 and EGF-2) and 1 heavy chain with the serine protease (SP) domain

with the catalytic triad His267-Asp315-Ser411 (Figure 1). The 2

chains are linked by the Cys178-Cys335 disulphide bridge. The Gla

domain contains 11 γ-carboxyglutamate residues that are post-

translationally modified from glutamic acid to enhance the affinity of

FIXa for Ca2+, and enables host-membrane interactions, while the

EGF-1 and SP domains contain 2 high Ca2+ binding sites that are

essential for FIXa function.

Genetic variants in hemophilia B are associated with a wide array

of molecular defects in the F9 gene, such as missense, nonsense, and

splice site variants, or more complex deletions and insertions that may

result in a reading frame shift. This differs from other coagulation

factor deficiencies such as hemophilia A, where intrachromosomal

recombination is associated with 45% of the severe patient cases [2].

Clinically, hemophilia B is monitored by low FIX plasma procoagulant

levels (FIX:C), which are designated as mild, moderate, or severe, and

abnormal levels are termed a type II qualitative disorder. The quantity

of FIX protein circulating in plasma (FIX:Ag) is measured by enzyme-

linked immunoassay and is often observed at low levels in patients

with hemophilia B, being termed a type I quantitative disorder. The

determination of those F9 variants is important for assessing the risk

of inhibitor development, as well as in clinical management of preg-

nancy and the early neonatal period [3]. Furthermore, therapeutic

approaches for specific FIX variants are related to advances in me-

dicinal therapy such as antibiotics [4] and gene therapy [5] involving

F9 variants.

Over 1500 distinct F9 variants have currently been identified, and

simple listings are no longer a useful tool. To address this issue,

starting in 2005, we introduced powerful interactive web databases at

University College London for the coagulation factors VIII, IX, X, and

XI that enable rapid and comprehensive phenotype and genotype

analyses of these proteins [6–10]. That for FIX and hemophilia B in

2013 enabled web searches based on inputted parameters, and this

has received over 42,000 visits to date [6]. Other websites for F9

variants exist in general mutation databases such as UniProt (http://

www.uniprot.org) and the Human Gene Mutation Database (www.

hgmd.cf.ac.uk). More specific variant lists exist such as those of the

Hemophilia B Mutation Project [11] and the EAHAD F9 database,

which is an older outdated copy of our 2013 database [6]. These other

resources offer limited interactive features. Here, we aimed to
significantly increase the number of F9 variants from 1113 previously

to 1692 using a wider range of sources and upgrade our database

features. We describe the distribution of F9 variants, provide molec-

ular insights into the occurrence of hemophilia B, and identify pros-

pects for genetic counseling and future treatment of hemophilia B.
2 | METHODS

2.1 | Database design and data collection

The updated interactive FIX database is available at https://www.

factorix.org/ and its architecture was described previously [6]. The

database format followed the layout of our previous similar databases

(https://www.factorix.org/, https://www.factorx-db.org/, and https://

www.factorxi.org) [7–10]. Copyright is retained by S.J.P. and Univer-

sity College London, and database copying is not allowed without

explicit permission. Here, data for each variant were first accumulated

from relevant articles and sources for an Excel spreadsheet for import

into an open-source MySQL relational database. The FIX MySQL

database was established using open-source phpMyAdmin software

(https://www.phpmyadmin.net/). The front end of the database is

maintained on a University College London server and utilizes CSS,

HTML, PHP, and JavaScript programming for database access via

https://www.factorix.org/. For personal or private research only, a FIX

variant listing and their associated fields can be downloaded from the

“Variants” menu on the website (Supplementary Material).

The original flat listing of variants from 1997 contained 973

unique FIX variants that were incorporated, with permission, to give

1113 unique variants from 3721 individual cases in the 2013 FIX

database at https://www.factorix.org/ [6,12]. Our 2021 update pro-

vided 1329 unique variants from 4815 individual patients [13], and

the present 2022 study provided 1692 unique variants from 5358

individual patients with FIX deficiency and FIX Leiden (cut-off date:

July 2022). The database integrity was enhanced using multiple

searches. Initially, variants were compiled from online literature

searches of peer-reviewed articles, predominantly PubMed (https://

pubmed.ncbi.nlm.nih.gov/), ClinVar (http://www.ncbi.nlm.nih.gov/

clinvar/), and dbSNP (http://www.ncbi.nlm.nih.gov/SNP) [14]. Next,

abstracts from international hematology and hemostasis meetings and

http://www.uniprot.org
http://www.uniprot.org
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
https://www.factorix.org/
https://www.factorix.org/
https://www.factorix.org/
https://www.factorx-db.org/
https://www.factorxi.org
https://www.factorxi.org
https://www.phpmyadmin.net/
https://www.factorix.org/
https://www.factorix.org/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/clinvar/
http://www.ncbi.nlm.nih.gov/clinvar/
http://www.ncbi.nlm.nih.gov/SNP


F I GUR E 1 Domain cartoon of the 461 amino acids in FIX. The F9 gene comprises 7 introns and 8 exons that are transcribed into an mRNA

of 2802 nucleotides. The transcript consists of a 28-bp signal prepeptide and an 18-bp propeptide, followed by the 415-residue mature FIX

protein. During activation to FIXa, the Arg191-Ala192 peptide bond is cleaved to give a FIX intermediate with two chains (residues 47-191 and

