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Summary

In haemophilia B (HB) (factor IX [FIX] deficiency), F9 genotype largely
determines clinical phenotype. Aimed to characterise Argentinian
families with HB, this study presents F9 genotype frequencies and
their specific FIX inhibitor risk and 10 novel F9 mutations. Ninety-one
DNA samples from HB patients and relatives were subjected to a new
scheme: a primary screen for large deletions, a secondary screen for
point mutations using conformation sensitive gel electrophoresis,
DNA-sequencing and bioinformatic analysis. Our unbiased HB popu-
lation (N=52) (77% with severe, 11.5% moderate and 11.5% mild HB)
showed 32 missense (61.5%), including three novel mutations pre-
dicting specific structural/functional defects in silico, seven nonsense
(13.5%) (one novel), five large deletions, four splice including three
novel mutations affecting predicted splicing scores, three indels (two
novel) and one Leiden mutation. Our comprehensive HB population
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Introduction

Haemophilia B (HB) (OMIM 306900) is an X-linked recessively-
inherited coagulopathy caused by defects in the factor IX gene
(F9). F9is located at Xq27.1 and encodes a 2.8 kb mRNA compris-
ing eight exons covering 34 kb (1). F9 encodes a primary polypep-
tide including a signal peptide, a pro-peptide and a mature poly-
peptide of 415 amino acids (aa) with four structural domains; Gla,
epidermal growth factor (EGF)-1 and EGF-2, which together com-
prise the light chain (145 aa), and a catalytic heavy chain domain
(235 aa, excluding the 35 aa activation peptide). Coagulation fac-
tor IX (FIX) is a serine protease, mainly synthesised in the liver via
a vitamin K-dependent process. It is activated in plasma by either
the factor VIIa/tissue factor complex or factor XIa in a calcium-de-
pendent reaction (2, 3).
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included five patients with long-lasting FIX inhibitors: three nonsense
(p.E35* (novel), p.R75%, p.W240*) and two entire-F9 deletions. An-
other patient with an indel (p.A26Rfs*14) developed transient in-
hibitors. A case-control analysis, based on our global prevalence of
3.05% for developing inhibitors in HB revealed that missense mu-
tations were associated with a low risk odds ratio (OR) of 0.05 and a
prevalence of 0.39%, whereas nonsense and entire-F9 deletions had
significantly higher risks (OR 11.0 and 32.7) and prevalence (14.3%
and 44.5%, respectively). Our cost-effective practical approach en-
abled identification of the causative mutation in all 55 Argentine
families with HB, analysis of the molecular pathology of novel F9 de-
fects and determination of mutation-associated FIX inhibitor risks.
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HB can be classified by the residual clotting activity of FIX into
severe (FIX: C <1 IU/dl), moderate (1-5 IU/dl) and mild (5-40
1U/dl) disease (4). Biochemical and clinical HB severity are closely
related to the particular causative mutations which are distributed
throughout F9. HB has been associated with a high frequency of
point mutations (83%), such as missense, nonsense and splice site
mutations, and a smaller amount of small deletions or insertions
(indel) (11.6 %) and gross deletions (6%) (5). The molecular and
clinical features associated with HB mutations are compiled in a
publicly accessible database (http: //www.kcl.ac.uk/ip/petergreen/
haemBdatabase.html) (6).

Data on the causative mutations in haemophilia is important to
understand the patient-specific genotype-phenotype relationship,
to predict specific risks associated with response to substitution
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therapy and to provide reliable information for genetic counseling
to the affected family.

This paper presents the characterisation of the F9 mutation in
the first series of patients with HB in Argentina, which includes 10
novel F9 defects (i.e. three missense and three splicing mutations
revealing association with structural/functional disturbances by
analysis in silico, two nonsense and two indel associated with fra-
meshifts) and six patients with HB who developed FIX inhibitors
(representing virtually all patients with HB and inhibitors). The
statistical analysis of the comprehensive series of 55 families with
HB recruited countrywide allowed estimation of each F9 genotype
inhibitor risk revealing significant increased risks for nonsense
and entire F9 deletions and significant decreased risk for missense
mutations.

Material and methods
Studied populations and patient DNA samples

Fifty-five apparently unrelated Argentine families affected by HB
were studied: 43 families with severe HB (six of them with patients
who developed inhibitors against therapeutic FIX), six with mod-
erate HB and six with mild HB. The studied population included
91 individuals (53 probands, 16 proband’s mothers and 22 female
relatives). In addition, to investigate possible F9 polymorphic vari-
ants, 200 chromosomes from a DNA-sample collection from Ar-
gentine healthy blood donors were screened. This latter analysis
was particularly significant to estimate the potential involvement
of new missense, in-frame and intronic sequence variants in the
HB phenotype. The study was approved by our Institutional Ethics
Committee and written informed consent was obtained from all
cases.

Genomic DNA was obtained from Tris/HCl: EDTA (10: 1 mM)
-washed leukocytes from 5-10 ml of peripheral blood using a stan-
dard salting out method (7). DNA sample quality and concen-
tration was estimated by ethidium bromide stained agarose gel
electrophoresis (1%).

