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ABSTRACT

Background Atrial fibrillation, the most common
sustained cardiac-rhythm disturbance, affects over
2 million Americans and accounts for one third of all
strokes in patients over 65 years of age. The molec-
ular basis for atrial fibrillation is unknown, and pal-
liative therapy is used to control the ventricular rate
and prevent systemic emboli. We identified a family
of 26 members of whom 10 had atrial fibrillation that
segregated as an autosomal dominant disease. We
subsequently identified two additional families in
which the disease was linked to the same locus.

Methods We screened the human genome with
300 polymorphic dinucleotide-repeat markers using
an unconventional strategy of pooling the DNA sam-
ples into two groups (affected and unaffected), which
reduced the sample size by approximately 90 per-
cent, before performing linkage analysis to map the
locus. This made it possible to identify potential loci
within a few weeks.

Results The lod scores for markers D10S569 and
D10S607, located at 10g22-g24, were 3.60 in Family
1. The disease locus in Families 2 and 3 was also
linked to the same markers, with lod scores of 6.02
and 5.35 for markers D10S569 and D10S607, respec-
tively, when data on all three families were combined.
Haplotype analysis of the three families showed that
the locus was between D10S1694 and D10S1786, an
interval of 11.3 centimorgans.

Conclusions |dentification of the gene for familial
atrial fibrillation will help to elucidate the molecular
basis of the disease and provide insights into ac-
quired forms. The strategy of pooling DNA samples
for analysis is more time and cost effective than con-
ventional screening and should accelerate the proc-
ess of gene mapping in the future. (N Engl J Med
1997;336:905-11.)
©1997, Massachusetts Medical Society.

TRIAL fibrillation, the most common
sustained cardiac-rhythm disturbance,! af-
fects more than 2 million Americans,?
with an overall prevalence of 0.89 per-
cent. The prevalence increases rapidly with age to
2.3 percent between the ages of 40 and 60 years and
to 5.9 percent over the age of 65.2 Although the ini-
tial course of atrial fibrillation is often paroxysmal, it
almost invariably progresses to a chronic sustained
rhythm disturbance with manifestations ranging from
palpitations to cardiac failure. The most dreaded com-

plication is stroke; atrial fibrillation accounts for one
third of all strokes in patients over the age of 65.3
Since there is currently no effective means of pre-
venting or eliminating atrial fibrillation, therapy
consists of controlling the ventricular rate and pre-
venting systemic emboli with antiplatelet and anti-
coagulant therapy.* The emotional and medical bur-
dens imposed by long-term medical therapy and, in
many cases, subsequent stroke are immense, with a
total annual cost of $9 billion.

The molecular basis of atrial fibrillation has yet to
be determined. One approach, which has been suc-
cessful for metabolic disorders, is to identify the gene
responsible for a familial form of the disease. Familial
atrial fibrillation is probably very uncommon,’ but
we located a small family in Spain in which atrial fi-
brillation segregates as an autosomal dominant trait.
Only 10 living family members were affected; thus,
to map the chromosomal locus by conventional ge-
netic-linkage analysis would probably require analyz-
ing DNA markers every 5 to 10 centimorgans (cM)
throughout the human genome. The arduous task
of analyzing DNA from each of the 26 family mem-
bers for 300 to 600 markers would also be very
costly. Accordingly, we adopted an unconventional
strategy of pooling the DNA of the affected family
members and comparing the results of the DNA
analysis with those of an analysis of pooled DNA
from unaffected family members at each marker lo-
cus to detect differences that would suggest segrega-
tion of a particular allele with the disease. This re-
duced the number of samples to be analyzed by more
than 90 percent and enabled us to identify four po-
tential loci within a few weeks.

METHODS

Study Families and Diagnosis

We identified a family (Family 1) in which atrial fibrillation ap-
pears to be segregating as an autosomal dominant disease with
high penetrance. The family consists of 26 living members span-
ning three generations, of whom 10 have atrial fibrillation. Two
additional family members are known to have died of complica-
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tions of the disease. We subsequently identified two other small
families with a total of 17 living members, 9 of whom are affect-
ed. In these two families (Families 2 and 3) the defect mapped to
the same locus as in the original family. The three pedigrees are
shown in Figure 1.

