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Abstract Short interspersed elements, such as Alu ele-
ments, have propagated to more than one million copies
in the human genome. They affect the genome in several
ways, caused by retrotransposition, recombination between
elements, gene conversion, and alterations in gene expres-
sion. These events, including novel insertions into active
genes, have been associated with a number of human dis-
orders. Hemophilia A is an X-linked severe bleeding dis-
order and is caused by mutations in the Factor VIII gene.
The spectrum of mutations includes point mutations, re-
arrangements, insertions, and deletions. Recently, an Alu
retrotransposition event in a coding exon has been reported
in a family with a severe form of hemophilia A. This was
the first report of an Alu insertion in the Factor VIII gene.
Here, we report a second Alu insertion event that lies in
an intron of the same gene that causes exon skipping and
the complete disruption of gene expression.

Introduction

During the past 65 million years, Alu elements have prop-
agated by retrotransposition to more than one million
copies in primate genomes. Despite the fact that these el-
ements have replicated many times in the genome, under
most conditions, they remain transcriptionally silent and
therefore are not actively replicating (Hagan and Rudin
2002). Recombination events involving the Alu elements,
including novel insertions into active genes, have been as-
sociated with a number of human disorders (Szmulewicz
et al. 1998).
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Hemophilia A is an X-linked severe bleeding disorder
and is caused by mutations in the Factor VIII gene. The
spectrum of mutations includes point mutations, rearrange-
ments, insertions, and deletions (Antonarakis et al. 1995a,
1995b; Citron et al. 2002). Recently, an Alu retrotranspo-
sition event in a coding exon was reported in a family
with a severe form of hemophilia A (Sukarova et al. 2001).
This was the first report of an Alu insertion in the Factor
VIII gene. Here, we report a second Alu insertion event that
lies in an intron of the Factor VIII gene and that causes
exon skipping and hemophilia A.

Materials and methods

Human subjects

The human subjects for this study were submitted as part of a ge-
netic testing service. Informed consent was obtained from each in-
dividual tested. As the proband was a minor, the respective legal
guardian was consented. Genetic counseling of these individuals,
both prior to sampling and after the results of genetic testing be-
came available, was provided by the respective referral centers.
The consent specifically allowed research beyond routine genetic
testing for hemophilia A.

Isolation of DNA from blood samples

Genomic DNA was isolated from 1~3 ml blood by using a com-
mercial DNA isolation kit (Gentra, CA). DNA was dissolved in
500 ul 10 mM TRIS-HCI pH 8.0, 0.1 mM EDTA. Approximately
80—-100 ng DNA was obtained. For the polymerase chain reaction
(PCR), the DNA was diluted to 20ng/ul, and 5 pl aliquots were
used in a 50-ul PCR. A duplicate sample of DNA was isolated from
a second tube of blood and stored separately from the first batch of
DNA. This DNA was used for independent verification of any mu-
tation found in the first sample.

Isolation of RNA from blood samples

Total RNA was isolated from peripheral blood lymphocytes. The
lymphocytes were first separated from blood by overlaying whole
blood (3 ml) collected with an anti-coagulant, on a Ficoll-Hypaque
cushion (1 ml; Amersham, Pharmacia, Piscataway, NJ) in a 15-ml
Falcon tube. Following centrifugation, the lymphocytes were recov-



ered from the interface between the plasma and the Ficoll-Hypaque
solution. The lymphocytes were washed twice with phosphate-
buffered saline and then transferred to Trizol reagent (Invitrogen
Life Technologies, Carlsbad, CA). Total RNA was isolated follow-
ing instructions from the manufacturer.

DNA sequencing of PCR products

For routine clinical testing, all coding exons including exon/intron
boundaries of the Factor VIII gene were amplified by PCR with
genomic DNA as template and were checked on an agarose gel.
The Amplitaq Gold enzyme (Perkin Elmer, ABI, CA) was used for
the amplification of all exons. All coding exons were amplified for
the proband and indicated the absence of deletion mutations in-
volving any of the coding exons of the Factor VIII gene. PCR prod-
ucts were purified from the unincorporated nucleotides and primers
by treatment with Shrimp Alkaline Phosphatase and Exonuclease
(USB, Ohio) and subjected to dye-terminator cycle sequencing
(ABI) by using one of the PCR primers. The sequencing reaction
products were purified on a 96-well purification plate (Edge Biosys-
tems, MD), dissolved in the standard formamide-containing gel
loading buffer, and run on an ABI377 sequencer.