Molecular protocol for F9 mutation characterisation

All relevant sequences of F9 (the promoter, 8 exons, exon-intron
boundaries, splicing sequence consensus and polyadenylation se-
quence sites) were PCR amplified using a new protocol of 12 am-
plimers whose sizes, between 334 and 583 bp, and sensitive range
were optimised for small mutation screening by conformation
sensitive gel electrophoresis (CSGE) (primers listed in the Suppl.
Table 1, available online at www.thrombosis-online.com). PCR
reactions were performed using standard thermocycling condi-
tions in a volume of 25 ul with 300 ng of genomic DNA, 200 pM of
each ANTP, 0.5 uM of each primer, 0.5 U of Taq DNA polymerase
(Promega, Buenos Aires, Argentina) and buffer provided by the
manufacturer (1.5 mM MgCl,).

Product size and identity of each F9 amplimer was analysed by
agarose gel electrophoresis (2%) in a primary gross mutation
screening. Large deletions (>100 bp) were defined by repeated and
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consistent absence of specific PCR amplification from contiguous
F9 sequences. Each large deletion was confirmed by multiplex
PCR experiments of the F9 amplimer along with a control am-
plimer from an uninvolved autosomal region within the p-globin
gene (HBB) (240 bp) as reference (Suppl. Table 1, available online
at www.thrombosis-online.com). Small mutation screening was
performed by CSGE as described by Williams et al. (1998) and
modified by Rossetti et al. (2007) (8, 9). Briefly, 5 pl of each PCR
product from patients and controls were mixed, incubated for 5
minutes (min) at 94°C and for 30 min at 65°C to form heterodu-
plex and subjected to high resolution CSGE (41 cm) for 18 hours
(h) at 40 Watts. In some cases, pairs of F9 amplimers with different
sizes and CSGE behaviours were loaded together on the gel to save
time and costs (Suppl. Table 1, available online at www.thrombo
sis-online.com). To simplify F9 genotyping of proband’s relatives
from certain families where heteroduplex patterns showed excep-
tionally altered high resolution CSGE mobility profiles, F9 geno-
types were resolved by medium (17 cm) or low (7 cm) resolution
CSGE (Suppl. Figure 1, available online at www.thrombosis-on
line.com). Polyacrylamide gels were silver stained, trans-illumi-
nated by white light and their image digitalised. DNA samples dis-
playing abnormal CSGE profiles relative to that obtained from
normal control samples were PCR amplified, electrophoresed,
purified by GFX™ Spin columns (Amersham, Buenos Aires, Ar-
gentina) and subjected to either radioactive/manual or fluor-
escent/automated DNA sequencing using fmol DNA Cycle Se-
quencing System (Promega) and Dyenamic ET terminator Cycle
sequencing kit (Amersham), respectively.

Bioinformatic and genotype-phenotype analysis

DNA sequence analysis, exon-intron boundary and primer anno-
tations were performed using SeqBuilder 7.1 (DNA Star Laser-
gene, Madison, WI, USA). F9 genomic numbering (g.) follows the
legacy notation from Yoshitake et al. (1), while cDNA (c.) and pro-
tein (p.) nomenclature follows numbering and recommendations
of the Human Genome Variation Society (HGVS) (10) using Gen-
Bank entries NM_000133.3 and NP_000124.1, respectively.
Human FIX residues (Homo sapiens) (GenBank entry P00740)
that involve novel missense defects were examined in silico using
the UNIPROT (http: //www.uniprot .org) alignment tool for their
conservation in orthologous FIX: pig (Sus scorfa) P16293, mouse
(Mus musculus) P16294, chicken (Gallus gallus) Q804X6, gorilla
(Pan troglodytes) Q95ND7, rat (Rattus norvergicus) P16269 and
rabbit (Oryctolagus cuniculus) P16292.

Theoretical three dimensional (3D)-structural analysis of new
F9 missense mutations were performed assisted by the Swiss
Model Workspace (http: //swissmodel.expasy.org/workspace/), the
software SWISS PDB Viewer version 4.0 (11), and the atom 3D co-
ordinates deposited on files 1lcfhA.pdb, ledmC.pdb and
3kegH.pdb to model the Gla domain (residues 47-93), the EGF1
(residues 92-130) and the catalytic domain of FIXa (residues
227-461), respectively.

In order to search and score potential splice site gain or loss in
control and mutated F9 sequences, online software tools were ap-
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plied: NNpredict (www.fruitfly.org/seq_tools/splice.html), Net-
Gene2 (www.cbs.dtu.dk/services/NetGene2), SoftBerry SPL
(www.softberry.com) and GeneSplicer (http: //www.tigr.org/tdb/
GeneSplicer/gene_splhtml) (12-14).

Data analysis and statistics

GraphPad Prism software (version 5.0, GraphPad Software, San
Diego, CA, USA) was used to estimate inhibitor risks, such as mu-
tation present/absent inhibitor odds ratio (IOR) and mutational
absolute prevalence (IP). Fisher exact test was applied to study the
association of FIX inhibitor development and F9 mutation type in
HB. In order to improve the statistical estimation of the F9 mu-
tation type-specific inhibitor risks in our population, only the best
assessed parameters were used separately. First, the global in-
hibitor prevalence (3.05%) was extracted from the World Feder-
ation of Hemophilia (WFH) survey 2009 (8 out of 262, which rep-
resented all patients with HB in Argentina) (15). Second, the F9
mutation type frequencies (prevalence, P) in HB was estimated
using an unbiased HB population (N=52), which was assembled
by excluding three patients who were recruited to the Protocol for
Mutation Characterisation of Haemophilia Patients with In-
hibitors (period 2008-2010). This unbiased population showing
the natural F9 mutation frequencies in Argentine patients with HB
was recruited as consecutive families affected with HB that con-
sulted for molecular diagnosis and genetic counselling. Third, the
F9 mutation type-specific relative risk of inhibitor or IOR was esti-
mated from a comprehensive population (N=55) including all five
patients with permanent inhibitors (cases) and 50 without in-
hibitors (controls).