192-461), and then, the Arg226-Val227 peptide bond is cleaved to release an activation peptide (residues 192-226) and FIXa. Above the

domains, the totals of the 406 FIX residues affected by variants in each domain are shown. The increases in the number of residues per domain

since 2013 are shown above in parentheses. Starting from the N-terminus, the signal peptide is followed by the propeptide, the GLA domain,

and two epidermal growth factor domains EGF-1 and EGF-2. A linker joins EGF-2 to the activation peptide. The serine protease domain is at

the C-terminus. The domains are not drawn to scale, and the 4 folded domains in FIXa are colored in dark grey. The residue numbering

corresponds to the HGVS format (starting with +1 at the beginning of the signal peptide). N and C represent the N- (amino terminal end) and

C- (carboxyl terminal end) of FIX, respectively. Below the domain cartoon, the exon(s) of the F9 gene structure are shown. FIX, factor IX.
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genetic databases such as the Human Gene Mutation Database

(http://www.hgmd.cf.ac.uk/ac/index.php) were searched using key-

words such as “hemophilia B,” “Factor IX,” “F9,” “mutation,” or

“variant.” Finally, to enhance the diversity of the database, variants

were incorporated for non-English non-PubMed sources, such as

those in Chinese, Japanese, Spanish, or Russian. The sources were

listed in the “Reference” tab of the FIX database.
2.2 | Presentation of clinical data

For each variant, clinical data were included on FIX procoagulant ac-

tivity (FIX:C) and FIX antigen level (FIX:Ag). Information on hemophilia

B Leiden and FIX inhibitor formation was also recorded. For the

classification of severity, we clarified with the authors whether any

record did not follow the conventional boundaries of FIX:C for

determining the hemophilia B severity. In cases where confusion

remained, the clinical severity was presented in its original form with

the discrepancy stated in the database’s comments section. For the

reason of privacy and to prevent data misuse, patient IDs were not

shown online, although such information may have been reported in

the literature.

To minimize the impact of errors in the FIX database, which occur

even from peer-reviewed articles, all data were curated prior to their

inclusion. Any corrected entries were noted with their original format

in the comments section, and logged in order to substantiate its

credibility. Where possible, the published reference was linked to the

PubMed database (https://pubmed.ncbi.nlm.nih.gov/). For data from

unpublished sources, such as local statistics from a disease center, it is
common for those data to be published later. In such scenarios, only

the published source was used to prevent any data duplication.

2.3 | Sequence numbering

As described previously [6], the database was compiled using the widely

accepted sequence nomenclature provided by the Human Genome

Variation Society (HGVS) (http://varnomen.hgvs.org/) [15,16]. All vari-

ants were represented by systematic names. The HGVS format avoids

potential data corruption and allows data merger from different sour-

ces. Because the HGVS format is universally recognized, our data can

be interpreted worldwide. In older publications, when reported, the

legacy numbering for amino acids was converted to the HGVS format

by adding 46 to this (+1 in legacy numbering corresponded to +47 in

HGVS numbering). To help the user, both the HGVS and legacy

numbering were reported for each variant in the database. The first

HGVS residue is the first methionine (ATG) of the signal peptide. cDNA

changes were indicated by “c” and followed by the nucleotide number,

and change (eg, c.38G>A), whereas amino acid changes were denoted

by “p” (eg, p.Ile7Phe). The chymotrypsin numbering system for the SP

domain is often used because the numbering is equivalent across all

SPs, but was not used here because the N-terminal Gla and EGF regions

were not represented in this numbering.

2.4 | Protein structural analyses

The database permitted 3 types of searches: (i) causative genetic

variants of hemophilia B in the F9 gene; (ii) their related patient

http://www.hgmd.cf.ac.uk/ac/index.php
https://pubmed.ncbi.nlm.nih.gov/
http://varnomen.hgvs.org/
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entries, which include any subfeatures and clinical results; and (iii)

experimental protein structures of FIXa in the Protein Data Bank. The

human FIXa structure (UNIPROT accession number: P00740) was

unchanged from 2013, in which 3 partial structures for human FIXa

were merged with a crystal structure for full-length porcine FIXa [6].

The uncleaved full FIX structure was taken from AlphaFold (https://

alphafold.ebi.ac.uk/entry/P00740). AlphaFold is an artificial intelli-

gence system based on neural networks that predicts protein struc-

tures based on their amino acid sequence [17]. The database also

included a pipeline that predicts structure alterations based on the

existing FIXa models.

The protein backbone secondary structure of each residue in the

FIXa structure was identified using the Definition of Secondary Struc-

ture of Proteins (DSSP) tool (https://www3.cmbi.umcn.nl/xssp/) [18,19].

Residues were individually assigned to be one of either H (α-helix), B

(β-bridge), E (extended β-strand), G (310 helix), I (π-helix), T (hydrogen-

bonded turn), S (bend), or C (undefined coil region). DSSP also gave the

exposed surface area of each residue in the FIXa structure, which were

converted into percent accessibility by dividing this by the theoretical

solvent accessible surface area of the amino acid in question [18–20].

