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Abstract

To understand the molecular basis for hemophilia B in patients
with little or no circulating Factor IX antigen, a patient who
had < 0.2% circulating Factor IX antigen (Factor IXS5. 2)
was selected for analysis of his Factor IX gene. Genomic DNA
fragments from the abnormal gene were cloned into bacterio-
phage X vectors and recombinant phage were identified using
radiolabeled genomic probes obtained from the normal Factor
IX gene. The exons and flanking regions of the abnormal gene
were sequenced by the dideoxy chain-termination method and
this sequence was compared with that of the normal gene. Only
one significant difference was observed, the deletion of a single
adenine nucleotide in exon V. This resulted in a frameshift that
converted an aspartic acid at position 85 in the protein to a
valine and the formation of a stop signal at position 86. These
data indicate that the gene for Factor US.M. 2 codes for an 85
residue polypeptide that terminates after the first epidermal
growth factor domain. Thus, the putative Factor IXM.. 2 poly-
peptide lacks the second epidermal growth factor domain, the
activation peptide, and the catalytic domain present in the nor-
mal protein. This provides an explanation for the coagulation
disorder in this patient and represents the first report of a
single nucleotide deletion and frameshift resulting in hemo-
philia B.

Introduction

Hemophilia B (Christmas disease) is a bleeding disorder that
results from a deficiency of Factor IX coagulant activity. Fac-
tor IX is one of several vitamin K-dependent proteins that are
converted to serine proteases during coagulation process (1).
Patients with hemophilia B can be grouped into three general
categories based upon the amount ofimmunologically reactive
Factor IX (cross-reactive material [CRM]') circulating in their
blood (2). Individuals with normal levels ofFactor IX antigen,
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1. Abbreviation used in this paper: CRM, cross-reactive material.

but reduced Factor IX activity are designated CRM+, whereas
those with decreased levels of antigen and a corresponding
decrease in activity are designated CRMr. Individuals with lit-
tle or no factor IX antigen circulating in their blood are desig-
nated CRM-.

Recently, the molecular basis for hemophilia B has been
determined for several CRM+ patients. As anticipated, an
amino acid substitution in a critical region of Factor IX, such
as the activation site (3) in one CRM' pedigree, is sufficient for
decreased Factor IX activity. Three unrelated pedigrees have
amino acid substitutions in the leader sequence (4-6). Two of
the reports suggest a role for the leader sequence in directing
the y-carboxylation of the amino-terminal glutamic acid resi-
dues (4, 5). An amino acid substitution near the first epidermal
growth factor domain also appears to be responsible for di-
minished Factor IX activity in another CRM' patient (7). It is
not readily evident, however, how this amino acid substitution
disrupts the Factor IX activity.

The molecular basis for hemophilia B has also been deter-
mined for some CRM- patients. Defects thus far reported
range from single nucleotide substitutions in splice junctions
(8, 9) to deletions of large segments of the gene (10-12). An
association between large deletions ofthe gene and production
of antibodies directed against Factor IX has been noted by
some investigators (10, 11), but not by others (12).

Cloning of the complementary DNA (cDNA) (13-15) and
gene (16-18) for human Factor IX has enabled investigators to
analyze the gene from patients with hemophilia B. This ap-
proach has complemented classic methods of protein analysis
in CRM' patients and is the only approach currently available
to study CRM- patients.

To better understand the molecular basis for hemophilia B
in patients with little or no circulating Factor IX antigen, the
gene coding for Factor IX was selected for study from a patient
with virtually no detectable Factor IX protein. It was antici-
pated that a small genetic defect similar to those previously
reported for patients with thalassemia ( 19) might account for
the absence of circulating Factor IX. Therefore, fragments of
the gene coding for the deficient protein, designated Factor
IXSead, 2, were cloned and the coding regions, splice junctions,
proposed promoter region, and the 3' processing region were
sequenced. This led to the identification of a single adenine
nucleotide deletion at nucleotide number 17,699 in exon V,
which accounts for the molecular basis ofhemophilia B in this
patient.