Any sequence change was confirmed by repeat sequencing of a
duplicate PCR product generated from a second independently iso-
lated sample of DNA with the reverse primer and visualizing the
nucleotide change in both the forward and reverse directions.

TA-cloning of PCR products

Fragment size analysis of exon-19-specific PCR product indicated
the presence of a novel fragment. The DNA fragment was se-
quenced in both directions, and an insertion of ~330 bp at position
—19 from the 3’-end of intron 18 was identified. There was a long
poly-A tract present at the end of this insert. The exact length of
this tract could not be estimated from direct sequence analysis of
PCR products of exon 19 because of polymerase slippage events
during the amplification process. Therefore, the PCR product was
cloned by using the Topo TA cloning kit (Invitrogen Life Technolo-
gies) in pCR2.1 Topo vector and was sequenced with vector-spe-
cific primers.

Reverse transcription/PCR analysis of the Factor VIII transcripts

To analyze the transcripts specific for the Factor VIII gene, the first
strand of cDNA was generated from total RNA (50ng) by using
random primers and Superscript II RNAse H- Reverse Transcrip-
tase (RTAse, Invitrogen Life Technologies). After inactivation of
the RTAse and treatment with RNAse H, the cDNA was amplified
with primers specific for the Factor VIII transcript, viz., F8C.cUf,
5’-ATATCCAGATGGAAGATCCCAC-3’ and F8C.cVr, 5’-CA-
ACTCCATGCGAAGAGTGCTGC-3’. These primers are located
in exons 17 and 23, respectively, and amplify a 788-bp fragment
from the normal transcript. This product was further amplified by
using nested primers, viz., F8C.cUf and F8C.cUr 5’-GCTCCA-
GGCATTGATTGATCCG-3’ (located in exon21), to generate a
479-bp fragment from the normal transcript. The PCR product was
sequenced by using both forward and reverse primers.

Results

The proband in this study is a 6-year-old male with a clin-
ical diagnosis of hemophilia A. The factor VIII level in
blood at the time of diagnosis was less than 1%. Family
history included a possible diagnosis of hemophilia in three
maternal great-uncles, but that was never confirmed. The
mother was one of two daughters with no male siblings.
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The affected individuals from previous generations were
deceased and not available for genetic testing.

The proband and his mother were previously studied in
the laboratory of Dr. D. Ginsburg, University of Michigan.
The proband was negative for the common mutation, in-
version of intron 22 of the Factor VIII gene. Linkage analy-
sis was performed with three informative markers: (CA),
repeats in intron 13, the Bcll restriction fragment length
polymorphism (RFLP) in intron 18, and a HindIIl RFLP
in intron 19 (Windsor et al. 1994). The proband was shown
to have an aberrant band generated during HindIIl RFLP
analysis of intron 18, an analysis that used PCR products
amplified with primers located in introns 18 and 19.

In our assay, the amplification product for exon 19
from the genomic DNA of the proband was larger (~600 bp)
than the expected size (~300 bp). The DNA fragment was
sequenced in both directions and an insertion of ~330 bp
at position —19 from the 3’-end of intron 18 was identified.
There was a long poly-A tract present at the end of this in-
sert. The exact length of this tract could not be estimated
from direct sequence analysis of PCR products of exon 19
because of polymerase slippage events during the amplifi-
cation process. The remaining exons of the Factor VIII
gene were amplified from the proband, and all were se-
quenced as normal wild-type sequences. Therefore, the in-
sertion at position —19 of intron 18 was the only sequence
change observed in the hemophiliac male proband.

Characterization of the insert DNA

Visual inspection of the ~330 nucleotide sequence of the
insert DNA showed the presence of a 37-nucleotide-long
poly-A tail (with two interruptions), together with a dupli-
cation of 13 nucleotides at the site of insertion or the tar-
get site (Fig. 1). To determine the nature and origin of the
insert sequence, a BLAT search against the UCSC human
DNA sequence database was performed (University of Cal-
ifornia at Santa Cruz Genome Browser, http://genome.
cse.ucsc.edu/). The poly-A tail was omitted from the ini-
tial BLAT search. The search came back with multiple per-
fect hits on a number of chromosomes indicating that the
insert was likely to be a repeated sequence. When the search
was repeated against the Alu database in GENBANK, the
results indicated an almost perfect match with the Alu Sb2
family of subsequences (Batzer and Deininger 2002;
Jurka 1993; Roy-Engel et al. 2001). There were two dif-
ferences in the insert sequence with respect to the consen-
sus sequence of the Sb2 element. Further investigation in-
dicated that the insert sequence was a perfect match of
one of the youngest Alu elements, viz., the Yb9 element
(Roy-Engel et al. 2001). Thereafter, the insert was identi-
fied as an exact copy of the source sequence including the
poly-A tail with its interruptions on chromosome 1q42.3
(position 231508100-231508387 on the draft human DNA
sequence as frozen on November 2002 at UCSC).