The results were simplified by assigning percentage accessibilities of 0%

to 9% as 0, 10% to 19% as 1, 20% to 29% as 2, and so on. Residues with

accessibilities of 0 or 1 were considered to be solvent buried, and ac-

cessibilities of 2 to 9 were classified as solvent exposed.

The disruptive effect of a given missense variant on the FIXa

protein structure was assessed by 4 independent substitution analyses.

Bar charts below were used in order to place each individual prediction

in the context of all the variants. They were Polymorphism Phenotyping

v2 (PolyPhen2) [21–23], Sorting Intolerant From Tolerant (SIFT) [24],

Protein Variation Effect Analyzer (PROVEAN) [25,26], and the Gran-

tham matrix from 1974 [27–30]. Both PolyPhen2 and SIFT gave scores

ranging from 0 to 1, where PolyPhen2 scores close to 1 indicated the

more damaging variants and SIFT scores close to 0 indicated the more

damaging variants. Unlike SIFT and PolyPhen2, PROVEAN generated

scores that are compared with a threshold; scores above −2.5 were

neutral and those below −2.5 were deleterious. The Grantham analysis

differed in that this was not sequence-specific but based on the

substituted amino acids. Grantham scores ranged from 0 to 215, with

larger scores indicating more damaging changes, and a score of 0 had

no effect. While more accurate, the American College of Medical Ge-

netics and Genomics presents a five-level classification of variants

(pathogenic, likely pathogenic, variant of unknown significance, likely

benign, and benign) [31], but this was not used here for reason of the

lack of specific data descriptions in our sources.
3 | RESULTS

3.1 | Distribution of factor IX variants in the

updated database

The current version of the FIX database (https://www.factorix.org)

incorporates 598 newly reported F9 variants in addition to the total of
1113 variants in the 2013 version of our database. The variants were

presented within the myPHPadmin database based on 5358 patient

records (Figure 2A). The variants were accumulated from 355

research publications and abstracts, the PubMed literature resource

(https://www.ncbi.nlm.nih.gov/pmc/), and the ClinVar variants

resource (https://www.ncbi.nlm.nih.gov/clinvar/). The variants were

further trimmed during curation to eliminate redundant or incorrect

entries, thus making an overall total of 1692 F9 genetic variants

(Figure 2B). In the database, 1645 entries were newly reported, rep-

resenting database growth by 52% in F9 variants and 44% in patient

entries. Forty-eight novel experimentally determined structures of

human FIXa were also incorporated into the database for reference, as

well as an AlphaFold structural model for full-length uncleaved FIX

that revealed a disordered structure for the activation peptide.

Users can perform basic searches based on amino acid or nucle-

otide number or advanced searches based on specified criteria,

including domain location, reference, disease severity, and phenotype.

The database has interactive functions derived from our upgraded FX

website (https://www.factorx_db.org) [9–10]. This includes a site map

that facilitates user navigation across the website pages. The website

homepage features 2 FIXa movies that displayed its main secondary

structures. A variant map of the FIX amino acid sequence is color-

coded to mark the domain boundaries (Figure 1). On this, variants

are shown in red and are accessible by clicking on these.

The 1692 F9 genetic variants include 945 point variants (indi-

vidual nucleotide base change), 281 deletions (loss of at least one

nucleotide), 63 insertions (gain of at least one nucleotide), 23 indels

(combination of insertions and deletions), 22 duplications (copying of

at least one nucleotide), 6 complex (combination of insertions, de-

letions, and substitutions), and 352 polymorphisms (genetic variants

occurring in >1% of the population). Point variants and poly-

morphisms are dominant in the updated database together, account-

ing for 77% of F9 variants (Figure 2B), although the proportion of

point variants has reduced from 73% in 2013 to 56% here. In terms of

the 598 new variants, 50% are single-nucleotide polymorphisms re-

ported from the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP).

Deletions comprise 102 new variants, which is comparable to the

previous one. Interestingly, 22 duplications are reported, which is

much increased from the previous one. Three duplications from 4

isolated patients with hemophilia replicated specific sections of the F9

gene. Two of those 4 patients are associated with severe hemophilia B

through the duplication of exon b-f and d-f, respectively [32,33].

In terms of the variant locations, 1419 are from exons, 174 are

from introns, 62 are from one of the untranslated regions, and 37 are

larger variants that span across exon and introns (Figure 2C). The 945

missense point variants are distributed across the F9 gene, most being

missense ones (Figure 2D). The majority of the new variants in this

update occur in the exons, especially exon 8 (Figure 2E), which is in

consistency with the previous analysis. Importantly, exon 8 contains

part of the SP domain that contains the catalytic triad residues. The

least new variants occurred in intron 5, which displayed only 16

variants overall (novel and previously reported). Out of the 1419 F9

exon variants (Figure 2C), 54.7% of them (776) are within the SP

https://alphafold.ebi.ac.uk/entry/P00740
https://alphafold.ebi.ac.uk/entry/P00740
https://www3.cmbi.umcn.nl/xssp/
https://www.factorix.org
https://www.ncbi.nlm.nih.gov/pmc/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.factorx_db.org
http://www.ncbi.nlm.nih.gov/SNP


F I GUR E 2 Statistical analysis of the 1692 variants from 5358 patients in the FIX database. (A) Percentage coverage of clinical data reported

in entries of 5358 patients with hemophilia B. The number of each type of data presented is shown within each bar. (B) Distributions of the

1692 variants according to their occurrence as 7 types of variants. (C) The distribution on the 1692 variants between the exons, introns, and

UTR regions in the F9 gene structure. (D) The effect of the 945 point variants on the gene sequence. (E) Gene distribution of the new variants

from this update (green) and the variants from 2013 (orange). The total number of variants in each gene segment is shown above each bar. FIX,

factor IX; UTR, untranslated region.

