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Abstract
A de novo insertion of an Alu repeated DNA element was 
found within exon V of the factor IX gene in a patient with 
severe haemophilia B. The element interrupts the reading 
frame of the mature factor IX at glutamic acid 96 resulting in a 
stop codon within the inserted sequence. The Alu repeat is 322 
bp long, and the 5' region is shortened by 38 bp. The insertion 
created a target site duplication of 15 bp consistent with retro- 
position, and contains a pure polyadenine tract of at least 78 
residues at the 3' end. The nucleotide sequence agrees with a 
consensus for an Alu subfamily which is evolutionarily the 
most recently inserted, suggesting that it is an exact copy of a 
putative source gene. These observations indicate that retro- 
position of Alu elements is a continual process and a mecha
nism for generating human genetic defects.
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elements also contain an A-rich 3' end of vari
able length, and are flanked by short direct re
peats at the sites of integration into the genome 
[1], They are thought to have evolved from the 
polymerase-III-transcribed 7SLRNAgene [2], 
Alu repeats have been divided into subfamilies 
of related sequences [3-7], The sequence diver
gence of the subfamilies suggests that they have

Introduction

The Alu family is the predominant short in
terspersed repetitive DNA element (SINE) in 
primates, with more than 500,000 copies in the 
haploid human genome [1]. An Alu repeat is 
approximately 300 bp long, and is separated 
into two halves by a short A-rich region. Alu
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Southern Blotting
Genomic DNA from members of the family, HB-7 

and normal controls were isolated from white blood 
cells [ 14], Ten pg of DNA were digested to completion 
with the restriction enzymes TaqI, XmnI, Hindlll, 
EcoRI and Bell according to the manufacturer’s rec
ommendation (Boehringer, Mannheim, FRG). South
ern blots were performed essentially as described in 
Sambrook et al. [15]. The blots of TaqI- and Xmnl- 
digested DNA were hybridized with a 2.5-kb HindlH- 
EcoRI-digested genomic fragment (probe pVIII) [16] 
containing exon IV of the human factor IX gene and 
flanking introns. The blots of Hindlll-, EcoRI- and 
BcII-digested DNA were hybridized with a full-length 
factor IX cDNA [16] which is 1,981 bp long and corre
sponds to the coding region and about half of the 3' 
non-translated region of the factor IX mRNA.

been inserted into the genome at different evo
lutionary periods. A group of Alu elements 
refered to as the ‘new’ [8], human-specific (HS) 
[9] or predicted variant (PV) [10] Alu sub
family is among the most recently inserted Alu 
repeats because many members are present 
only in the human genome and some are poly
morphic insertions in the human population. 
We will utilize the HS terminology when refer
ring to this subgroup of Alu elements.

Alu repeats are considered to be retropos- 
ons, sequences that transpose through the re
verse transcription of a RNA intermediate 
[11], It has been difficult, however, to directly 
demonstrate in vivo transcription or transpo
sition of an Alu element. A mRNA corre
sponding to the consensus sequence of the HS 
subfamily members has been identified, sug
gesting that there is transcription of an active 
Alu source gene [10]. LINE-1 or LI long inter
spersed repetitive elements may provide the 
reverse transcriptase to transpose Alu ele
ments in the mammalian genome [12], A 
recent report of a new insertion of a HS Alu 
element in an intron of the type 1 neurofibro
matosis (NF1) gene [13] indicates that trans
position of Alu elements is a continual pro
cess. We describe here the first de novo inser
tion of an Alu element belonging to the HS 
subfamily within the coding region of a gene. 
The insertion was found in the factor IX gene 
of a patient with severe haemophilia B, an X- 
linked inherited disorder involving defects in 
the blood coagulation factor IX.