Absolute inhibitor prevalence of a specific HB mutation (IPy;)
was calculated by the formula IPyy; = TPy IOR vy / (14 Pygyms
TORwiis/mi) — Pumimp)> Where TPy is the estimated inhibitor preva-
lence in HB (i.e. 3.05%), IOR ;i) is the calculated inhibitor
odds ratio of a specific HB mutation type and Py is the esti-
mated prevalence of a specific HB mutation type in patients with
HB (estimated using frequency data from an unbiased population
of HB).

Results and discussion

Haemophilia B mutation frequencies in the Argentine
population

Between the years 2008 and 2010, our laboratory underwent a
protocol aimed to characterise the disease causing defects in all
Argentine patients with haemophilia A and B and their inhibitors
against therapeutic FVIII and FIX, respectively. In order to esti-
mate the natural frequencies of HB causative mutations in our
population, the three patients from this protocol with HB and in-
hibitors registered within this time interval (2008-2010) were not
considered for computing mutation frequencies (i.e. cases 33, 38
and 55, »>Table 1). Consequently, an unbiased population of 52
families affected with HB showed the following mutations; 32 mis-
sense (61.5%), seven nonsense (13.5%), four splice site (7.7%), one
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promoter region nucleotide substitution (Leiden mutation) (1.9%),
three small indels associated with frameshifts (5.8%) and five large
deletions (9.6%) (» Table 1, FIX mutation location on P> Figure 1).
Forty cases had severe HB (77% of 52 cases), 47.5% were predicted
to result in null alleles and 52.5% to result in missense mutations.
All six cases with moderate HB phenotype had missense mu-
tations, while five out of six cases with mild HB had missense mu-
tations and the other one had a single nucleotide change in the F9
promoter (P Table 1).

FIX inhibitor risks in haemophilia B

A global survey from the WFH in 2009, indicated that Argentina
recorded 262 patients with HB including eight (3.05%) who devel-
oped FIX inhibitors (15). The literature has shown that the inci-
dence of inhibitor development in HB ranges from 1.4-11.7% in
tull series, and 3.7-24% when only severe HB cases were consider-
ed, depending on the study group (P> Table 2). In agreement with
these international figures, our unbiased series of patients with
HB, which are suitable for comparison with other series, showed
FIX inhibitor prevalence of 3.8% (2/52) for all patients and 5%
(2/40) for severe cases, respectively. The comprehensive series in-
cludes six patients with severe HB who developed FIX inhibitors.
Three of them showed nonsense mutations, p.E35* and p.R75* af-
fecting exon 2; and p.W240* affecting exon 6. The latter two mu-
tations (p.R75%; p.W240*) were reported in the HB database and
both were occasionally associated with inhibitors, whereas p.E35*
in the FIX pro-peptide has not been previously reported (P Table
1 cases: 33, 35 and 38, respectively, P>Figure 1). A recent paper ad-
dressed the expression of FIX in HB patients with nonsense mu-
tations and found evidence of trace levels of full-length FIX even
in patients with premature stop codons by ribosome readthrough
(24). Additionally, they also demonstrated the involvement of non-
sense mediated decay (NMD) for mutations located within up-
stream exons (e.g. p.L103* in exon 3) and absence of NMD for
nonsense in the last F9 exon (p.R294* and p.R298* in exon 8) (24).

It is known that specific protein complexes are deposited on
mRNAs 20-25 nucleotides upstream of exon junctions (EJC),
which should be physiologically removed by the readthrough of
the translational machinery. In mRNAs bearing premature stop
codons (i.e. those located upstream of EJC) all EJC are not re-
moved and therefore might trigger NMD, whereas termination co-
dons located in the 3’ terminal exon are generally interpreted as
proper stop codons and do not trigger NMD (reviewed in [25]).
These findings allowed us to suggest that due to their location our
three nonsense mutations with FIX inhibitors (two in exon 2 and
one in exon 6) may undergo NMD not mitigated by ribosome
read-through thus representing genuine null mutations. Moreover,
none of our three patients with nonsense mutations in F9 exon 8
developed inhibitors (two patients with p.298* and one patient
with p.R379*%, cases 39, 40 and 41, P> Table 1). This reasoning relies
on the notion that traces of residual FIX reduce the risks of in-
hibitor development in patients with HB.

Two additional cases with FIX inhibitors had large deletions
spanning the entire F9 gene (P Table 1 cases 54 and 55, Suppl. Fig-
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Table 1: F9 mutations in Argentine patients with HB.