1168 - XU ET AL.
domain, whereas 12.4% (176), 8.5% (121), and 8.0% (114) are within

the Gla, EGF-1, and EGF-2 domains, respectively. Those figures are in

proportion to the domain sizes in FIX, ie, 235 residues out of 461

(51%) for SP; 46 residues (10%) for Gla, 37 residues (8%) for EGF-1,
and 42 residues (9%) for EGF-2. This shows that there are no

variant hotspots in FIXa. Overall, variants are reported in 70 new FIX

residues, which increases the total number of affected FIX residues to

406, accounting for 88% of the total 461 residues (Figure 3).



10 20 30 40    
HGVS_NUMBERING       ---------|---------|---------|---------|------
FIX_SEQUENCE MQRVNMIMAESPGLITICLLGYLLSAECTVFLDHENANKILNRPKR
FIX_DSSP ----------------------------------------------
FIX_ACCESS           ----------------------------------------------

GLA
50        60 70 80 90       

HGVS_NUMBERING       ---|---------|---------|---------|---------|--
FIX_SEQUENCE         YNSGKLEEFVQGNLERECMEEKCSFEEAREVFENTERTTEFWKQYV
FIX_DSSP ---SSSSSSS---HIIIIIIS---HHHHHHHH--TTTHHHHHHHHH
FIX_ACCESS           8243573365743243104644013610251243543043022623

EGF1
100       110       120       

HGVS_NUMBERING       -------|---------|---------|---------
FIX_SEQUENCE         DGDQCESNPCLNGGSCKDDINSYECWCPFGFEGKNCE
FIX_DSSP ----STT----TT-EEEE-SSSEEEE--SSEESSSS-
FIX_ACCESS           1372166330445040323463341402102015002

EGF2
130       140      150      160 170              

HGVS_NUMBERING       |---------|---------|---------|---------|-
FIX_SEQUENCE         LDVTCNIKNGRCEQFCKNSADNKVVCSCTEGYRLAENQKSCE
FIX_DSSP EE--TTTTGGG-SSEEEE-SSS-EEEE-SSS----SSSS---
FIX_ACCESS           520217353020400034475310301001735116121004

Serine Protease
180       190       200       210 220 230           

HGVS_NUMBERING       --------|---------|---------|---------|---------|---------|---------
FIX_SEQUENCE         PAVPFPCGRVSVSQTSKLTRAETVFPDVDYVNSTEAETILDNITQSTQSFNDFTRVVGGEDAKPGQFP
FIX_DSSP  ---------------------------------------------------------S-----SSS-T
FIX_ACCESS           -------------------------------------------------------0041631441311

240 250       260       270       280 290       300
HGVS_NUMBERING       |---------|---------|---------|---------|---------|---------|-------
FIX_SEQUENCE         WQVVLNGKVDAFCGGSIVNEKWIVTAAHCVETGVKITVVAGEHNIEETEHTEQKRNVIRIIPHHNYNA
FIX_DSSP TEEEEESSSTT-EEEEE-SSSEEEE-TTT--SSS--EEEES-SSSSS--S----EEEEEEEE-SS-BH
FIX_ACCESS    00000134562100000112000000010036524010000101147417031512042132045144

310 320       330       340       350 360 370       
HGVS_NUMBERING       --|---------|---------|---------|---------|---------|---------|-----
FIX_SEQUENCE         AINKYNHDIALLELDEPLVLNSYVTPICIADKEYTNIFLKFGSGYVSGWGRVFHKGRSALVLQYLRVP
FIX_DSSP HHHTTTT--EEEEESS----SSSS---B---SSHHHHHHHHSEEEEEE---SSTTS---SS-EEEEEE
FIX_ACCESS           76221210000000242043462022000015300340046310100000237164410420121302

380       390       400 410       420 430       440     
HGVS_NUMBERING       ----|---------|---------|---------|---------|---------|---------|---
FIX_SEQUENCE         LVDRATCLRSTKFTIYNNMFCAGFHEGGRDSCQGDSGGPHVTEVEGTSFLTGIISWGEECAMKGKYGI
FIX_DSSP B--SHHHHHH--S---TTEEEES-TT------TTTTT-EEEEESSS-EEEEEEEEE-SSSS-TT--EE
FIX_ACCESS           11323003610545016000000354040000110000000033460200000001013024821000

