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Inversions disrupting the factor VIl
gene are a common cause of
severe haemophilia A

Delia Lakich!, Haig H. Kazazian, Jr.2, Stylianos E. Antonarakis*® & Jane Gitschier'

Mutations in the factor VIl gene have been discovered for barely more than half of the
examined cases of severe haemophilia A. To account for the unidentified mutations, we
propose a model based on the possibility of recombination between homologous
sequences located in intron 22 and upstream of the factor VIll gene. Such a
recombination would lead to an inversion of all intervening DNA and a disruption of the
gene. We present evidence to support this model and describe a Southern blot assay
that detects the inversion. These findings should be valuable for genetic prediction of
haemophilia A in ~45% of families with severe disease.

Haemophilia A is one of the most common X-linked
diseases in man. With an incidence of about 1 in 5,000
males, it follows fragile-X syndrome and Duchenne/Becker
muscular dystrophy in frequency. For each of the latter
two disorders, the majority of cases are caused by a single
type of mutation: amplification of a trinucleotide repeat
for the fragile-X syndrome' and partial gene deletions for
Duchenne/Becker muscular dystrophy®. Consequently,
diagnostic assays that directly test for the presence of the
responsible mutations are now used routinely for genetic
prediction of these two disorders.

Haemophilia A, by contrast, is characterized by many
different mutations of the factor VIII gene. A variety of
nonsense and missense mutations, frameshifts, deletions,
duplications and insertions have been described®. While
the same mutation has been observed occasionally in
unrelated individuals, these data suggest that generally
each family bears its own mutation.

By analysing the coding and adjoining intron sequences
in genomic DNA, Higuchi et al.** sought to define the
mutation in every haemophilia A patient studied.
Mutations were found in almost all mild and moderate
patients, but were identified in only about half of the
severe patients. This surprising finding has led to the idea
that the remaining mutations giving rise to the severe
form of the disease may lie in sequences regulating factor
VIII, for example within the promoter or introns, or
possiblyinatightlylinked gene that servesasa transcription
factor required for factor VIII activity**.

Naylor etal.%, using a different approach, recently made
a discovery that began to clarify this issue. They assayed
for mutations in factor VIII cDNA rather than in genomic
DNA by PCR amplification of reverse-transcribed RNA

(RT-PCR). For 10 of 24 severely affected patients, they
found that PCR amplification across the boundary of
exon 22 and exon 23 was not possible, whereas
amplification across any combination of exons 1-22 or
exons 23-26 yielded the expected products. No other
mutations were found in these patients. Their findings
suggested that changes in intron 22 are responsible for
this class of severe haemophilia A°®.

In many respects, intron 22 is unusual. At 32 kilobases
(kb), it is the largest intron in the factor VIII gene’. It also
containsaCpGisland, located about 10kb downstream of
exon 22 (Fig. 1a). This island appears to serve as a
bidirectional promoter for two genes referred to as factor
VIll-associated genes A and B*’. Gene A, which is
transcribed in the opposite direction to factor VIII, is
intronless and completely nested within intron 22. Two
additional transcribed copies of gene A also lie ~500 kb
upstream of the factor VIII gene®*!'. Gene Bis transcribed
in the same direction as the factor VIII gene; its first exon
lies within intron 22 and is spliced to exons 23-26. Both
gene A and gene B are expressed ubiquitously.

Here, we present a model to account for the unusual
factor VIII cDNA PCR results®. In this model, one of the
upstream A genes homologously recombines with the
intron-22 A gene on the same chromosome (Fig. 1b). If
the orientation of the upstream A gene is opposite to that
of the intron-22 copy, then the homologous mispairing
and a single crossover event will result in an inversion of
the intervening DNA sequences. Consequently, the factor
VIII gene would be divided into two parts, with an intact
promoter and exons 1-22 greatly separated from, and in
opposite orientation to, exons 23-26 (Fig. 1¢).

