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Summary. Bleeding symptoms and clotting activity
vary among mutations that alter mRNA splicing of
either the factor VIII or factor IX genes. We
analyzed splicing mutations in both genes for
changes in individual information (Ri, in bits)
involving both donor or acceptor sites. Mutations
with low or negative Ri values (<2.4 bits) or
significant changes in Ri (DRi ‡ 7 bits) exhibited

either reduced protein activity, increased clotting
time and bleeding frequency and were predictive of
severe disease. Thus, information analysis of splicing
mutations may be useful in predicting phenotypes in
hemophilia.

Keywords: F8c, F9, information theory, mRNA
splicing, Mutation analysis, phenotype

Molecular diagnostic analysis of factors VIII (F8C)
and IX (F9) genes identifies mutations that affect
clotting activities, factor levels, bleeding severity, and
the risk of inhibitor development. Characterization
of individual genotypes may be useful in guiding
treatment of asymptomatic patients to prevent ar-
thropathy or inhibitor development [1–4]. Of the
approximately 16% of mutations in genes which
affect mRNA splicing [5], some abolish normal
mRNA, and others reduce transcript levels active
abnormal splice isoforms, or have little or no effect
on expression. In some instances, effects on splicing
are not inherently evident from nucleotide sequence
changes. It is generally not feasible to assess the effect
of every variant on mRNA levels, because haemo-
philic genes are poorly expressed in leucocytes and
because of the logistics of undertaking such compre-
hensive analyses.

We examined the possibility that splicing muta-
tions in F8C and F9 and the corresponding clinical
phenotypes could be predicted in silico with infor-
mation theory-based models which measure changes
in donor and acceptor splice site affinity. The

individual information content (Ri) measures the
strength (in bits) of the splice site relative to other
functional sites and is related to binding affinity.
Splicing mutations reduce Ri values of natural splice
sites and/or significantly increase the values to create
or strengthen cryptic sites [6,7]. Previous studies of
other disorders have shown that individual informa-
tion analysis can accurately predict the severity of
splicing mutations based on the calculated level of
residual normal mRNA and corresponding pheno-
types [6–9]. Complete splice site inactivation
(Ri< 2.4 bits) results in either exon skipping or
cryptic splicing and severe disease. Conversely,
mutant splice sites with Ri ‡ 2.4 bits may be
incompletely inactivated, reducing levels of mRNA,
resulting in milder disease [7]. Most substitutions
with little or no change in Ri values have little effect
on splicing [6]. The reduction in correctly spliced
mRNA can also be estimated from the minimum fold
change in splice site strength as 1/(2DRi) [7–9].

We analysed 94 variants predicted to alter splicing
from the Human Mutation (http://www.hgmd.org),
Hemophila A (http://europium.csc.mrc.ac.uk) and B
(http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.
html) databases, among 584 single nucleotide substi-
tutions in the F8C or F9 genes [5]. Clotting activities
and clinical severity were derived from databases and
the original reports [5]. The information contents of
71 splicing variants (including seven in F8C and 64 in
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F9) were determined with the Automated Splice Site
Analysis system (https://splice.cmh.edu) and com-
pared with their corresponding clinical phenotypes
(refer to Appendix, which comprehensively cites all
the mutations), after excluding those with incomplete
or missing phenotypes (n ¼ 13) or those whose effects
could not be dissociated from either linked missense
changes (n ¼ 8) and compound heterozygous muta-
tions (n ¼ 2). Reduction in activity was graded severe
for levels £1% of normal, moderate for values 1–5%,
and mild for values >5% of normal [10,11]. Clinical
severity of 28 splice site variants was graded mild,
moderate or severe according to Eyster bleeding
symptom criteria [12].

Information analysis predicted the complete loss of
splice site recognition for 37 mutations (Ri,variant< 2.4
bits), residual or leaky splicing for 31 mutations
(2.4 £ Ri,variant << Ri,normal) and essentially no effect
for three variants (Ri,variant � Ri,normal). However,
concomitant activation of cryptic splice sites was
predicted for 17 mutations. In the two patients in
which mRNA had been analysed, predicted null
alleles were confirmed. Information contents of splice
mutations were related to corresponding phenotypes
by determining thresholds for discriminating mild or
moderately reduced protein activity from severe
phenotypes with a receiver operating characteristic
curve (ROC; 13). Most predicted non-functional
splice sites with Ri values <2.4 bits were clinically
severe, correctly predicting both a severe reduction of
clotting activity with 86% sensitivity and 61%
specificity and severe bleeding symptoms with
100% sensitivity and 46% specificity (Table 1).
Similarly, we found that changes in splice site
strength (DRi ‡ 7 bits) predicted to reduce mRNA
levels to < 0.7% of normal corresponded well with
severe phenotypes (P ¼ .001; area under ROC curve
was 0.74 for both Ri and DRi). Using this DRi

threshold severely reduced clotting activity was
predicted with 77% sensitivity and 80% specificity
and severe bleeding symptoms with 100% sensitivity

and 83% specificity. Cryptic splice site activation was
predicted for 13 mutations with severely reduced
protein expression, whereas four cryptic mutations
exhibited mildly or moderately reduced protein
levels, presumably due to residual splicing at the
corresponding natural splice sites [7–9].

While mRNA analysis remains the gold standard
for splicing mutation analysis [14], it is nevertheless
not feasible to evaluate all potential F8C and F9
variants in each patient for possible effects on
splicing. Information theory-based models can pri-
oritize among variants for subsequent characteriza-
tion as potential splicing mutations. These models,
which have proven reliable for assessing splice site
mutations of other genes [6,7,9], can often predict
phenotypic severity of mutations responsible for the
major forms of haemophilia.
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Sensitivity Specificity
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phenotype*

Per cent

of

patients

True negatives/total

with non-severe

phenotype*

Severe reduction of

clotting activity

Ri < 2.4 bits 86 32/37 61 19/31

DRi > 7 bits (0.7%) 77 41/53 80 12/15

Severe bleeding (Eyster)

Ri £ 2.4 bits 100 9/9 46 6/13
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