450       460 
HGVS_NUMBERING       ------|---------|-
FIX_SEQUENCE         YTKVSRYVNWIKEKTKLT
FIX_DSSP EE-GGGSHHHHHHHTS--
FIX_ACCESS           000004015004401346

Key:
Gray- Residues associated with F9 variants
H- Alpha Helices E- Beta Strands
B- Residues in isolated beta bridges G- 310 Helices
S- Bends T- Turns
I- Pi Helices -- Coils

F I GUR E 3 Protein sequence of human FIXa and its variants, including its secondary structures and solvent accessibilities. The 406 protein

residues out of 461 in total associated with the F9 variants are highlighted in gray. The catalytic triad is located at His267-Asp315-Ser411. The

DSSP secondary structure assignments are reported as follows: H, alpha helices (red); E, beta strands (blue); B, residues in isolated beta bridges

(brown); G, 310 helices (magenta); I, pi helices (pink); S, bends (yellow); T, turns (cyan); and -, coils (uncolored). The relative side chain solvent

accessibilities (ACCESS) are converted to values ranging from 0 (0%-9% accessibility; completely buried) to 9 (90%-100% accessibility, fully

solvent exposed).
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F I G U R E 4 Substitution grid

representing 1098 point missense

variants in the F9 gene. The grid presents

the number of missense variants that

occurs for each defined amino acid

change. The totals are summed at the

right or at the bottom. All the

substitutions are the result of a single-

nucleotide change. Any grid substitutions

that would require more than a single-

nucleotide change are shown in black,

however none were seen. White boxes

represent possible substitutions that do

not occur in the F9 gene. Yellow boxes

represent substitutions that occur

between one and 9 times, orange

represents substitutions that occur

between ten and 19 times, and red

represent substitutions that occur over 20

times.
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A substitution grid assessed the 1098 missense and nonsense

variants in FIX. There, Cys (129), Gly (127), Glu (108), Val (72), and Arg

(67) were the 5 most commonly affected residues in the wildtype

protein (right column, Figure 4). The prominence of Cys residues is

attributed to disulphide bridge disruption in the 4 FIX domains,

resulting in misfolded protein. The most frequent change in FIX was

the 28 variants where wildtype Cys residues became Ser residues. The

most common outcome of the variants was 110 occurrences of the

stop codon that replaced Glu, Tyr and other residues, indicating that

about 10% of the reported FIX variants corresponded to the trun-

cated protein. Silent variants (gray diagonal in Figure 4) were most

commonly found in Val (14) or Arg (12) residues. The black boxes of

Figure 4 signify 2 nucleotide changes in a given variant, of which there

were none observed.

3.2 | Hemophilia B phenotypes

The clinical parameters were the FIX procoagulant activity (FIX:C) and

the FIX antigen level (FIX:Ag). The clinical severity in the patient was

determined by FIX:C. The 3 phenotypes were classified conventionally

as severe (<1% of normal FIX level; <0.01 IU mL−1), moderate (1%-5%

FIX; 0.01–0.05 IU mL−1), or mild (>5% to <40% FIX; >0.05–<0.40 IU

mL−1). This severity information was reported for 74% of patients with

hemophilia B, with 3103 cases using their FIX:C levels (Figure 2A).

Thus, 2060 patients have severe hemophilia B, whereas 1141 and 764

patients have moderate and mild phenotypes, respectively. The

remaining 1393 cases either did not report any phenotype or corre-

sponded to patients with hemophilia B Leiden.
The database showed that, while F9 variants were dispersed

across the F9 gene (Figure 2E), patients with hemophilia B can be

clustered on certain variants. Of the 1692 variants, 102 showed at

least 8 clinical cases, and these clusters constituted over 50% of the

5358 cases. 977 variants occurred only with single cases. The most

frequent F9 variant was c.1025C>T on exon 8 at a CpG site with 175

identified cases from 58 reports or unpublished studies. This was

Thr342Met that replaced a polar residue with a hydrophobic one for

which 103 showed moderate or mild phenotypes, 7 cases were

severe, and 65 had no reported phenotype. Over 100 cases have

been reported for 6 other variants. These comprise 1 nonsense

variant (Arg75*), 4 missense variants (Arg43Gln, Gly106Ser,

Arg191His, and Arg294Gln), and 1 gross deletion of the entire F9

gene.

For the 3965 cases of hemophilia B with a defined phenotype, the

phenotype distribution depended on the variant type. For the

missense variants, the distribution of phenotypes was relatively

balanced, where 18.8%, 25.7%, and 32.3% of the patients had mild,

moderate, and severe phenotypes, respectively. The remaining 23.2%

of missense variants had unreported severities. For the silent variants,

69.8% of the cases did not report severities, while the remaining

13.2%, 6.9% and 10.1% of cases showed mild, moderate, and severe

phenotypes, respectively. Most of the patients with frameshift (53.6%)

or nonsense (68.4%) variants have severe phenotypes. Unsurprisingly,

80 of 102 patients (78.4%) who have lost the entire F9 gene suffer

from severe phenotypes. There, 2 moderate-classified phenotypes

showed low FIX:C levels of 1%–2%, one mild phenotype corresponded

to a female carrier, and 19 had unreported phenotypes.