Case # Gene mutation notation  Protein mutation  **No reports FIXInh. FIX activity Severity F/S  Obs.
*Legacy (g.); HGVS (c.) HGVS (p.) (%)
HB causative missense mutations
1 g.117G>A; c.88G>A p.v30I 5 N <1 S F
2 9.6364C>T; ¢.127C>T p.R43W >50 N <1 S S CpG
3 g.6365G>A; ¢.128G>A p.R43Q >70 N <1 S F CpG
4 9.6397G>C; ¢.160G>C p.E54Q 0 N <1 S S g.6709A>G
intron 3
5 g.10419G>T; ¢.305G>T p.C102F 0 N <1 S F
6 g.10430G>A; c.316G>A p.G106S 72 N 11 Mi S CpG
7 g.10458A>G; c.344A>G p.Y115C 7 N <1 S F
8 9.17699G>A; c.422G>A p.C141Y 5 N <1 S S
9 §.20375G>A; .533G>A p.C178Y 5 N <1 S S
10 g.20413CT; ¢.571GT p.R191C 54 N 2,5 Md S CpG
11 g.20519G>A; c.677G>A n.R226E 44 N <1 S S 0C, CpG
12 g.30076G>A; c.761G>A p.G254D 2 N <1 S S
13 9.30112C>T; ¢.797C>T p.A266V 3 N 6,6 Mi S
14 9.30150G>A; c.835G>A p.A279T 69 N 10 Mi F CpG
15 0.30864G>A; ¢.881G>A p.R294Q 85 N 35 md F CpG
16 9.30864G>A; c.881G>A p.R294Q 85 N 12 Mi F CpG
17 g.31008C>T; ¢.1025C>T p.1342M 125 N 3 Md F CpG
18 g.31051G>T; ¢.1068G>T p.W356C 1 N <1 S F 0C
19 g.31112G>T c.1129G>T p.V377F 1 N <1 S S
20 g.31119G>A; c.1136G>A p.R379Q 63 N 6 Mi S CpG
21 g.31119G>A; ¢.1136G>A p.R379Q 63 N 2 Md S CpG
22 g.31128G>A c.1145G>A p.C382Y 5 N <1 S S
23 g.31176G>A; ¢.1193G>A p.G398D 6 N <1 S S
24 g.31176G>A; c.1193G>A p.G398N 6 N <1 S S
25 g.31187G>A; ¢.1204G>A p.G402R 6 N 2 Md S
26 9.31217G>T; c.1234G>T p.G412W 1 N <1 S F
27 g.31227A>G; ¢.1244A>G p.H415R 2 N <1 S F
28 g.31257T>C c.1274T>C p.L425S 0 N <1 S S
29 g.31262G>A; ¢.1279G>A p.G427R 2 N <1 S S
30 9.312741>C; c.1291T>C p.W341R 6 N 3 Md F
31 9.31274T>A; c.1291T>A p.W341R 1 N <1 S F
32 9.31282A>G; c.1306G>A p.A436T 7 N <1 S S
HB causative nonsense mutations
33 9.6340G>T; c.103G>T p.E35* 0 + HR <1 S F
34 9.6460C>T; ¢.223C>T p.R75* 50 N <1 S S CpG
35 9.6460C>T; ¢.223C>T p.R75* 50 + HR <1 S S CpG
36 9.20377G>T; ¢.535G>T p.G179* 0 N <1 S S
37 g.20497C>T, ¢.655C>T p.Q219* 1 N <1 S S
38 9.20562G>A; c.719G>A p.W240* 6 + HR <1 S S
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Table 1: Continued

Case # Gene mutation notation  Protein mutation  **Noreports FIXInh. FIX activity Severity F/S  Obs.
*Legacy (g.); HGVS (c.) HGVS (p.) (%)

39 9.30875C>T ¢.892C>T p.R298* 48 <1 S S CpG

40 9.30875C>T ¢.892C>T p.R298* 48 N <1 S S CpG

4 9.31118C>T; ¢.1135C>T p.R379* 46 N <1 S F CpG

HB associated splicing site mutations

42 0.6491T>G; ¢.252+2T>G 0 N <1 S S

43 9.64917>C; ¢.252+2T>C 0 N <1 S S

44 0.6676A>G; ¢.253-2A>G 1 N <1 S F

45 g.10506insT; ¢.391+1insT 0 N <1 S F

HB causative Promoter region mutation

46 g.-6G>A; ¢.-35G>A 29 N 6 Mi S CpG

HB causative small Ins/Del

47 g.118_119delGTTT; 5 N <1 S F
€.88+1_4delGTTT

48 g.105_106delGinsAGA- p.A26Rfs*14 0 Transient <1 S S
TATCCTAAA; LR
€.76_77delGinsAGATATCCTAAA

49 0.30845_30846delGA; p.E288Tfs*22 0 N <1 S F
€.862_863delGA

HB causative gross deletions

50 Deletion exon 7_8 S <1 S S

51 Deletion exon 6 p-Ala173_Gly242delfs* S N <1 S S

5

52 Deletion exon 4 p.Val92_Asp131del S N <1 S F

53 Deletion exon 1_8 S N <1 S F

54 Deletion exon 1_8 S + HR <1 S S

55 Deletion exon 1_8 S +HR <1 S S

Fifty-five patients (Case #) with haemophilia B whose F9 causative mutation was characterized are shown. Notation (c.) and (p.) corresponds to the recommen-
dations of the HGVS and Goodeve et al (2011) * (g.) Legacy numeration corresponds to Yoskitake et al (1985) (1, 10). ** Number of reports in the HB inter-
national database (URL, http://www.kcl.ac.uk/ip/petergreen/ Dec-2011). Inhibitor development is classified in categories (N, without inhibitors; +, long-lasting
inhibitors; HR, high response; LR, low response, Transient, inhibitors that disappeared before the sixth month). FIX activity (%). HB phenotype severity (Severity)
is classified in three categories: severe (S), moderate (Md) and mild (Mi). F/S indicates the familial (F) or sporadic (S) origin of haemophilia. Obs., observations,
CpG, indicates a point mutation occurring at the hypermutable CpG dinucleotide, and OC, obligate carrier.