Methods

Materials. The DNA restriction endonuclease EcoRI, T4 DNA ligase,
and XgtWES-EcoRI arms were purchased from Bethesda Research
Laboratories, Gaithersburg, MD. M I 3mpl 8 and M I 3mpl9 sequenc-
ing vectors and sequencing kits were purchased from New England
Biolabs, Beverly, MA. [35S]dATPaS and X DNA in vitro packaging kits
were purchased from Amersham Corp., Arlington Heights, IL. Proto-
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clone GT System Xgtl 1 DNA and XEMBL3 DNA were products of
Promega Biotec, Madison, WI. 32P-labeled deoxynucleotides were
purchased from New England Nuclear, Boston, MA, and nitrocellu-
lose, from Schleicher & Schuell, Inc., Keene, NH. X-ray film (XRPI
and XAR) was obtained from Eastman Kodak, Co., Rochester, NY,
and synthetic DNA oligonucleotide primers specific for Factor IX were
prepared by Dr. Foon Lee at the Howard Hughes Medical Institute
Synthesis Facility at the University ofWashington, Seattle, WA. DNA
sequence analysis was performed by using the program Genepro (Riv-
erside Scientific, Seattle, WA).

DNA preparation and analysis. Genomic DNA was prepared from
the peripheral lymphocytes obtained from a patient with little or no
circulating Factor IX (Factor IXS11,,k 2) and from two normal controls,
according to established methods (20). 10 ,g ofDNA from the patient
and each normal control was digested with the restriction endonucle-
ase EcoRI. The restriction fragments were separated by size on a 0.7%
agarose gel in 90mM Tris buffer, pH 8.3, containing 90mM boric acid
and 2 mM EDTA and transferred to nitrocellulose according to the
method of Southern (21). The blot was probed with a nick-translated
cDNA coding for Factor IX, labeled according to the method ofRigby
et al. (22). Prehybridization was carried out in 50 mM Tris buffer, pH
7.0, containing 0.3 M NaCl and 100 ,g/ml salmon testes DNA (TS
buffer) and 50% deionized formamide at 420C for 5 h. Hybridization
was performed in a fresh solution of TS buffer with 50% deionized
formamide and 1 X 106 cpm/ml radiolabeled Factor IX cDNA. After
- 24 h, the blot was washed at a final stringency of 0.1 X standard
saline citrate (SSC),2 and 0.5% sodium dodecyl sulfate (SDS) at room
temperature for 15 min. Excess wash solution was blotted from the
nitrocellulose, and the blot was then enclosed in Saran Wrap. The blot
was exposed to XRP1 x-ray film with an intensifying screen at -70'C
for 4 d.

Construction ofgenomic libraries. Approximately 100 Mg ofDNA
from the patient was digested to completion with the restriction endo-
nuclease EcoRI. The restriction fragments were separated according to
size on a 0.5% agarose gel in 90mM Tris buffer, pH 8.3, containing 90
mM boric acid and 2 mM EDTA. Gel slices containing fragments in
the range of 10-15, 6.7-9.4, 5.3-7, 3.9-5, and 1.4-2 kilobase (kb) were
isolated from the gel and treated, as previously described by Yoshitake
et al. (16).

A separate library was constructed for each size-fractionated frag-
ment. The mixture containing the 12.5-kb fragment coding for exon I
was cloned into bacteriophage XEMBL3 (23), as described by Yoshi-
take et al. (16). The mixture containing the 4.9-kb fragment coding for
exons II, III, and IV and the 4.8-kb fragment coding for exon V was
cloned into bacteriophage Xgtl 1 (24). Likewise, the mixture containing
the 1.8-kb fiagment coding for the 3' end ofexon VIII was cloned into
Xgtl 1. The mixtures containing the 6.8-kb fragment coding for exon
VI and the 5.5-kb fragment coding for exons VII and VIII were cloned
into XgtWES (25). A typical ligation reaction was performed overnight
at 15°C in 5 ul of ligase buffer (50 mM Tris buffer, pH 7.4, 10 mM
MgC12, 1OmM dithiothreitol, and 1 mM ATP, 50 ,ug/ml bovine serum
albumin [BSA]) with 0.5-1 Weiss units ofT4 DNA ligase. The reaction
mixture also contained a total of - 0.5 Mg of vector plus genomic
DNA. The molar ratios ofgenomic to vector DNA varied between 1:1
for the 6.8-kb insert to 6:1 for the 1.8-kb fragment. Reaction condi-
tions were optimized for each insert size and vector combination using
theoretical considerations (26) and empirical adjustments. Ligations
were packaged in vitro according to the manufacturer's instructions.