F I GUR E 5 Distribution of the type I and type II variants in the

FIXa structure. (A) Residues with type I variants are represented by

red spheres and those with type II variants are represented by

green spheres. Residues associated with both types I and II are

represented by yellow spheres. The catalytic triad His267-Asp315-

Ser411 at the right is shown as 3 black spheres. The Gla, EGF-1,

EGF-2, and SP domains are colored in orange, light green, violet,

and blue, respectively, to correspond to the colors used in the

website. (B, C) For clarity, the individual type I and type II residues

are also shown separately in the FIXa structure. Of the 181 type I
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3.3 | Hemophilia B Leiden

Hemophilia B Leiden (sometimes spelled Leyden) is an atypical sub-

type of hemophilia B caused by variants that affect the F9 promotor

region. Patients show severe or sometimes moderate/mild phenotypes

from birth, but their FIX:C levels gradually increase with age after

puberty. The amelioration was initially associated with androgen

response element binding sites located between nucleotides −65

and −51 in the promotor [34]. These binding sites were thought to be

responsive to androgens such as testosterone, which would recom-

pense the nonfunctioning transcription factor binding sites as hor-

mone levels increase with age. More recently, because many FIX

variants that do not have these androgen sites occur in the protein,

growth hormone may be directly responsible for puberty-onset re-

covery of FIX production [35].

The database showed that 38 point variants of 94 downstream of

the androgen response element in the promotor have been associated

with hemophilia B Leiden. The most frequent is c.-35G>A, which af-

fects 50% of the reported individuals. The Leiden cases account for

40.4% of the patients with variants between nucleotides −50 and 1,

and 0.71% of the total hemophilia B patients in the database. Inter-

estingly, in Argentina, 1.9% of patients with hemophilia B belong to

the hemophilia B Leiden subtype [36]. It should be noted that the

recording of FIX:C levels over time is not always performed, making

any hemophilia B Leiden cases difficult to identify.
variants, totals of 7, 13, 12, and 110 are localized to the Gla, EGF-1,

EGF-2, and SP domains in that order. Of the 530 type I variants,

totals of 43, 59, 21, and 262 are localized to the Gla, EGF-1, EGF-2,

and SP domains in that order. Several variants in the same domain

can occur on the same residue, meaning that only one sphere is

shown at that location.
3.4 | Anti–factor IX inhibitors

Anti-FIX inhibitors are typically IgG4 or IgG1 antibodies in patients

with hemophilia B as a result of environmental and genetic risk fac-

tors. These inhibitors make FIX replacement therapy ineffective and

can lead to allergic/anaphylactic reaction or nephrotic syndrome that

increase the morbidity of patients with hemophilia B [37]. Inhibitor

titers in assays are measured in Nijmegen-Bethesda units (NBU) or

Bethesda units (BU). Patients with high titer inhibitors with >5.0

NBU/BU are more challenging to treat compared with patients with

low titer inhibitors (≤5.0 NBU/BU).

In the database, 152 of the 5358 hemophilia B cases were

inhibitor–positive, which was almost doubled compared to 59 reports

out of 3721 in 2013. This incidence remained within the 1.5%-3%

range of hemophilia B inhibitors in populations worldwide [38]. The 40

inhibitor–positive variants in 152 patients corresponded to 10 de-

letions, 3 indels, 10 nonsense variants, 12 missense variants, 2 silent

variants, and 3 other point variants at splice sites or untranslated

regions. Only 15 of those 40 variants were new to the database.

Although most variants lead to a null allele, 29 inhibitor–positive cases

were caused by missense variants, such as the 8 cases out of 11 for

Glu66Asp. For these 152 patients, 107 have a variant which leads to a

null allele (deletion, indel or nonsense). Looking at all the database

clinical records, gross variants remain the riskiest type associated with

inhibitor formation, with 51 of 191 gross variant cases (27%) being

associated with positive inhibitors. In comparison, 7% of nonsense
variants (46 of 639 cases) are inhibitor-positive. On the other hand,

447 database entries were inhibitor-negative. The remaining 4759

hemophilia B cases did not mention inhibitors, and it was not known

whether inhibitors were screened for. Because the database includes

a bias toward severe phenotypes, and because inhibitors are rare in

nonsevere hemophilia B, it was not feasible to give a representative

estimate of the risk for inhibitors. A more accurate risk of inhibitor

development is given by the frequency of inhibitors in severe hemo-

philia B patients, where 99 severe cases were found with inhibitors

out of 2060 cases (4.8%).
3.5 | Single-nucleotide polymorphisms

Single-nucleotide polymorphisms or SNPs are defined as non–dis-

ease-associated substitutions with frequencies higher than 1% in

populations. Similar to point variants, SNPs can be synonymous or

non-synonymous, the latter resulting in an amino acid change. The

updated database contained 352 SNPs, compared to 54 reported

previously. Of these, 122 were silent and 158 resulted in missense

variants.