ure 1, available online at www.thrombosis-online.com) confirming
the highest inhibitor risk for this type of severe FIX null mutations
as was originally reported (26). All five cases developed persistent
high responding FIX inhibitors (present >6 months, historical
peak >5 Bethesda units [BU]). In contrast, a novel indel frameshift
(p-A26Rfs*14) in exon 1 (P>Figure 1, case 48 in »>Table 1) had
transient low-responding inhibitors. In agreement with predic-
tions from the literature on HB mutations, we did not find HB
cases with inhibitors associated with splicing defects or missense
mutations (27).

© Schattauer 2013

The identification of the causative mutation in our series of pa-
tients with HB including all registered cases with FIX inhibitors
allowed us to make estimations about relative and absolute risks of
inhibitor development by HB causative F9 mutation type by the
combined use of the unbiased HB population frequencies of F9
mutation types, the absolute inhibitor prevalence in HB (3.05%)
and the relative risks (IOR) of each mutation type (present/absent)
versus inhibitor status (yes/no) applying a case-control analysis on
a comprehensive series of 55 Argentine patients with HB. »Table
3 shows estimations of the F9 mutational odds ratio IOR and abso-
lute prevalence IP for developing FIX inhibitors. Noteworthy, mis-
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Figure 1: Spectrum and location of HB causative mutations. (i) Mis-
sense mutations (circles); (i) nonsense mutations (squares); (iii) splice mu-
tations (donor or acceptor right or left handled semicircles, respectively),
small deletions (triangle), small insertions (inverted triangle). A dark center
indicates association with inhibitors and light centre, absence of inhibitors;
(iv) scheme of FIX protein in which each domain is indicated: Pre: pre-pep-

tide, Pro: pro-peptide, Gla: y-carboxy glutamic domain, H: hydrophobic do-
main, EGF-1 and -2: epidermal growth factor 1 and 2, respectively, Act. P: ac-
tivation peptide and Serine Protease: catalytic domain. (v) F9 scheme includ-
ing exons 1-8; (vi) large deletions are represented as horizontal bars: three
entire F9 deletion (exons 1-8), two deletions of a single exon (exon 4 and
exon 6) and one two-exon deletion (exons 7-8).

Table 2: Inhibitor development in inter-

Series Cases with in- Cases with HB mutations Origin Reference ional pati ith HB
hibitors / Total inhibitors/  associated with national patients with HE.
severe cases inhibitor (N)
1 6/217 6/68 Large F9 deletion (4) UK Saad et al, 1994 (16)
(2.8%) (8.8%) Small indel (1)
Nonsense (1)
2 7162 7130 Total F9 deletion (2)  Sweden Lung et al, 1995 (17)
(11.3%) (23.3%) Partial F9 deletion (2)
Nonsense (3)
3 1115 117 Total F9 deletion (1)  France Parquet et al, 1999
(6.6%) (14.3%) (18)
4 9/77 9/38 Total F9 deletion (2)  Sweden Ljung et al, 2001 (19)
(11.7%) (24%) Partial F9 deletion (1)
Small F9 deletion (2)
Nonsense (4)
5 8/236 8/152 Large F9 deletion (3)  Italy Belvini et al, 2005
(3.4%) (5.3%) Nonsense (5) (20)
6 8/302 81211 Large F9 deletion (3) Italy  Tagariello et al, 2007
(2.6%) (4%) Nonsense (5) (21)
7 133 127 Large F9 deletion (1) Korea  Kwon et al, 2008 (22)
(3%) (3.7%)
8 21144 2147 Large F9 deletion (2) USA Miller et al, 2012 (23)
(1.4%) (4.2%)
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sense mutations presented a very significantly low IOR of 0.05
(confidence interval [CI] 0.0027-0.9902) and an IP of 0.4% (CI
0.02-3.04%), whereas nonsense mutations presented a signifi-
cantly high risk IOR of 11.0 (CI 1.5-79.9) and an IP of 14.3% (CI
4.3-20.3%) (P> Table 3). Splice site mutations, frameshifts and the
Leiden F9 promoter mutation revealed the same non-significant
IOR of 0.94 accompanied by extremely wide confidence intervals
encompassing unity (null hypothesis).

The group of large deletions showed non-significant differences
for inhibitor development (p = 0.086, »Table 3) although it in-
cluded three deletions of the entire gene (two of them associated
with inhibitors) and three large partial deletions without in-
hibitors, which showed similar inhibitor risks to those obtained for
F9 nonsense mutations. However, if only deletions spanning the
entire F9 were computed as a single group, significantly increased
risks were obtained (p = 0.019), i.e. an IOR of 32.7 (CI 2.3-471.3)
and an IP of 45.0% (CI 6.6-75.4%) (P Table 3).