This model is appealing for a number of reasons. First,
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Fig. 1 Diagram of the factor VIll gene and illustration of the inversion model. a, Region of Xq28 that
includes the factor Vil gene, oriented with the telomere at the left, is depicted. Three copies of the A
gene are indicated, two lying upstream of factor VIl and one inside intron 22. The location of the B
transcript is also shown. The arrows indicate the direction of transcription of the factor Vil and
internal A and B genes. The direction of the upstream A genes is hypothesized to be as shown. b,
Proposed homologous recombination between the intron-22 copy of gene A and one of the two
upstream copies. A crossover between these two identical regions, oriented as shown, would result
in an inversion of sequence between the two recombined A genes (¢). A recombination couid involve
either of the upstream A genes, but only one is presented. The crossover could occur anywhere in
the region of homology which includes the A genes.

this disruption would explain the inability to amplify
across exons 22-23 by RT-PCR. Second, as the factor VIII
promoter would not be affected, a transcript could still be
produced from the 5' portion of the truncated factor VIII
gene, accounting for the RT-PCR amplification of exons
1-22. Third, the B gene would not be disrupted by the
inversion, and the B transcript, which includes exons 23—
26, could be detected by RT-PCR as well, giving the false
impression that factor VIIImRNA isbeingassayed. Fourth,
homologous recombination could provide a common
mechanism for independently occurring mutations in a
large number of individuals. We present evidence to
support this model as the cause of severe haemophilia A
in about 45% of cases.

that exhibit the RT-PCR peculiarity®.
Lymphoblastoid cell lines from five
previously unstudied, unrelated boys
with severe haemophilia A were used
in this study. RT-PCR analysis
indicated that amplification across
the exon 22-23 boundary is not
possible for two of the five samples
(Fig. 2). In this experiment, cDNA
synthesis was primed with 16.24, a
primer based on exon 24 sequence.
Two setsof nested PCR reactions were
performed on the cDNAs: a control
set involving amplification between
exons 18 and 21, and an experimental
set involving amplification between
exons 22 and 24. Samples 1, 4 and 5
and a non-haemophilic control
sample gave aproduct of the expected
size for both amplifications, whereas
samples 2 and 3 gave the control
product, but not the experimental
product. Thus samples from two of
thefive patients presented the features
described previously® and could be
further analysed.

We hypothesize that primer 16.2A
primes cDNA synthesis at an
imperfect target sequence in the
mRNA of samples 2 and 3 because,

according to our model, the target sequence in exon 24
would not be adjacent to the 5' portion of the factor VIII
gene. The low temperature (42 °C) of the reverse
transcriptase (RT) reaction would permit this lack of
specificity. We have achieved identical results with two
additional “exon 24-specific” primers (RT24A, ER), each
differing from that used by Naylor et al.%, as well as with
random primers (results not shown).

We also tested the hypothesis that the B transcript
would not be disrupted by the proposed inversion and
could therefore serve as a template for RT-PCR
amplification between different combinations of exons
23-26 as seen by Naylor et al®. Amplification with a
primer (P26) in the B exon® and a primer (ER) in exon 24

yielded the expected product in samples 2 and 3 (data not

PCR ldentification and analysis of test samples
To test this model, we first had to identify patient samples

shown}, indicating that the B gene is intact.

Southern blot analysis

Q cur o — The predicted DNA inversion should lead to changes in
CF— <R <«1s.2arT) length of restriction fragments that include the two
(171819 [ 20 27 22 | 23 [ 24 | breakpoints. To detect such a rearrangement, we needed
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Fig. 2 RT-PCR of RNA from patient and control
b CONTROL EXPERIMENTAL lymphoblastoid cell lines. The locations of exons for a
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portion of the factor VIll cDNA are shown in a. The
positions of primers used for reverse transcription (16.2A),
nested control PCR (CF and CR foliowed by CNF and
CNR), and nested experimental PCR (EF and ER followed
by ENF and ENR}) are indicated by the arrows. Resulting
PCR products from samples of a control are shown in b.
Non-haemophilic individual (fane C) and five males with
severe haemophilia A (samples 1-5 in lanes 1-5,
respectively) are shown. Lane M contains Hindlll-digested
A and Haelll-digested ¢X DNAs. The PCR reactions were
performed with an extension time of 1 min.
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to identify restriction enzymes whose sites lie outside the
region of homology, estimated to be ~5-10 kb
(unpublished observations). As expected, use of enzymes
such as EcoRI, BamHI and Kpnl that have sites within the
region of homology’, did not reveal the postulated
rearrangements in samples 2 and 3 (Fig. 3). However by
digestion with Ncol, Dral or Bcll, two of the three bands
arealtered in these samples. This result suggests that some
form of rearrangement has affected the sizes of two gene
A-containing fragments. In addition, the patterns of
samples 2 and 3 differ from each other. An explanation for
this finding is that the recombination event for samples 2
and 3 occurred with different copies of the upstream A
gene.