Library screening. The XEMBL3 library was grown in Escherichia
coli strain Q359, and the Xgtl 1 and XgtWES libraries, in strain Y1090.
Nick-translated genomic probes prepared from the normal Factor IX
gene were used to screen the libraries. The plaque hybridization
method of Benton and Davis (27) was used with the following modifi-
cations. Prehybridization was performed in 2X SSC, 2X Denhardt's
(0.04% each of polyvinylpyrrolidone 360, ficoll 600, and BSA), 0.5%

2. 20X SSC contains 3 M NaCl and 0.3 M sodium citrate, pH 7.0.

SDS, 1 mM EDTA, pH 7.5, at 60'C until the nitrocellulose filters were
thoroughly wet (from 15 min to 2 h). Hybridization was carried out in
fresh solution containing 2 X 101 cpm/ml probe for 16-24 h. The
filters were rinsed in 2X SSC, 0.5% SDS, pH 7.5, at room temperature,
followed by a wash in fresh solution at 60'C for 10 min. The filters
were dried, covered with Saran Wrap, and exposed to Kodak XAR
film in the presence of an intensifying screen at -70'C for 5-20 h.
Positive clones were plaque-purified and then amplified by the liquid
culture lysis method of Silhavy et al. (28).

DNA sequencing. Restriction fragments containing exons with
some flanking intron sequences were subcloned into Ml 3 phage vec-
tors (29, 30). Sequencing was carried out by the dideoxy chain-termi-
nation method of Sanger et al. (31), as modified for [3"S]dATP (32).
Oligonucleotide primers specific for Factor IX were designed and used
in sequencing several of the exons.

Results and Discussion

A Southern blot of an EcoRI restriction digest of genomic
DNA from a patient with severe Factor IX deficiency (Factor
IXSea5e 2) was probed with a radiolabeled cDNA for Factor IX.
Four bands of - 12.5, 6.8, 5.5, and 4.8 kb were identified by
Southern blotting and were indistinguishable from bands
present in adjacent lanes from the normal controls. The origin
of these bands is illustrated by the EcoRI restriction map
shown in Fig. 1. Note that the 4.8-kb fragment coding for exon
V cannot be distinguished from the 4.9-kb band coding for
exons II, III, and IV by Southern blot analysis of a 0.7% agar-
ose gel. These preliminary experiments indicated that essen-
tially all of the coding regions for the normal Factor IX gene
were also present in the gene from the patient with Factor IX
deficiency.

A number of X phage libraries were then constructed from
the genomic DNA from the patient, as described under
Methods. The number of phage screened for all library con-
structions is shown in Table I. Between 4 X 105 and 2.5 X 106
phage were screened for each Factor IX genomic fragment.
From one to six positive clones were identified for each frag-
ment and plaque purified, except for the library containing
exon VII and the majority ofexon VIII. A total of 4,162 bases
of Factor IXS.We 2 gene were sequenced employing the geno-
mic inserts in the phage. This included 857 bases of DNA
sequence from the exons and several hundred bases offlanking
sequence for each exon.