Polymerase Chain Reaction (PCR)
The primer sets pHB-12 (5'-CCCAATGTA- 

TATTTGACCCA-3'; nucleotides 17569-17589 [17]) 
and pHB-11 (5'-TGCTGAAGTTTCAGATACAG-3'; 
nucleotides 17830-17850) were used to amplify exon 
V and flanking introns by PCR [ 18] from nucleotides 
17569 to 17850 in the factor IX gene [17]. Reaction 
mixtures (100 pi) contained approximately 250 ng ge
nomic DNA, 10 pmol of each oligonucleotide primer,
2.5 U Taq polymerase (Perkin Elmer-Cetus, Emery
ville, Calif., USA), 10 mA/Tris (pH 8.3), 50 mMKCl,
1.5 mM MgCl2, 200 pM of each dNTP and 0.01% 
gelatin. Samples were denatured at 94 "C for 5 min 
and amplified for 30 cycles of 94 °C, 55 °C and 72 °C, 
each for 60 s. The final 72 °C incubation was extended 
to 7 min. Aliquots (10 pi) of the products were ana
lysed on a 6.5 % polyacrylamide gel stained with ethid- 
ium bromide.

Nucleotide Sequence Analysis 
The DNA fragment from the patient HB-7 ampli

fied with primers pHB-11 and pHB-12 was eluted 
from the polyacrylamide gel and 50 ng were subjected 
to 30 asymmetric PCR cycles [19], The single-stranded 
product was purified and concentrated in a Centricon- 
100 column (Amicon, Danvers, Mass., USA) and 7 pi 
were sequenced by the Sanger dideoxy procedure using 
the Sequenase kit (US Biochemical Corporation, 
Cleveland, Ohio, USA). Sequencing was done with 
primers pHB-11 and pHB-12 as well as two internal 
primers pHB-22 (5'-CATGTAACATTAACAAAT-3'; 
nucleotides 17675-17695) and pHB-23 (5'-TACAG- 
GAGCAAACCACCTTG; nucleotides 17749-17789).

Materials and Methods

Patient
The patient (HB-7) suffers from severe haemo

philia B with factor IX coagulation and antigen < 1 U/ 
dl. He is the only haemophiliac in the family and factor 
IX levels in the other members are normal, except in 
his mother who has low factor IX activity and antigen 
of 45 and 52% of normal values, respectively.
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Results and Discussion within the Alu element. The alteration of the 
reading frame is probably the cause of the dis
ease in HB-7, however, the Alu element in the 
intron of the NF1 gene resulted in aberrant 
splicing [13] but was in the antisense direc
tion. Many antisense Alu elements have po
tential cryptic acceptor sites which may intro
duce new splice sites and affect the processing 
of the primary transcript [20].

The structure of Alu element HB-7 favours 
insertion by retrotransposition. The element 
is flanked by perfect 15 -bp duplications of the 
factor IX target site sequence (fig. 3) charac
teristic of insertions of mobile elements into 
staggered single-stranded nicks at new ge
nomic locations [21]. Although Alu HB-7 is 
truncated at the 5' terminus of 38 bp, the tar
get site duplication abuts the 5' end, indicat
ing premature termination of reverse tran
scription, or transcription of an incomplete 
RNA. The direct repeats are not A-T rich as is 
the case for most of the recently inserted Alu 
elements [22], Nevertheless, the sequence sur
rounding the repeats is predominantly of A 
and T residues (fig. 3), agreeing with the pref
erential insertion of Alu elements into short 
A-T-rich regions [21]. Furthermore, the direct 
repeats have the sequence 5'-GANx-3' that 
has been shown to be a highly specific target 
site for insertion of many members from the 
HS subfamily [23].