By inspection of each digest in Fig. 3, one can also infer
which fragment contains the intron 22-copy of gene A.
For example, as seen in the Bcll digest of Fig. 44, the largest
fragment (21.5 kb) is altered in both samples 2 and 3 and
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J =215 kb

should contain the intron-22 copy of gene A if the model
is correct. Indeed, Fig. 4b shows that this band is found
only in YACs that encompass intron 22 of the factor VIII
gene (YWXD924 and yWXD527'; Fig. 4¢). The 16-kb
band is found only in YACs yWXD250 and yWXD37,
which include the most distal copy of gene A. This band
is altered in sample 3, suggesting recombination with the
most distal A gene. The 14-kb band is observed only in
YACs yWXD506 and yWXD348, which contain the more
proximal copy. In sample 2, the 14-kb band is altered in
size, suggestingrecombination with the proximal upstream
A gene. A smaller Bcll fragment that is not present in
genomic DNA is found in yWXD348; this fragment
probably corresponds to overlap of yWXD348 with the
most distal A gene. These results are consistent with the
inversion hypothesis and suggest that a crossover between
the gene A copy in intron 22 can occur with either of the
upstream A genes.

The Southern blots of Figs 3 and 4
also suggest that no DNA is lost or
gained in samples 2 and 3. For
example, the sum of the sizes of the
altered Bcll bandsin sample 2 (20 and
15.5 kb) equals the sum of the sizes of
the corresponding bands in the
control sample (21. 5 and 14 kb).
Likewise, the sum of the sizes of the
altered Bcll bandsin sample 3 (20 and
17.5kb) equals the sum of the sizes of
the corresponding bands in the
control sample (21.5and 16kb). These
findings are consistent with an
inversion generated by homologous
recombination.

527

=16 kb
=14 kb

Identification of sequence
adjacent to exon 22
Another prediction of the inversion

Fig. 4 Southern blot analysis of Bc/l
fragments. Genomic DNAs (a) from a

control individual (lane C), and from

] Cen  three haemophilic patients (lanes 2, 3

and 4, as described above) and YAC
DNAs (b) were digested with Bell and

527 hybridized to the gene A probe. ¢

shows the regions encompassed by

the YAC DNAs for the normal Xq28
region as described'®.
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hypothesis is that the novel factor VIII transcript might
include sequences from the newly juxtaposed region.
Specifically, it is possible that exon 22, separated from its
usual splicing partner, exon 23, splices instead to an exon
located near the upstream A genes.

To test this possibility, we endeavoured to obtain the
sequence adjacent to exon 22 in the transcript by RT-PCR
(Fig. 5). As stated above, we reasoned that the
oligonucleotide used for reverse transcription (16.2A) in
the initial series of RT-PCR reactions must have primed at
an imperfect target sequence in samples 2 and 3. But, once
cDNA is synthesized, the 16.2A sequence is incorporated
into the cDNA sequence. This sequence then provides a
perfectly matched target sequence for subsequent PCR
reactions involving 16.2A as the primer. Thus, cDNAs
generated by RT priming with 16.2A were amplified in
two rounds of hemi-nested PCR using EF and ENF in
combination with primer 16.2A (Fig. 54). A Southernblot
of the products of these reactions was hybridized with an
internal oligonucleotide (CR in exon 22) and a 700 basepair
(bp) fragment containing exon 22 sequence was identified
for sample 3 (results not shown). The sequence of this
fragment includes the intact exon 22 sequence up to its
normal 3' splice junction, juxtaposed to a sequence of
unknown origin (GenBank accession No. U00684). This
sequence does not correspond to any other portion of
factor VIIL, nor is it the adjacent intron 22 sequence. This
finding suggested that in sample 3, exon 22 is spliced at the
appropriate splice donor to an exon from a different gene
or to a cryptic splice acceptor site.