Clinical Evaluation

After providing informed consent according to the guidelines
of Baylor College of Medicine and Methodist Hospital, the
subjects were evaluated by a detailed history taking, physical ex-
amination, 12-lead electrocardiography, and two-dimensional ech-
ocardiography. Criteria for diagnosis were based on the electro-
cardiographic findings. Other likely causes of atrial fibrillation in
this population — such as hypertension, valvular disease, and thy-
roid disease — were ruled out at the time of diagnosis.

Preparation of DNA and Pooled Samples

Blood was collected from each member of the three families,
DNA was extracted by the salting-out procedure,® and lympho-
cytes were isolated for the development of transformed cell lines.”
For the pooled-sample analysis we used blood only from Family
1. Equimolar amounts of DNA from 10 affected members (Sub-
jects I1-2, II-3, III-1, III-3, III-5, III-11, IV-6, IV-7, IV-8, and
IV-9) were combined into a single sample, as was DNA from 10

unaffected family members (Subjects 1I-1, 11-4, II-6, 111-4, II1-6,
I11-8, III-9, III-10, III-12, and IV-5). Whenever possible, unaf-
fected siblings and parents of affected subjects were chosen to
provide samples for the unaffected pool in order to minimize the
allelic differences between the two groups.

Marker Analysis

A total of about 300 polymorphic dinucleotide — (CA), —
repeat markers located approximately 15 to 20 ¢cM apart were se-
lected on the basis of their polymorphic information content pri-
marily from the genetic maps of Genethon® or the National
Institutes of Health—Centre d’Etude du Polymorphisme Humain.®
For each microsatellite marker, primers annealing to the sense
strand were end-labeled with [32P]y-deoxyadenosine triphosphate
with polynucleotide kinase (Pharmacia), and the DNA was am-
plified by the polymerase chain reaction under standard condi-
tions for 30 cycles consisting of denaturation at 94°C for 45 sec-
onds, annealing at 55°C for 30 seconds, and extension at 72°C
for 30 seconds. Some markers required a higher annealing tem-
perature. Initial denaturation was carried out at 95°C for five
minutes. Each 50-ul reaction contained 150 pmol of specific
primers, 0.3 U of Tag polymerase (Pharmacia), 200 uM 4-deoxy-
nucleoside triphosphate, and 200 ng of genomic DNA for the
analysis of either individual or pooled DNA samples. The ampli-
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Figure 1. Pedigrees of Three Families with Familial Atrial Fibrillation.

Circles denote female family members, squares male family members, solid symbols affected family members, symbols with a
slash deceased family members, and the symbol with a question mark a family member whose disease status has not been de-

termined.
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fied DNA products were analyzed by electrophoresis through
6 percent denaturing polyacrylamide—urea sequencing gels as
previously described.!®

After the 300 chromosomal markers were amplified from the
two pooled DNA samples, the products were loaded side by side
on a polyacrylamide gel and then subjected to electrophoresis. The
electrophoretic pattern exhibited on the autoradiograph by each
marker allele amplified from the pooled sample from the affected
group was visually inspected, and the results were compared with
those of the pooled sample from the unaffected group. The pres-
ence of a unique band or a band of greater intensity in the sample
from the affected group suggested cosegregation of the marker
allele with the disease allele.

Linkage Analysis

Two-point linkage analysis was carried out on a personal com-
puter with version 5.2 of the Linkage program.!! Multipoint
linkage analysis was conducted on a Vax computer with Fastlink.
An autosomal dominant pattern of inheritance was assumed, and
penetrance was set at 99 percent, on the basis of the observed
high frequency of affected persons in sibships at risk in Family 1.
The frequencies of the disease allele and the normal allele were
assumed to be 0.0001 and 0.9999, respectively, and the allele
frequencies of microsatellite markers were arbitrarily assigned a
value of 1/n, where n refers to the number of alleles observed.
Since the use of incorrect values for linkage parameters can cause
false positive results, positive lod scores were tested for robust-
ness with respect to variations in penetrance (from 60 to 99 per-
cent), variations in the prevalence of phenocopies (from 0 to 5 per-
cent), and marker-allele frequency with the use of published
frequencies, when available, or the frequencies observed in this
family.