Alu element HB-7 has the sequence diag
nostic of the HS Alu subfamily (fig. 4). Mem
bers of the HS subfamily share five nucleotide 
substitutions that clearly segregate this sub
group from other Alu elements [8,10, 22, 23]. 
The homogeneity of the HS Alu subfamily 
indicates that a consensus should match the 
sequence of a putative transcriptionally active 
source gene. Alu element HB-7 differs from 
the sequence only by one additional adenine 
residue in the middle A-rich region (fig. 4), 
indicating that Alu HB-7 is an exact copy of a 
source gene. This additional adenine residue

Three generations of a French family with 
a single severe haemophilia B member (HB-7) 
were studied to determine the carrier status of 
the haemophiliac’s aunts. Genomic DNA 
from the family was digested with the en
zymes TaqI and XmnI, and restriction-frag
ment-length polymorphisms (RFLPs) were 
examined by Southern blotting. DNA di
gested with TaqI shows polymorphic bands at 
1.8 (A) and 1.3 (a) kb, and XmnI at 11.5 (B) 
and 6.5 (b) kb. The haplotype of HB-7 was aB 
and segregation of the alleles demonstrated 
that the haplotype arrangement was inherited 
from his grandfather (data not shown). The 
mutation is suspected to have originated in 
the grandfather’s gametes because the moth
er’s phenotype suggests she is carrying the 
defective gene.

We then searched for rearrangements of 
the factor IX gene. Southern blotting of Eco- 
Ri-, Hindlll- and Bell-digested DNA from 
HB-7 and a normal individual were hybri- 
zided with a complete factor IX cDNA probe. 
A 5.2-kb Hindlll fragment, a 4.8-kb EcoRI 
fragment as well as a 1.7-kb Bell fragment 
include exon V of the factor IX gene. These 
fragments were enlarged by approximately 
300 bp of DNA in HB-7 (data not shown).

Exon V was amplified from genomic DNA 
of HB-7 by PCR. The normal 282-bp frag
ment is replaced by one of approximately 600 
bp (fig. 1). PCR analysis of DNA from the 
family confirmed that the alteration is present 
only in HB-7 and his mother, indicating that 
the insertion is de novo and the causative 
mutation. Nucleotide sequencing demon
strated that the inserted element is 322 bp 
long and is a member of the Alu family repeats 
(fig. 2). The insertion is in the sense direction 
and interrupts the reading frame at Glu 96 of 
the mature factor IX resulting in an inframe 
stop codon (TAA) at nucleotides 77-79
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Factor IX Gene
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Fig. 1. Exon V of the factor IX gene amplified from genomic DNA 
from members of family HB-7. Nucleotides 17569 to 17850 in the factor 
IX gene were amplified by the PCR reaction with primers pHB-11 and 
pHB-12. Products of the PCR reaction were electrophoresed on a 6.5% 
polyacrylamide gel and the pattern visualized by staining the gel with 
ethidium bromide. The normal 282-bp band seen in III2 is replaced by a 
617-bp fragment in DNA from HB-7 (III 1). The mother (III) displays two 
bands indicating that she is a carrier. Lane M = Haelll-digested cpX174 
phage DNA.

Fig. 2. Direct genomic sequencing and characteristics of the inserted 
Alu element HB-7. The sequence of the insertion using primer pHB-12 is 
shown. From bottom to top: the 5' part of exon V including one of the 
15-nucleotide repeats of the factor IX gene, followed by the Alu left mono
mer truncated by 38 bp at its 5' end, a middle A-rich region, the Alu right 
monomer and at least 78 adenine residues.
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Exon V
17688
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Fig. 3. Location of the Alu insertion in exon V of the factor IX gene. A schematic of the 
5'end of exon V is shown at the top. The 15-bp target site is boxed and the A-T-rich sequences 
flanking the target site are indicated. Below the nucleotide sequence is the amino acid 
sequence starting with Asp 85 in the mature factor IX. Alu element HB-7 inserted between 
nucleotides 17688 and 17702 of exon V resulting in 15-bp direct repeats. The arrow indicates 
the 5'-3' orientation of the Alu insertion. The sequence of Alu element HB-7 begins at position 
39 of a complete Alu sequence and is followed at position 282 by the poly(A) tract. The insert 
interrupts the CAG codon for Glu 96 in the mature factor IX resulting in an inframe stop 
codon (TAA) at nucleotides 77 to 79 within the sequence of Alu element HB-7.

in the sequence of HB-7 suggests multiple or 
dimorphic source genes. The only other re
port of a de novo insertion of a HS subfamily 
member [13] was also nearly an identical 
match to the consensus sequence (fig. 4) and 
contained the same additional adenine resi
due, implying that active retroposition is re
stricted to a very small set of closely related 
source genes. However, the existence of other 
distinct source genes is suggested by the iden
tification of recently inserted Alu elements in 
the human C1 inhibitor locus and cholinester
ase gene [24, 25] which clearly are not mem
bers of the HS subfamily.