Southern blotanalysisrevealed that the new sequenceis
located 5' to the factor VIII gene, in proximity to the
upstream copies of the A genes (Fig. 5). A fragment
containing only the unknown sequence was generated by
PCR with specific primers 3F and TB (Fig. 5a). This probe,
3NA, was hybridized to the same blot of Bcll-digested
DNAsfrom YAC clones as used in Fig. 4b. Figure 5bshows
that two hybridizing fragments (4.0 and 5.2 kb) are present
in YACs containing the upstream A genes (YWXD250,
yWXD37,yWXD348 and yWXD506), but absentin YACs
that cover the factor VIII gene (yWXD705, yWXD924
and yWXD527). This result indicates that the sequence
adjacent to exon 22 in the cDNA lies in the vicinity of the
upstream A genes. The presence of two Bcll bands, distinct
from those containing the A genes, further indicates that

the new sequence corresponds to at least one new exon.
The observation of the same hybridizing bands in non-
overlapping YACs (yWXD250 and yWXD506) suggests
an extensive region of duplication in the vicinity of the
upstream A genes, as described previously™.

Analysis of other ﬁatient samples

Further studies showed that the abnormal Bl patternsin
patients 2 and 3 are found in other severely affected
haemophilia A patients. The gene A probe was hybridized
to Bcll-digested DNA from nine severe patients for whom
mutations had not been found in a previous study after
extensive analysis®. We anticipated that the hypothesized
inversions would be present in most of these patients.
Two of the samples exhibited the same pattern as patient
2 and four others exhibited the same pattern as patient 3
(data not shown). Two of the samples appeared to be the
same as the control. The hybridization pattern in the
ninth patient consisted of the patternseen in patient 3, but
with the addition of the normal 16-kb band. We have
found previously that the number of A genes varies
occasionally among individuals (unpublished
observations), and we suggest that this extra band may
represent an additional copy of the A gene.

Analysis of these patients also showed that each of the
abnormal B¢l patterns is associated with different four-
site haplotypes for polymorphisms in the factor VIII
gene®, For example, three different haplotypes (1,3 and 4)
were found in the four individuals with the patient 3
pattern, and the haplotypes for the two patients with the
patient 2 pattern differ (types 3 and 4). These results
suggest that each mutation arose as an independently
occurring event.

To achieve a better estimate for the prevalence of the
proposed inversions, a further 14 previously unstudied,
unrelated, severe haemophilia A patients were examined
by Southern blot analysis. An aberrant Bcll pattern was
observed in 7 of these. Surprisingly, all of these patients
exhibited the patient 3 pattern, suggesting that
recombination with the most distal A gene occurs more
frequently than recombination with the more proximal A
gene. These results, combined with the finding of
abnormalities in two of the five severe patients analysed
above, give an overall estimate of the frequency of the
proposed inversions as 9 in 19, or 47% of all severe

haemophilia A. This value agrees with
the 42% found by Naylor et alf,

a

F VIN exons 1-22 PRBR e LU b 2 .28 0w~ implicatinginve¥s‘ions'asthebas.isfor
N®BO o Ne severe haemophilia A in most, if not
transcript {#16.2A (RT primer) all patients exhibiting the RT-PCR

‘a0 . abnormality.