RESULTS

Clinical Characteristics

In Family 1 there were 10 living affected subjects
(6 male and 4 female) whose age at diagnosis ranged
from 2 to 35 years (average, 17.8). Nine family
members had chronic atrial fibrillation, and one
(Subject IV-6) had paroxysmal atrial fibrillation.
Three had dyspnea on exertion (Subjects IV-6, 1I-2,
and III-5), and seven were asymptomatic. Subject
ITI-1 had pericarditis and atrial fibrillation at the
time of diagnosis, but since the atrial fibrillation has
persisted for 10 years, pericarditis was not consid-
ered the cause. Subject II-8 died of a cerebrovascu-
lar accident at the age of 68. Subject 111-2, who was
given a diagnosis of paroxysmal atrial fibrillation at
the age of 20, died suddenly at the age of 36; no au-
topsy was performed. Electrocardioversion was at-
tempted unsuccessfully in three of those with chron-
ic atrial fibrillation. Subjects II-2 and III-5 had
increased left ventricular internal diameters and ven-
tricular ejection fractions of 51 and 54 percent, re-
spectively. The remainder had no abnormalities on
echocardiography, and the average ejection fraction
was 69 percent.

In Families 2 and 3, all nine affected subjects had
chronic atrial fibrillation, were asymptomatic, and
had no echocardiographic abnormalities. The age at
diagnosis in these two families ranged from 2 to 46
years.

DNA Analysis and Genetic Linkage

The 300 chromosomal markers used to screen the
human genome were amplified from the pooled
DNA samples from affected and unaffected subjects;
the pooling procedure reduced the number of sam-
ples to be analyzed from 26 to 2. The electropho-
retic pattern of the sample from the affected group
differed from that of the unaftected group for 50 of
the 300 marker alleles. These differences, which sug-
gested potential loci for the gene responsible for
atrial fibrillation, were identified within a few weeks.
A typical example of a difference in a marker allele
between the pooled samples is shown in Figure 2. In
lanes 1 and 2 and lanes 3 and 4 of Figure 2, the elec-
trophoretic pattern is similar, indicating that the two
marker alleles are segregating at random with re-
spect to the disease allele. In contrast, the intensity
of the uppermost allele band in lane 6, showing the
sample from the affected group, is greater than the
intensity of the corresponding allele in lane 5, show-
ing the sample from the unaffected group. A marker
allele with greater intensity in the affected group,
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Figure 2. Results of Polyacrylamide-Gel Electrophoresis of Four
DNA-Marker Loci Amplified from Pooled DNA.

In lanes 1 and 2 and lanes 3 and 4 the electrophoretic patterns
are identical for the markers amplified from the pooled DNA
samples from the unaffected and affected groups. The samples
shown in lanes 5 and 6 and lanes 7 and 8 show typical differ-
ences in band intensity observed between the two groups. The
intensity of the lowermost band in lane 8 is much greater than
that of the corresponding band in lane 7, reflecting an increase
in the number of copies of that allele in the affected group that
is consistent with the occurrence of cosegregation of the mark-
er allele and the disease allele.
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TABLE 1. TWO-POINT LOD SCORES FOR FOUR INFORMATIVE
MARKERS LINKED TO 10q22-q24.*