When comparing the DNA sequence ofthe gene for Factor
IXSeaW, 2 with the normal Factor IX gene (16), five differences
were noted. The only significant difference, however, involved
the deletion of a single adenine nucleotide at position 17,699
in the gene for Factor IXSetae 2 (Fig. 2). This deletion corre-
sponds to the first base in exon V where the adenine nucleotide
is part ofthe tripletGAT coding for aspartic acid at position 85

5, Il III IV V VI VII VIII 3'

n_H__I_ nI Inf
U J "I IU I

12.5kb 4.9kb 4.8kb 6.8 kb 5.5 kb 1.8 kb

Figure 1. EcoRI restriction enzyme map of the gene for human Fac-
tor IX. Exons are represented by the open boxes (not to scale) and
introns by the horizontal line. The exon numbers are indicated by
the roman numerals. EcoRI restriction sites are indicated by the ver-
tical lines. Bars below the gene indicate the restriction fragments that
contain exons. Their approximate sizes are shown in kilobases.
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Table L Genomic Librariesfrom the Genefor Factor IXSeal, e2

No. of phage Positives
Insert size Vector Exons cloned screened obtained

kb

12.5 XEMBL3 I 4.3 x i05 1
4.9 xgt1 1 II, III, IV 2.3 X 106 2
4.8 XgtlI V 6.0X105 2
6.8 XgtWES VI 4.7 X 105 1
5.5 XgtWES VII, 5' VIII 8.0 X iO 0
1.8 Xgtll 3'VIII 1.1 x 106 6

in the normal protein. In the gene for Factor IXSeace 2, the
deletion results in a frameshift such that a GTT codes for a
valine at position 85 and the next triplet becomes TAA, which
is a stop codon (Fig. 3). The deletion was verified by sequenc-
ing two independently isolated clones for exon V from a non-
amplified library. Thus, it is highly unlikely that the deletion
was the result ofa cloning artifact in the same position in these
two independent clones. Also, the deletion was demonstrated
by sequencing both DNA strands in the region of the defect.
The deletion of this nucleotide cannot be demonstrated by
DNA restriction endonuclease digestion since it does not
create or alter any known restriction site.

This single-base deletion is the first reported frameshift
mutation responsible for Factor IX deficiency in a patient with
hemophilia B. Similar frameshift mutations have previously
been reported for # globin deficiencies in cases of f thalassemia
(33-36). Probable frameshift mutations with less damaging
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Figure 2. Nucleotide sequence of the coding strand of exon V in the
gene for Factor IX. Sequence from the normal gene is shown on the
left and that from the gene for Factor IXSeatl 2, on the right. In the
normal sequence, the A that is identified by the arrow and sur-
rounded by the open box is the nucleotide that is absent in the gene
for Factor IXSette 2.

Factor IX

Factor IX

85 Figure 3. Effect of the single
Asp Val Thr Cys nucleotide deletion on the pu-
q&T GTA ACA T tative protein sequence of Fac-

tor IXSattk 2. A portion of the
coding sequence for normal

G T GTA ACA TGT Factor IX with its translation-Seattle 2 1 " -

-
-

into protein sequence is shown
Val Stop on top. Numbers above the
85 amino acids indicate their po-

sition in the mature protein. The A nucleotide (open box) is the nu-
cleotide that has been deleted in the gene for Factor IXSttk 2. Below
the normal sequence is the corresponding sequence coding for Factor
IXSettk 2. As a result of the deleted A in the codon for amino acid 85,
a frameshift occurs that converts the aspartic acid at position 85 to a
valine, and the valine at position 86 to a stop codon.

consequences have also been reported for other proteins, such
as albumin (37).

The mechanism responsible for the nucleotide deletion in
this case is not known. The deleted adenine nucleotide occurs
in the first base of the seven-base tandem repeat of ATG-
TAAC. There is no similarity of this sequence pattern with
patterns previously associated with deletions in the DNA slip-
page hypothesis (38, 39) or other hypotheses (40, 41). Instead
the deletion may be explained by a mechanism like dislocation
mutagenesis, which is not dependent on a specific DNA se-
quence (42, 43). As more frameshift mutations are analyzed, it
is anticipated that the mechanisms responsible for small dele-
tions will be better understood.