[ V7777777777 Lane -a0 w Discussion
CDNA v WIRTA (PR pamen Wehave described amodel toaccount
“CR for the observation of a disruption of
IF> <78 the exon 22/exon 23 junction in the
factor VIII mRNA of many severe

Fig. 5 Localization of new sequence in the novel factor VIll transcript. a, Strategy used to isolate the
new sequence adjacent to exon 22 in the disrupted factor VIII transcript. The stippled region
represents spliced exons 1-22, while the hatched region represents the adjacent sequence of
interest. cDNA synthesis was primed with oligonucieotide 16.2A, and hemi-nested PCR was then
conducted with primers EF and ENF in conjunction with 16.2A, each with an elongation time of 3
minutes. Primers (3F and TB) corresponding to the new sequence (3NA) were prepared to produce a
smatler fragment containing the adjacent sequence only. b, Hybridization of the 3NA fragment to the

same Southern blot of Bell-digested YAC DNAs shown in Fig. 4.
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haemophilia A patients. We propose
that the region encompassing gene A
inintron 22 inappropriately pairs with
one of the two homologous regions
upstream of the factor VIII gene on
the same chromosome. We suggest
that this pairingis sometimes followed
by homologous recombination,
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resulting in a large inversion that disrupts the factor VIII
gene. We have tested several predictions made by this
model, and in each case the results are consistent with the
hypothesis: (i) two of the three fragments containing the
A genes are altered; (ii) one of the two altered fragments
always contains the A gene in intron 22; (iii) no DNA
appears to be lost or gained; (iv) the altered factor VIII
transcript includes sequences from the vicinity of the
upstream A genes. One untested prediction is that the
upstream A genes are transcribed in the direction opposite
to that of the intron-22 copy of gene A (Fig. 1). Only this
arrangement would lead to an inversion by homologous,
intrachromosomal recombination?, If the upstream and
intron-22 A genes were oriented in the same direction,
then an intrachromosomal recombination would lead to
two products: a chromosome deleted for all material
between the upstream and intron-22 A genes, and an
excised closed circle containing the deleted material. These
products were not observed.

Interchromosomal recombination between misaligned
A genes was also rejected as the basis for the exon 22/23
disruption. Again, two orientations must be considered.
If the genes are oriented in opposite directions, then a
homologous interchromosomal recombination would
generate one dicentric chromosome and one acentric
fragment. If the genes are oriented in the same direction,
then the two recombination products would be a
chromosome deleted for all material between the upstream
gene Aandintron-22 gene A, and areciprocal chromosome
with a duplication of the intervening material, leaving one
factor VIII gene untouched (the so-called “Lepore-like”
and “anti-Lepore-like” products'®). Such unequal crossing
over due to misalignment of dispersed repeats is the
probable basis for deletions causing steroid sulphatase
deficiency** and duplications in Charcot-Marie-Tooth
disease, type 1A%. None of the products of such an
interchromosomal crossover are compatible with the RT-
PCR phenomenon and the Bcll patterns we describe.
Although one can construct more elaborate models to
account for an inversion, invoking misalignment and
multiple interchromosomal crossovers, the
intrachromosomal single-crossover model we propose in
Fig. 1 is the most parsimonious explanation for the
observations.

Although inversions have been described as the basis
for some inherited diseases, we have not been able to find
aprecedent for the situation we describe herein. Inversions
studied previously do not appear to use homologous
sequences and are not typically found in more than one
family. The mostwell-studied examples of these inversions
also show that they are accompanied by deletions of
flanking DNA'6*%. Thus we suggest that it is the presence
of the dispersed homologous sequences that makes the
factor VIII gene particularly vulnerable to the proposed
recombination. Sequence comparison of control and
patient DNA at the inversion junctions will be needed for
further support of this model. We also speculate that the
proximity of the factor VIII gene to the telomere may
augment the frequency of an intrachromosomal
recombination due to possible lack of steric constraints in
the region.