To estimate the time point of retrotransposition of the
Alu elements, genomic DNA samples isolated from the
maternal grand mother and mother were tested. Both indi-
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Fig.1 Diagram showing the
insertion of Alu Yb9 element
in intron 18 of the Factor VIII

gene. The underlined bases in-
dicate the target site duplica-
tion of nucleotides —18 through
—6 of intron 18. Alu-Yb9 —
Consensus sequence of Yb9
Alu element, Insert — sequence
of the inserted DNA

Ingert: 355

Alu-Yb9 181 agacgga
i
Ingerts: 301
Alu-Yb9 241 ctcact?caa
HH
Insert: 241
Alu-Yb9 301
Ingert: 181
Alu~-Yb3 361
Insert: 121
Alu-Yb9 421
Ingsert: 61

viduals were found to be carriers of the same Alu inser-
tion mutation in intron 18. Therefore, the insertion event
probably occurred at some time point before the last three
generations.

Bioinformatic analysis of the genomic DNA sequence
with the insert

The Alu insertion occurs at the —19 position of the 3’-end
of intron 18 and does not affect the natural splice donor
site. Moreover, the insertion is in the opposite orientation
with respect to the direction of transcription of the Factor
VIII gene. Therefore, the consequences of this insertion at
the level of transcription are not obvious. However, the
lariat branch point of intron 18 is located at the —85 posi-
tion from the 3’-end of intron 18. Thus, the insert creates
a longer distance between an already distant lariat and the
donor site; usually, the lariats are located at —10 to —50 nu-
cleotides from the 3’-end of the intron (Fujimaru et al.
1998). Bioinformatic analysis of the genomic sequence
with and without the insert was performed. Two web-based
programs, GENSCAN web server at MIT (http://genes.
mit.edu/GENSCAN.html) and GeneSplicer web server at
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TIGR (http://www.tigr.org/tdb/GeneSplicer/gene_spl.html),
were used to analyze GENBANK entry M88642 coding
for exons 16—19 of the Factor VIII gene with and without
the insert sequence. The output from both programs showed
no difference in the predicted exons (data not shown). The
size of intron 18 was predicted to be increased by ~331
nucleotides by the GENSCAN program, because of the
insertion, without any consequences on the predicted po-
sition of the following exons.

RNA analysis

Lymphoblast cell lines were established from the proband
and his mother. Total RNA was isolated, and cDNA spe-
cific for the Factor VIII gene was generated by gene-spe-
cific primers. The entire gene was amplified; the relevant
fragments with altered sizes are shown in Fig. 2. The pre-
dicted size of the amplified fragment generated by using
nested primers in exons 17 and 21 is 479 bp. The reverse
transcription/PCR (RT-PCR) product obtained by using
RNA from the proband (lane2) for this fragment was
smaller and around ~350bp. In contrast, the RT-PCR
product obtained by using the RNA isolated from the lym-
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Fig.2 RT-PCR analysis of the Factor-VIII-specific cDNA ampli-
fication with the RNA isolated from the lymphoblast of the
proband. Top Scheme indicating the location of primers used for
nested amplification. Bottom Gel picture of the amplified RT-PCR
products from the proband and his mother. Lanes 1, 4 DNA size
markers (M), lanes 3, 4 the expected 479-bp fragment from the
normal allele (present in the mother) and the unexpected smaller
350-bp band from the mutant allele (present in the heterozygous
mother and in the proband)

phoblasts of the mother showed the presence of two
bands: 479 and 350 bp (lane 3). The smaller fragment from
the proband was sequenced with forward and reverse
primers. The results showed perfect splicing of exons
18-20, with exon 19 being spliced out. Exon 19 contains
117 nucleotides and codes for amino acids 1981-2020,
which belong to the A3 domain of the Factor VIII protein.
Therefore, exon skipping leads to an in-frame deletion of
39 amino acids and results in a non-functional A3 do-
main. There is another report of severe hemophilia A dis-
ease caused by skipping of exon 19 (Liu et al. 2002).