The second difference between the normal and abnormal
genes identified a potential FolI restriction fragment length
polymorphism at position 6,843 in which the G in the normal
gene has been replaced with an A in the gene for Factor
1XSeatete 2. This eliminates the FokI restriction site that begins at
nucleotide number 6,842. Individuals possessing this FokI site
would have two fragments of - 270 and 1,690 base pairs after
digestion with FokI, whereas individuals without the site
would have a single fragment of 1,960 base pairs. Since FokI
cuts the gene for Factor IX frequently and only 21 bases ofthe
cDNA would hybridize in the area of interest, genomic probes
specific for this region would be better suited than cDNA
probes when screening for this polymorphism. Alternatively,
synthetic oligonucleotide probes designed to match the poly-
morphic site could be used for screening. The frequency ofthis
polymorphism in the population is not currently known. Like
other restriction fragment length polymorphisms, its useful-
ness may be limited because of linkage disequilibrium with
other polymorphic sites already identified. This difference
occurs within an intron about 1 kb downstream from the third
exon and has no effect on the coding region of the gene.

The last three differences between the normal and abnor-
mal genes were found to be errors in the sequence in the 5'
flanking region of the normal gene, which was published ear-
lier from our laboratory (16). These included the replacements
of a T with an A at -2,176, -2,104, and -2,105. These errors
occur over 2 kb upstream from the promoter region and have
no effect on the amino acid sequence of the protein.

A comparison of the tentative structure of the normal cir-
culating Factor IX protein with the structure predicted by the
gene for Factor IXs= c2 is shown in Fig. 4. The Factor IXSeaUe 2
protein contains the y-carboxyglutamic acid domain, the first
epidermal growth factor domain, and terminates with a valine
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at position 85. Thus, the Factor IXSeaW, 2 protein is lacking the
second epidermal growth factor domain, the activation pep-
tide, and the catalytic domain.

It has not been established that this truncated protein cir-
culates in the plasma of the Factor IXsae 2 patient. The very
low level of protein (< 0.2%) detected in the plasma of the
patient is at the lower limit ofthe sensitivity ofthe radioimmu-
noassay used to detect the Factor IX antigen (44, 45). Also, this
patient is on home care therapy and the possibility of residual
Factor IX from previous treatments cannot be excluded. Possi-
ble explanations for the virtually undetectable Factor IXSea.td 2
antigen levels include an unstable messenger RNA (mRNA)
that is rapidly turned over without being translated, or an
unstable protein that is not secreted or that is rapidly degraded
inside the cell or in circulation. Also, rapid clearance of the
truncated protein via renal filtration is a likely possibility. A
processed but unstable mRNA, secondary to a frameshift mu-
tation, has been identified in the reticulocytes of a is thalasse-
mia patient (33).

Several potential polyadenylation signals are located
downstream of the newly generated stop codon in the gene for
Factor IXSeattle 2 at positions 18,585, 18,652, 18,717, and
beyond. However, assessment ofthe Factor IX mRNA level in
the Factor IXS5,t& 2 patient is not feasible since it would require
a liver biopsy specimen. Analysis of the patient's urine for
Factor IX antigen, however, is more feasible. Bray and
Thompson (46) have already identified a hemophilia B pedi-
gree in which renal clearance ofa truncated Factor IX protein,
Factor IXMstte , resulted in very low levels of circulating Fac-
tor IX antigen.

Regardless ofthe mechanism behind the markedly reduced
Factor IX antigen, the Factor IXS,.td,, 2 patient has a severe
deficiency of Factor IX activity. The deficiency would persist
even if the truncated protein specified by his gene were circu-
lating at normal levels because the gene for Factor IXSea 2
codes for a nonfunctional protein. This protein lacks the cata-
lytic domain and other domains that are probably essential for
binding Factor IX to co-factors or substrates. The possibility
that other point mutations may occur elsewhere in the gene
cannot be ruled out since the whole gene was not sequenced,
However, it is highly probable that the primary cause ofhemo-
philia.B in this patient is due to the deletion ofa single nucleo-
tide in exon V.
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