Our results show that a Southern blot assay can be used
to detect the haemophilia-causing mutation for many
cases (~45%) of severe haemophilia A. Our findings also

suggest that the inversion detected by this assay is likely to
occur de novoin many patients withouta family history of
haemophilia. As severe cases account for ~50% of
haemophilia A", we suggest that inversions are likely to
underlie at least 20% of all haemophilia A cases. Thus the
use ofthisassay should greatly increase the ease, frequency,
and accuracy with which carrier detection and prenatal
diagnosis can be made. It offers two advantages for
diagnosis over the RT-PCR procedure: previously stored
blood or DNA samples can be assayed instead of RNA,
and carrier status can be established definitively by the
presence of heterozygous abnormal Bcll bands, rather
than by quantitative RT-PCR.

Noteadded in proof: As stated in the discussion, our model
predicts that the upstream A genes are orientated in the
direction opposite to that of the intron-22 A gene. We
have been able to test this prediction for the most distal A
gene by taking advantage of two independent YACs
(yWXD250 and yWXD348) that fortuitously contain this
gene near one of their arms. Southern blot analysis with a
variety of restriction enyzymes and probes has confirmed
this orentation in both YACs.

Methodology

Samples. Blood was collected from patients following informed
consent. Lymphocytes were immortalized by transformation with
Epstein-Barr virus (a modification of ref. 20). DNA was prepared in
agarose blocks” and polyA* RNA was obtained using a Pharmacia
Quick-Prep RNA extraction kit. Agarose blocks containing YAC
DNA were prepared according to Carle & Olson?.

Oligonucleotide sequences. Sequences of oligonucleotides used for
RT-priming, PCR amplification, hybridization and sequencing are
as follows: 16.2A (exon 24) 5'-CCTGAGGTCTCCAGGC-
ATTACTCC; CF (exonl7) 5'-CTCGAATATCCAGATGGAAG;
CR (exon 22) 5'-GCCGTGAATAATCATTGGTG; CNF (exon 18)
5'-CAATGGCTACATAATGGATAC; CNR (exon 21) 5'-GATCC-
AAGAAAAGGGCTCCG; EF (exon 20) 5'-CTGGCCAGACTT-
CATTATTC; ER (exon 24) 5'-GGTAAAGTAGGATGAAGCAG;
ENF (exon 22) 5'-GGATCTGTTGGCACCAATG; ENR (exon 24)
5'-GAAGCAGTAATCTGTGCATC; RT24A (exon 24) 5~CATTAC-
TCCTCCCTTG; P26 (exon B) 5'-CTGTGAGCGGCGTATG-
CAAATC; 3F (new sequence) 5'-CACGGTGTCTTGGAAAATG;
TB (new sequence) 5'-GGCTGGCAACAGGTCTG.

RT-PCR. ¢<DNA was obtained using an Invitrogen cDNA cycle kit,
with primer 16.2A, RT24A, ER or random primers (supplied with
the kit). PCR was carried out with AmpliTaq (Perkin Elmer-Cetus)
in the buffer recommended by the manufacturer at 1.5 mM MgCL.
Samples were denatured at 94 “C for 30 s. The primers were annealed
at53°Cfor 30s; elongation was carried out at 72 ° C for varying times
according to the length of the sequence being amplified (see Fig.
legends). All PCR reactions were carried out for 35 cycles.

Southern blots. Agarose blocks were digested with restriction
enzymes overnight and electrophoresed on either 0.4% or 0.6%
agarose gels, which were then UV-nicked in a BioRad GS Gene
Linker, and denatured and neutralized twice for 20 min each. The
DNA was transferred to Hybond N or N* (Amersham) in 10 x $SC.
Filters were then UV-crosslinked.

Gene A probe. The gene A probe is a 0.9 kb EcoRI/Sstl fragment
described previously®. It can be prepared from plasmid p482.6,
obtainable from ATCC, catalogue no. 57203.

Hybridizations. Southern blots were prehybridized and hybridized
at65 ‘Cin Churchbuffer (0.5 M NaPO,, 7% SDS, 1 mM EDTA, 10%
dextran sulphate and 100 mg m! boiled salmon sperm DNA)®. The
gene Aand 3NA probes werelabelled usingan Amersham Megaprime
labeling kit. One Southern blot that was probed with an
oligonucleotide (CR, see Results) was prehybridized and hybridized

nature genetics  volume 5 november 1993
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