The observation of HB cases with equal clinical severity caused
by the same causative mutation and different inhibitor status high-
lighted the fact that there are still additional risk factors for in-
hibitor development to reveal (genetic and/or environmental fac-
tors). Our series showed two patients with the same nonsense mu-
tation (i.e. p.R75*) (cases 34 and 35) and three patients with dele-
tions of the entire F9 (cases: 53, 54 and 55, > Table 1), who showed
discordant inhibitor status.

It has been observed that a subgroup of patients with severe HB
caused by deletion of the entire F9 gene and particular nonsense
mutations developed inhibitors and anaphylaxis, suggesting the
association of these two clinical signs in response to therapeutic
exogenous FIX (28, 29). Although one of our patients with severe
HB due to an entire F9 deletion mutation developed high respond-
ing (HR) FIX inhibitory antibodies along with a strong allergic re-
sponse during his early treatment, it was not associated with an-

aphylaxis (case 54, »>Table 1). Our other patient with severe HB
and HR inhibitors caused by a nonsense mutation (p.R75*) suf-
fered strong repeated infections in his knee arthropathies (case 35,
» Table 1). However, these immunological and clinical features
were not specifically associated with FIX inhibitor development in
HB as these features also affected other patients with severe HB
without inhibitors (data not shown).

Molecular analysis shortly after laboratory diagnosis of severe
HB may identify children at risk of developing inhibitors. The
close monitoring of these patients at risk of anaphylaxis and aller-
gic reactions, associated with entire F9 deletions or nonsense mu-
tations, during early replacement therapy with FIX products en-
ables clinicians to apply appropriate treatment when a first indi-
cation of life-threatening emergency happens.

Spectrum of Haemophilia B-causative F9 defects and
polymorphic variants

Missense mutations

Our group of 32 unrelated cases with missense mutations included
three novel single nucleotide changes associated with severe HB:
¢.160G>C in exon 2 predicting p.E54Q in the Gla domain,
¢.305G>T in exon 4 predicting p.C102F in the EGF-1 domain and
¢.1274T>C in exon 8 predicting p.L425S in the serine-protease
catalytic domain of mature FIX (cases 4, 5 and 28, respectively,
P Table 1). Sixty-five % (21/32) of the missense mutations were as-
sociated with clinical and biochemical levels of severe HB, 19%
(6/32) moderate and 16% (5/32) mild HB. The fact that all three
novel mutations associated with severe disease agrees with the
high turnover (gain and loss) rates observed among severe disease
for X-linked recessive disorders (each severe mutation presents a
low persistence through the generations), in contrast to moderate

Table 3: FIX inhibitor risks in Argentine pa-  pytation type HB' Cases? Controls3 IOR*(CI95) 1P5 (CI95) P-value®
tients with HB. [%] N=5 N=50 [%]
Missense 615 0 32 0.05(0.003-0.99) 0.4 (0.02-3.04)  0.0097**
Splicing defect 77 0 4 0.94(0.04-19.9) 2.9(0.15-24.8)  1.0000
Frameshiftindel & 7.7 0 4 0.94(0.04-19.9) 2.9(0.15-24.8)  1.0000
Leiden
Nonsense 135 3 6 11(1.51-79.88) 14.3 (4.3-21) 0.0267*
All-large deletions 9.6 2 4 7.67(0.97-60.2) 14.3(3.0-27.5) 0.0864
Entire F9 deletions 3.8 2 1 32.7 (2.26-471) 450 (6.6-75.4) 0.0194*

'HB [%]: Artificially made unbiased HB population excluding three patients of the Inhibitor Molecular
Protocol to estimate the natural mutation type frequencies in Argentine patients with HB. 2Cases: Long-
lasting inhibitor positive cases (high and low responders). 3Controls: Inhibitor negative or transient.
#|OR: Inhibitor Likelihood Odds Radio (Mutation positive / Mutation negative), (C195): Confidence Inter-
val 95%. °IP [%)]: Absolute inhibitor prevalence, CI95: Confidence Interval 95%. Null hypothesis is
3.05%, which represents the global HB inhibitor prevalence in Argentina.®P values: Fisher exact test P
value; * P<0.05 significant, ** P<0.001 highly significant.

© Schattauer 2013

Thrombosis and Haemostasis 109.1/2013

Downloaded from www.thrombosis-online.com on 2012-11-01 | ID: 1000490121 | IP: 130.194.20.173
Note: Uncorrected proof, prepublished online

For personal or educational use only. No other uses without permission. All rights reserved.



or mild disease (Haldane’s rule) (30). Consequently, severe HB
mutations tend not to be restricted to particular ethnic or geo-
graphic groups. Therefore, Argentinian novel severe HB mutations
may also appear in other parts of the world as a consequence of a
general pathological mechanism.

Missense mutations were distributed in almost all of the FIX
domains (P Table 1 and »>Figure 1). None of the 32 patients had
FIX inhibitors.

In order to estimate the potential consequences of the residue
changes resulting from novel missense mutations, the human FIX
sequence was aligned with its orthologues. The analysis showed
that all three novel missense changes involved a highly conserved
amino acid (see Suppl. Figure 2, available online at www.thrombo
sis-online.com). Furthermore, these missense changes were not
observed in 200 X-chromosomes from the Argentine healthy
population reducing the possibility of prevalent HB-neutral single
nucleotide polymorphisms in our population.