F I GUR E 6 Solvent exposure of the type I and type II residues in

the FIXa protein structure. The residue accessibilities for 142 type I

and 385 type II variants (CLASS) are grouped according to their

relative solvent accessibilities (ACC), where the values 0 to 1

correspond to buried sidechains, values 2 to 3 indicate slightly

exposed sidechains, and values of ≥4 indicate fully exposed

sidechains. The accessibilities are taken from Figure 3.
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3.6 | Protein structural analysis of type I and type II

variants

F9 variants are classified as type I (quantitative) or type II (qualitative)

depending on the phenotypic FIX:C/FIX:Ag ratio. A type I defect

corresponds to a ratio above 0.7, and type II if this ratio is below 0.7

[39]. In the database, only 711 cases have been assigned in this way

(Figure 2A). Of these, 181 cases were type I, whereas 530 cases were

type II. Twenty-two F9 variants were associated with both type I and

type II. Both phenotypes were distributed throughout the 4 FIX do-

mains, indicating that the whole FIXa structure is affected by variant-

mediated damage. This distribution differs from other coagulation

factor deficiencies, where type I is predominant in factor XI, or type I/

II were more evenly distributed in factor VIII [7,8,10]. The greater

abundance of type II variants is seen in the FIXa structure (Figure 5B,

C). Almost one fifth of the type II variants (99/530) were related to

Arg residues in the linker or propeptide regions, which are not part of

functional FIXa. It is likely that the FIX-FIXa cleavage was disrupted in

those mutants, resulting in little FIXa and a type II phenotype.

To clarify the causative effects of the types I and II variants, the

accessible surface area of each residue was computed from the FIXa

crystal structure model using DSSP and normalized (Methods)

[18,20,40]. The resulting relative solvent accessibilities (Figure 3)

showed that variants at buried locations in FIXa dominated the types I

and II phenotypes (Figure 6). The involvement of 75% type I and 67%

type II variants at buried positions linked perturbations of the FIXa

structure with their disease-associated variants. Five missense vari-

ants were reported over 10 times: Ala279Thr (types I/II 14/4),

Arg294Gln (types I/II 18/3), Gly106Ser (types I/II 10/23), Thr342Met

(types I/II 16/27), and Ile443Thr (type II; 27 times). All those residues

except Arg294 are completely buried (Figure 3), being in or proximal
to α-helices or β-strands in the core secondary structure. These ob-

servations were thus reproducible and show that amino acid packing

changes within FIXa result in either misfolding or functional damage.

The identification of a missense FIX variant cannot be assumed to

cause hemophilia B. The database enables the 856 missense variants

to be assessed using 4 independent prediction tools (Methods).

Overall, the PolyPhen-2 analysis showed that 598 (70%) gave scores

between 0.9 to 1.0 and were assigned to be damaging, but that 142

(17%) were predicted to be benign (Figure 7A). The SIFT analysis

predicted that 683 (80%) of the missense variants were damaging

(Figure 7B). Therefore, the majority of FIXa variants are predicted to

be linked with hemophilia B. The PROVEAN and Grantham analyses

were less clear with a wider distribution of scores, showing that 636

(75%) of the PROVEAN scores and 844 (99%) of the Grantham scores

were deleterious. Regardless, both the PROVEAN and Grantham an-

alyses also demonstrated that many FIXa variants were damaging

(Figure 7C, D). The FIXa database gives all prediction scores for the

856 missense variants in order to enable an informed decision about

the significance of a score for a variant.
4 | DISCUSSION

The upgraded FIX database with 1692 variants has significantly

improved its quality with a wider data set compared to our original

study with the database of 1113 variants in 2013 [6]. The website

presented genetic and structural information on the FIX as 2 distinct

but parallel themes, similar to our earlier databases on factors V, VIII,

X, and XI [7–10,41]. This is illustrated using genetic and structural

outputs for the Arg294Gln variant, for which 113 patient records exist

(Supplementary Figure S1). On the left, insight into the conservation

of Arg294 from the AA alignments tab shows that Phe301 aligned

with 10 other mammalian species to show that this residue is almost

fully conserved and therefore important for FIX function. On the right,

the structural analysis shows that Arg294 is exposed at the surface of

the SP domain in FIXa. Arg is the most basic of the 20 common amino

acids and is significant in stabilizing ionic interactions at protein sur-

faces or those buried within protein structures. Although no gross

changes occurred in the distribution of the F9 variants, new findings

include the large growth of polymorphisms. At least one variant has

now been identified for 406 (88%) of the 461 FIX residues in the

sequence, thus providing a significantly broader coverage of FIX. The

number of null variants has grown compared to point variants, further

complexing the diversity of variants. The interactive interface of the

database makes it easily accessible for clinicians and researchers. This

allows the database to provide further clinical insights into the

occurrence of hemophilia B.

The present FIX database upgrade was focused on the extraction

of F9 variants from the PubMed, ClinVar, and dbSNP resources;

meeting abstracts; and non-English sources (Methods). These sources

resulted in an additional 579 unique variants here to total 1692.