MARKER AND
FamiLy No. FREQUENCY OF RECOMBINATION (6)
0.00 0.01 0.05 0.1 0.2 0.3
lod score
D10S569
3 1.20 1.17 1.08 0.97 0.72 0.46
2 1.14 1.11 1.01 0.88 0.61 0.34
1 3.69 3.63 3.38 3.05 2.34 1.54
Total 6.02 5.91 5.47 4.90 3.67 2.34
D10S607
3 0.60 0.59 0.55 0.51 041 0.29
2 1.05 1.03 0.93 0.80 0.54 0.29
1 3.70 3.64 3.39 3.06 2.34 1.55
Total 5.35 5.25 4.87 4.37 3.29 2.13
D10S1677
3 0.60 0.58 0.53 0.46 0.32 0.17
2 1.05 1.03 0.93 0.80 0.54 0.29
1 3.60 3.54 3.29 2.96 2.25 1.45
Total 5.25 5.16 4.75 4.23 3.11 191
D10S1689
3 1.20 1.17 1.08 0.97 0.72 0.46
2 1.07 1.05 0.95 0.82 0.56 0.30
1 —3.03 0.38 1.04 1.22 1.12 0.79
Total -0.76 2.60 3.08 3.01 2.40 1.55

*The maximal lod score for each marker is shown in boldface. The lod
scores have been rounded.

presumably due to an increased number of copies of
the allele, suggests cosegregation with the disease.

To confirm or rule out cosegregation, genetic-link-
age analysis was necessary. This required genotyping
of DNA from each of the 26 members of Family 1
for each of the 50 marker alleles. The resulting lod
scores were at least —2 for all but four loci, for which
low, positive scores were obtained that were consistent
with the occurrence of cosegregation of the marker
allele and the disease allele. Additional markers lo-
cated in these four regions were amplified and ana-
lyzed, and the results ruled out three of these regions
(4q, 7q, and 13q), but marker alleles (D10S569 and
D10S607) in the region 10g22 cosegregated with
the disease allele, with maximal two-point lod scores
of 3.60, indicating genetic linkage. Lod scores for
these markers remained above 3.0 despite variations
in penetrance from 60 to 99 percent.

Since the estimated prevalence of atrial fibrillation
in the general population below the age of 40 is less
than 0.04 percent? and the nonfamilial causes of
atrial fibrillation at this young age are almost exclu-
sively related to valvular heart disease or congenital
defects, a phenocopy prevalence of even 1 percent is
probably excessive. Nevertheless, lod scores for these
markers remained significant even with a phenocopy
prevalence of 5 percent. Similarly, lod scores were
not sensitive to variations in the estimated frequen-
cies of marker alleles.

We also typed a number of markers in Families 2

908 - March 27,1997

and 3 and determined that they had the same haplo-
type on the affected chromosome as Family 1 for all
markers from D10S188 to D10S219, suggesting that
the three families are distantly related. Markers out-
side this interval (D10S581, D10S1694, D10S1786,
and D10S1686) were associated with different alleles
in the other two families. A total of 27 markers were
examined in an effort to define the precise bound-
aries of the region, but not all these markers were in-
formative. Lod scores for the four most informative
markers are presented in Table 1. Multipoint analyses
resulted in a peak lod score of 3.60 between markers
D10S569 and D10S607 for Family 1 alone and 6.17
for all three families combined and contributed no
new information with respect to the location of the
gene for atrial fibrillation.

Figures 3, 4, and 5 show the haplotypes for 11
informative markers in all three families and the po-
sitions of the recombination events that helped de-
termine the location of the gene. In Family 1 cross-
overs were observed between the disease allele and
D10S1786 in Subject I1I-1 and between the disease
allele and D10S581 in Subject IV-6. Thus, on the
basis of haplotype analysis, the gene causing atrial fi-
brillation in Family 1 lies between D10S581 and
D10S1786, an interval of approximately 20.2 cM,
on chromosome 10q22-q24. Family 3 had no cross-
overs in this region. In Family 2, either Subject II-2
or Subject II-3 had a crossover between D10S1694
and the disease allele, further limiting the region to
one measuring 11.3 cM. Affected members of all
three families had identical alleles for all markers test-
ed from D10S188 through D10S219. Because the
haplotype was conserved throughout such a large re-
gion, we conclude that these three families must be
distantly related and have the same mutation at this
locus, supporting the conclusion that the disease gene
lies proximal to D10S1786 and distal to D10S1694,
an interval of 11.3 ¢cM.