The potential structural and functional changes associated with
our novel FIX missense mutations were analysed using 3D struc-
tural analysis software. However, it is advisable to exercise caution
about the possible functional consequences predicted by this the-
oretical approach based on the data of FIX activity and clinical se-
verity and without FIX antigen data to rule out, for example, intra-
cellular degradation of mutated FIX, reduced protein secretion, in-
stability in the circulation of a correctly secreted product, or possi-
ble pleiotropic effects of the mutation on protein biology affecting
both secretion and FIX function.

Missense mutation p.E54Q is a non-conservative change
(negative polar to neutral polar residue) associated with severe HB
and was predicted to introduce modifications in the hydrogen
bond network of the Gla domain and more importantly, it may
impede gamma carboxylation of both Glu54 and Glu53 (as it is
predicted to be involved in a putative hydrogen bond with Gln54)
(Suppl. Figure 3A; available online at www.thrombosis-online.
com). These are the first and second Glu residues of a series of 12
glutamic acid residues (Suppl. Figure 2A; available online at www.
thrombosis-online.com) that should be modified for proper inter-
action between the FIX Gla-domain and the platelet surface,
which is essential for tenase complex activity.

Missense change p.C102F was predicted to disrupt the disulfide
bridge between Cys102 and Cys117, which is part of a triad of dis-
ulfide bonds (ie. Cys97-Cys108, Cys102-Cysl17 and
Cys119-Cys128) that maintain the structural scaffold of the FIXa
EGF-1 domain, thus potentially compromising its function (Suppl.
Figure 2B; available online at www.thrombosis-online.com). The
HB database reports other missense defects affecting the same FIX
residues Glu54 and Cys102 (p.E54G and p.C102R), both associ-
ated with a severe phenotype, indicating the important roles of
these residues for FIX activity.

Other unreported missense mutation affecting a previously un-
involved residue, p.L425S, was hypothesised to distort a key region
of the catalytic domain that holds in place Ser411, one of the three
amino acids of the catalytic triad (Ser411, His267 and Asp315) es-
sential for the function of serine proteases by means of a subtle
mechanism. This non-conservative missense change at a highly

Thrombosis and Haemostasis 109.1/2013

conserved residue, Leu425 was predicted by in silico 3D modelling
(validated in Suppl. Figure 4A, available online at www.thrombo
sis-online.com) to affect neither the hydrogen bond network nor
the molecular surface at the FIX catalytic domain (Suppl. Figure
3C, available online at www.thrombosis-online.com). Moreover,
Leu425 is deeply buried in the catalytic domain and is predicted to
interact with four residues Ile334, Pro414, Val263 and Val447
forming a hydrophobic core that allows the normal B-sheet struc-
ture of the centre of the catalytic domain, to hold in place the cata-
lytic triad (Suppl. Figure 4B, available online at www.thrombosis-
online.com). In missense p.L425S, the putative replacement of Leu
(a large branched aliphatic residue) by Ser (a small polar residue)
may disturb this hydrophobic core by introducing an alcohol
group thus preventing these hydrophobic interactions and particu-
larly disturbing the p-sheet loop delimited by Cys407 and Cys435
that holds in place Ser411 (Suppl. Figure 4, available online at
www.thrombosis-online.com) (1). Our hypothesis is that p.L425S
may introduce a structural instability in loop Cys407-Cys435 in
the catalytic domain impacting on the protease activity of FIXa. In
addition to the presented theoretical structural analysis of these
novel missense mutations, alternative explanations to support the
severe HB phenotype, such as defective secretion of FIX from the
hepatocyte or correct secretion but reduced stability in plasma,
cannot be excluded without FIX antigen data.

Although most of our spectrum of patients affected by F9 mis-
sense mutations presented similar clinical and laboratory severiti-
es to those reported on the HB database, two out of 18 severe de-
fects (20%), two out of six moderate and four out of six mild (67%)
escaped this rule. This increasing inconsistency observed in milder
phenotypes might be associated with the wide diversity of mis-
sense changes and their dependence on subtle differences in their
molecular interactions, which become particularly prevalent in
non-severe structurally-conserved missense mutations and also
upon inter-laboratory differences in determining FIX level.

Nonsense mutations

Two of the nine patients with HB and nonsense mutations had
novel single nucleotide changes: ¢.103G>T within exon 2 (p.E35%),
and ¢.535G>T exon 6 (p.G179*) (cases 33 and 36, respectively,
» Table 1).

In agreement with unreported point mutations leading to mis-
sense and nonsense mutations, none of our new single nucleotide
changes involved a CpG dinucleotide and all of them corre-
sponded to nucleotide transversions (6).

Intronic point mutations

Four patients showed intronic point mutations affecting splicing
consensus sequences, all of them with clinical features of severe
disease, but without FIX inhibitors (®Table 1). Three were novel
mutations: two cases had nucleotide substitutions both affecting
the intron 2 donor splice site; ¢.252+2T>G and ¢.252+2T>C (cases
42, 43, respectively, »>Table 1), and one case had a single nucleo-
tide insertion at the intron 4 donor splicing site, ¢.391+3insT (case

© Schattauer 2013

Downloaded from www.thrombosis-online.com on 2012-11-01 | ID: 1000490121 | IP: 130.194.20.173
Note: Uncorrected proof, prepublished online

For personal or educational use only. No other uses without permission. All rights reserved.