Other F9 databases have been presented. The CHBMP compilation of

1133 F9 mutations up to 2014 (https://www.cdc.gov/ncbddd/

https://www.cdc.gov/ncbddd/hemophilia/champs.html


F I GUR E 7 Substitution analysis of 856 missense variants in the F9 gene. The 4 substitution analyses predict the damaging effects of

substitution variants on the protein structures. The 856 variants have been scored using 4 different prediction analyses, namely, (A) PolyPhen2,

(B) SIFT, (C) PROVEAN, and (D) Grantham (Methods). In the PROVEAN analysis, the threshold was set as −2.5, below which the variant was

considered to be damaging, and 5 variants were not included for reason of the nonavailability of the PROVEAN web site. Five PROVEAN

scores for the variants E63D, V92F, G230A, P239L, and C407Y were unavailable for the reason of a PROVEAN web-service closure.
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hemophilia/champs.html) is a downloadable Excel file that reports

phenotypes and references. However, CHBMP does not present

three-dimensional structural analyses of the FIX protein. A study of

599 patients with hemophilia with F9 genetic variation has been re-

ported but is not online [42]. A Spanish listing from 2010 with 82

variants and their phenotypes has been presented [43]. The EAHAD

F9 mutation list (https://f9-db.eahad.org/) is an outdated copy of our

database and was last updated in February 2020 to 1244 unique

variants, which is an increase of 111 variants compared to our in-

crease of 579 variants presented here, with the increase arising
mostly from the 2017 listing [42]. Our updated website is enhanced

(Methods) by including the source of inclusions, nomenclature, cura-

tion of the variants, avoidance of duplicates, worldwide distribution of

variants, and newer FIX structures.

The utility of variant databases is affected by 3 factors. First, they

become outdated, most often caused by the departure of the original

database curator. The upgraded FIX database takes advantage of our

multiple similar databases in a standard format for the coagulation and

complement genes, facilitating easier maintenance by a senior curator

with oversight [6–10]. We observed that approximately 30 novel F9

https://www.cdc.gov/ncbddd/hemophilia/champs.html
https://f9-db.eahad.org/


F I GUR E 8 Molecular graphic representation of 6 residues

within the FIX protein structure. Molecular views of the most

commonly occurring FIX variants found in patients. Only those

missense variants that are visible in the FIXa crystal structure are

shown here. For each, the residue of interest in the native FIX

protein is shown. Panels A–F highlight the substitutions

Thr342Met (SP domain; 175 patients), Arg294Gln (SP domain; 114

patients), Gly106Ser (EGF-1 domain; 105 patients), Ala279Thr (SP

domain; 87 patients), Arg379Gln (SP domain; 75 patients), and

Leu383Phe (SP domain; 38 patients). All residue numbering is

given in HGVS format.
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variants and 120 individual cases were reported annually. The

magnitude of the present upgrade should have captured the major

features of the F9 variants, as it is now unlikely that enough novel

variants will be found to reveal changes in variant patterns. Second,

while the identification of F9 variants was prioritized, their relevant

patient details are also important for understanding the prevalence

and severity of the specific variant. Unfortunately, clinical centers do

not always report phenotypes, weakening the aim of characterizing

FIX variants. Sometimes, it was also unclear whether the patients

were isolated sporadic cases or from the same family, which is

important to appreciate variant prevalence and severity [44]. Third,

the locations of the clinical data are important. Most database cases

are from developed countries, which are more complete in their de-

tails, whereas data from some developing countries, such as China,

India, or Brazil, may be limited by economic factors [45]. In the USA,

only �20% of hemophiliacs have been genotyped due to the lack of

medical insurance and limited local testing availability. The prevalence

of hemophilia B (per 10,000 males) varies significantly in countries

with different economic backgrounds [46]. Despite several regional-

based patient reports, it is unlikely that analyses will be available

for every country [47–49]. To assist with this issue, the upgraded FIX
database has the facility to sort reports by country and display these

as a map, and may be used as an alternative resource when clinical

summaries are not available for a specific region.

Inhibitor developments in hemophilia B are rare but associated

with serious outcomes. The low occurrence of hemophilia B inhibitors

also means that current knowledge and treatment relies on more

frequent hemophilia A inhibitors, which differ in disease outcome and

pathology [50]. In particular, the characterization of patients with

severe hemophilia B in the database associated with inhibitor for-

mation may allow better estimates of inhibitor prevalence and more

specific anti-inhibitor therapies to be developed. Nevertheless, the

majority of the literature reports does not refer to inhibitor formation,

and hence, the frequency we observed is not comparable to more

specific inhibitor incidence analyses [51]. Furthermore, because in-

hibitor development depends on multiple factors, those insights

should be viewed with environmental factors such as age and

immune-related genetic polymorphisms outside F9 to assess their

clinical consequences and decisions.

Our database clarifies the damaging protein structural effects of

the variants from the use of accessibility calculations and substitution

predictions such as Polyphen2 and SIFT. Molecular views of the most

common 6 FIXa variants (Figure 8) show that the local molecular

environment is most variable. These analyses benefit from well-

defined protein structures, as well as additional insights from Alpha-

Fold modeling [17]. As for FX and FXI, analyses of the type I and type

II variants show their association with small but significant structural

perturbations of FIXa [9,10]. Buried protein residues are frequently

associated with the type I/II classifications, and this is reinforced by

the SIFT and PolyPhen2 analyses. The modification of Arg residues in

the disordered activation peptide also correlates with type II variants.

In the absence of functional studies of recombinant mutant FIXa,

these structural analyses provide a reassurance that a given variant is

associated with hemophilia B.
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