HSAlu elements differ from other Alu sub
families in that the majority of HS members 
have only adenine residues, varying from 11 
to 37, at the 3' end, suggesting their recent ori
gin [9, 21, 23]. The new Alu element in the 
NF1 gene has a pure 3'-poly(A) stretch of

> 40 residues [13], and Alu element HB-7 has 
at least 78 adenine residues at its 3' end, these 
being the longest poly(A) tails reported for 
members of the HS subfamily. Because there 
are no known polyadenylation signals in Alu 
elements [26], it has been hypothesized that 
the A-rich 3' end is contained in the sequence 
of the source gene [27, 28]. The different tail 
lengths are due to random self-priming of the 
reverse-transcription reaction. The 78 ade
nine residues found in Alu element HB-7 
imply that the 3' end of the source gene would 
have to be at least 80 bp long, allowing for a 
minimal number of residues for self-priming. 
However, the long, pure poly(A) tract in Alu 
HB-7 and the considerable variability in the 
length of these tracts in other HS subfamily 
members also support the alternative hypoth
esis that the poly(A) tails are added and pro
cessed through post-transcriptional mecha-
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Fig. 4. Comparison of Alu element HB-7 with Alu 
consensus sequences and the new Alu insertion in the 
NF1 gene. The Alu consensus in the first line is based 
on 168 human Alu sequences [6]. Alu class IV is a con
sensus sequence for an evolutionarily recent branch of 
Alu elements [7]. The HS Alu consensus sequence is 
derived from the most recently formed subfamily of 
Alu sequences [8-10]. Sequences for the de novo 
inserted Alu element in the NF1 {Alu NF1) [13] and

factor IX gene {Alu HB7) are shown in the bottom 
lines. Identical nucleotides are indicated by dashes, 
absent nucleotides by asterisks and substitutions with 
the appropriate nucleotide. Dots refer to the 5 diagnos
tic nucleotide substitutions that separate the HS sub
family members from other Alu subgroups. The addi
tional adenine residue in the middle A-rich region 
found in elements HB-7 and NF1 is underlined.

nisms [10-11]. Retroposition of Alu elements 
is considered to be a rare event estimated at 
100 to 200 per million years [9]. Alu element 
HB-7 and the other de novo insertion of a HS 
subfamily member in the NF 1 gene [ 13] result 
in deleterious mutations. Such retroposons 
would not be retained in the population, sug
gesting that the frequency of retroposition of 
Alu repeats may be somewhat higher than that 
predicted by analysis of fixed members of the 
family. Reports of insertions of LI elements 
in the blood coagulation factor Vili gene [29- 
31 ] resulting in haemophilia A indicate that 
retroposition may be a significant but uncom
mon event for the generation of mutations. 
For example, the factor VIII, factor IX and 
cystic - fibrosis - transmembrane - conductance 
regulatory genes are among the most inten
sively studied, and over 600 disease-causing 
mutations have been identified. Retroposi

tion accounts for three of these mutations, 
including two insertions of LI elements in the 
factor Vili gene [29] and the Alu element 
reported here. The allele which was involved 
with insertions of both Alu and LI elements 
was paternal in origin suggesting that the 
retrotransposition event occurred in the pa
ternal gametes. Since the tools to efficiently 
study disease genes have been available for 
less than a decade it is expected that more 
cases of retroposition of HS subfamily mem
bers will be associated with gene defects.
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