45, P> Table 1). The impact of the mutations were analysed by
bioinformatics tools that score and predict splicing sites. Most of
these tools recognised the F9 wild-type splicing sites with high
scores, indicating that the analysis was informative (4/4 for
¢.252+2T>G and ¢.252+2T>C, and 3/4 for ¢.391+3intT, Suppl. Fig-
ure 5, available online at www.thrombosis-online.com), whereas
all mutated sequences presented score values below the software
detection thresholds (Suppl. Figure 5, available online at www.
thrombosis-online.com). Moreover, mutations ¢.252+2T>G and
€.252+2T>C were unequivocally associated with splicing defects as
any mutation at the conserved dinucleotide GT (+1/+2) of donor
splice sites have been experimentally proven to be deleterious to
splicing function (14).

Although the direct experimental determination of splicing de-
fects is the gold standard to link genotype and phenotype, the
computational analysis has proven to be valuable to achieve accu-
rate predictions when patient’s RNA is not available (31).

Nucleotide mutations in 5" untranslated regions

Our series included a young patient (seven years old) with mild
HB, who had a well-known nucleotide transition in the F9 pro-
moter region, c.-35G>A (g.-6G>A). This specific mutation has
been reported in HB Leiden and predicts a hormonal-dependent
increase in factor IX levels after puberty associated with an impor-
tant improvement in patient’s clinical features, normalisation that
is predicted to be more significant than for other mutations in this
region of the F9 promoter (20, 32, 33).

Large F9 deletions

Our series comprised six cases with large F9 deletions, all of them
associated with severe disease. Three cases showed a consistent ab-
sence of all F9 amplimers (cases 53, 54 and 55), case 50 showed an
absence of four adjacent F9 amplimers (exons 7-8 plus the poly-A
consensus site) (P Table 1) and two cases showed an absence of
one exon (exon 6 and 4, in cases 51 and 52, respectively, P> Table 1,
P Figure 1). In all cases, large F9 deletions were analysed using
multiplex-PCR amplification of a F9 specific amplimer along with
a HBB specific amplimer, as an internal control.

The deletion of exon 4 predicted an in-frame shortened protein
(c.276_392del; p.Val92_Asp131del) with loss of all EGF-1 domain
residues. These are essential for the interaction between FIX-
FVIIIa and FIX-FX, and for FIX activation by FVIIIa and tissue
factor (34). The exon 6 deletion predicted a frameshift introducing
a premature stop codon (c.520_724del; p.Ala173_Gly242delfs*5).

Small indel mutations

Two unreported small indel were found. The first was identified in
a severe HB patient with a low responding transient inhibitor,
whose indel predicted a frameshift in exon 1, c.76delins12;
p-A26Rfs*14 (case 48). A 2 bp deletion mutation in exon 8,
.862delGA; p.E288Tfs*22 was found in a severe HB patient with-
out inhibitors (case 49, > Table 1).

© Schattauer 2013

This work presents the first molecular series of HB causative
mutations in Argentina. It applied a cost-effective laboratory algo-
rithm for F9 genotyping adapted to the characteristics of a devel-
oping country that started with detection of gross deletions by
multiplex PCR amplification, followed by rapid small mutation
screening based on high resolution CSGE, and concluded by char-
acterisation of the specific HB-causative mutation by DNA se-
quencing.

These procedures enabled provision of reliable information for
genetic counselling in 55 HB families.

Our series of 55 families showed 34 cases (62%) of sporadic HB
(27 severe and 7 moderate/mild) and 21 cases (38%) showed fam-
ilial HB (16 severe and 5 moderate/mild) (P Table 1). Among 13
studied probands mothers (38%) from families with sporadic HB,
five were negative for the causative mutation in peripheral blood
leukocytes. All these five mutations (i.e. two missense: ¢.127C>T,
¢.1306G>A, two nonsense: ¢.535G>T, ¢.655C>T, one splice defect:
¢.252+2T>C) were associated with severe disease and originated
from either a de novo mutation affecting a single maternal germ
cell or from germinal mosaicism involving partially or totally the
female gonad. A former study from Ketterling et al. revealed the
parental origin of HB mutations: 25 out of 39 cases occurred in the
female germ line and 18 in the male germ line indicating a male/
female ratio of 3.8-fold (p<0.002) taking into account the number
of X-chromosomes involved by Bayesian analysis (35). Our high
proportion (38%) of peripheral blood mutation-negative mothers
revealed that, at least in our series of HB mutations, de novo mu-
tations were not associated with the same extent of male bias as F8
inversions in HA, where virtually all proband’s mothers were car-
riers (>98% in our series of F8 inversions and previous reports)
(36).

The data on the molecular pathology of HB presented here
constitute a clear example of how the use of freely available bioin-
formatic tools to provide rational explanations of clinical charac-
teristics and, perhaps more importantly to help in making adjusted
predictions about the potential outcomes associated with specific
F9 genotypes.

What is known about this topic?

e To the best of our knowledge a direct assessment of the F9 geno-
type specific inhibitor risks by a case-control study in haemophilia
B patients has not been conducted thus far.

o Different series of F9 mutations worldwide have shown both re-
current and novel (ethnical/geographical-specific) haemophilia B
causative mutations.

What does this paper add?

o This paper provides the first direct statistical estimation of F9 ge-
notype specific inhibitor risks by a case-control study. We report
six F9 mutations associated with inhibitors.

o This manuscript describes the first Argentine series of haemophi-
lia B causative mutations and identified 10 novel F9 mutations.
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