Discussion

Direct sequencing of all coding exons of the Factor VIII
gene has elucidated the exact nature of molecular defect
in many individuals with hemophilia A (Antonarakis 1998;
Citron et al. 2002). Most of the mutations affect the coding
sequences such that a missense, nonsense, or frameshift
mutation translates to a non-functional protein. Mutations
in consensus sequences of splice sites account for a small
proportion (5%~8.3%) of disease-causing mutations as
indicated in the on-line databases (Hamsters Database:
http://europium.csc.mrc.ac.uk/usr/WWW/WebPages/main.
dir/main.htm; Human Gene Mutation Database: http://
archive.uwcm.ac.uk/uwem/mg/hgmd0.html). Beyond the
changes that affect consensus sequences of the splice sites,
the interpretation of any other intronic changes can be
challenging.

The present report describes the first case of an intronic
Alu insertion in the complimentary strand of the coding
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sequence of the Factor VIII gene. This insertion leads to
exon skipping and elimination of 39 critical amino acids
of the A3 domain of the Factor VIII protein. There are re-
ports of exonic Alu insertions causing disease in hemo-
philia. An Alu insertion in exon 14 of the Factor VIII gene
gives rise to a premature stop codon within the insert and
causes hemophilia A (Sukarova et al. 2001). Three sepa-
rate Alu inserts in different exons of the Factor IX gene
caused hemophiliaB (Li et al. 2001; Vidaud et al. 1993;
Wulff et al. 2000). In addition, a few reports of intronic
Alu insertions causing aberrant splicing have been pub-
lished. The insertion of an Alu-like element 2.4 kb down-
stream from the 5° end of intron 11 of the dystrophin gene
(Ferlini and Muntoni 1998) causes activation of a cryptic
splice site in intron 11, resulting in an alternate transcript
with parts of the Alu-like sequence and intron 11 included.
This transcript is prematurely truncated upon translation.
However, this transcript is present together with the nor-
mal transcript in a tissue-specific manner and modulates
the disease manifestation. Similarly, the Alu insert in an
intron of NF1 gene causes exon skipping and aberrant
mRNA product (Wallace et al. 1991) and the Alu-medi-
ated intronic deletion causes Hunter’s disease (Ricci et al.
2003).

It is interesting to note that intron 18 (total length: 1736
nucleotides) of the Factor VIII gene naturally harbors
Alu-like sequences between nucleotides 427 and 950. This
repeat element has partial homology to the J subfamily of
Alu sequences and to subfamily Sb2 sequences (data not
shown). Thus, there are two Alu elements residing head to
head in close proximity within intron 18 in this proband
and his relatives and this can lead to instability in the
genome. In addition, the normal splice donor sequence of
intron 18 in the Factor VIII gene is TATAAG/GT as op-
posed to the consensus sequence of YYNYAG/GT (Sena-
pathy et al. 1990; Shapiro and Senapathy 1987). There-
fore, the possibility of a weak splice donor site resulting
from differences in the bold bases from the consensus se-
quence, together with an increased separation from the
putative lariat junction, is the probable cause of the down-
stream exon being skipped.

Bioinformatic analysis of the consequences of the Alu
insertion in the intron by using either the Gene or splice
junction prediction programs did not predict exon skip-
ping. This indicates the limited usefulness of these pro-
grams in a clinical genetic testing laboratory.

The Alu insert characterized in this study is a perfect
copy of the source site on chromosome 1g42.3 (according
to the November 2002 freeze of the Human Genome data-
base at http://genome.cse.ucsc.edu/). The length of the
poly-A tail at the end of an Alu element has been sug-
gested to determine the retrotransposition capability of the
element (Roy-Engel et al. 2002). The length of the poly-A
tail at the source Alu element on chromosome 1 is 37 nu-
cleotides with two interruptions. The same length is re-
tained at the site of insertion on chromosome X in our
proband.

The target site duplication of 13 nucleotides at the site
of Alu insertion (bold and underlined in Fig. 1) is a signa-



352

ture of Alu retrotransposition (Batzer and Deininger 2002).
Alu retrotransposition has also been reported to take place
with the help of L1 endonuclease (Cost and Boeke 1998;
Jurka and Klonowski 1996). The target site for this en-
donuclease activity is specific and has a consensus se-
quence of TTTT-NN-AA. In the present case, the insertion
took place at the position of the gap within the TTTT-AT-
AA sequence.

In conclusion, this report describes the characterization
of a recent retrotransposition event of an Alu Yb9 element
in an intron of the Factor VIII gene. The molecular conse-
quence of this event is exon skipping that leads to hemo-
philia A. The Alu Yb9 elements are human-specific and
belong to a sub-family of very recently transposed se-
quences (Batzer and Deininger 2002; Roy-Engel et al.
2001). These retrotransposition events, although rare,
seem to be ongoing and continue to shape the mammalian
genome.
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