DISCUSSION

We identified a small family in whom atrial fibril-
lation segregated as an autosomal dominant trait;
this family consisted of 26 members, 10 of whom
were affected and alive at the time of the study. Ge-
netic-linkage analysis indicated that the gene respon-
sible for atrial fibrillation in this family is located on
chromosome 10q in the region of 10q22-q24, with
two markers having maximal lod scores of 3.60. We
identified regions containing potential loci for this
gene within a few weeks by comparing the electro-
phoretic patterns exhibited by markers amplified
from pooled DNA samples from the affected group
with those observed in the pooled DNA samples
from the unaffected parents and siblings, rather than
by genotyping each marker in all 26 family mem-
bers. This procedure reduced the number of samples
in the genomic screen by 90 percent. Individual DNA
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Figure 3. Haplotypes and Recombination in Family 1.
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Alleles are shown as base-pair sizes in centromere-to-telomere order for markers D10S581, D10S537, D10S1694, D10S188,
D10S556, D10S569, D10S607, D10S1677, D10S219, D10S1786, and D10S1686. Alleles in parentheses represent inferred genotypes.
For genotypes represented by question marks, no data were available. The most highly conserved haplotypes are assumed, and
the chromosomal region cosegregating with the disease locus in each family is represented by the black bar. No attempt has been
made to show crossover on the nondiseased chromosome. Circles denote female family members, squares male family members,
solid symbols affected family members, and symbols with a slash deceased family members.

analyses were performed for only 50 markers (a re-
duction of approximately 75 percent), resulting in
the identification of the locus within a few weeks as
opposed to several months to a year. The strategy
gives rapid results and should be particularly useful
in small families with a high penetrance of the dis-
ease gene. Subsequently, we identified two other
families with atrial fibrillation that was also linked to
10922-q24 (combined lod score for all three fami-
lies, 6.02). The odds of genetic linkage of the dis-
case in these families to the region of 10q22-q24
remained significant despite the wide range of values
used for the variables in the linkage analyses —
namely, a phenocopy prevalence of up to 5 percent
and penetrance ranging from 60 to 99 percent. This
analysis provides the first essential step in the iden-
tification of the responsible molecular defect.

The pooled-sample approach is based on the fact
that each DNA marker has a unique and character-
istic distribution of allele frequencies in the gener-
al population. When the DNA is pooled into two

groups (affected and unaffected), each sample con-
tains many alleles (rather than two, as is the case for a
single subject), and thus, the intensity of the electro-
phoretic bands is dependent on the frequencies with
which those alleles are represented in the pool. If a
marker allele is segregating at random with respect
to a disease, its distribution in the affected and un-
affected subjects will be identical. If; on the other
hand, a particular marker allele is cosegregating with
the disease allele, then all the members of the affect-
ed pool will share this allele and DNA analysis will
show a band of greater intensity than in the sample
from the unaffected subjects or a unique band. The
strategy of using pooled DNA samples to look for
differences in allele distribution has been used to
identify the locus of a recessive disease in a highly
inbred population.!2 Its lack of use in autosomal dom-
inant diseases is probably due to the expectation that
the inordinately high incidence of differences be-
tween affected and unaffected samples would repre-
sent false positive results. We minimized false posi-
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Figure 4. Haplotypes and Recombination in Family 2.

See the legend to Figure 3 for an explanation of the symbols.
The symbol with a question mark denotes a family member
whose disease status has not been determined.

tive results in our study by choosing as unaffected
subjects in the pooled sample only parents and sib-
lings, who were more likely to share alleles with the
affected subjects.

Candidate genes that must be considered in the
search for a genetic cause of atrial fibrillation include
genes encoding channel or pore proteins and genes
encoding the sympathetic or parasympathetic system
that will influence cardiac conduction or automatic-
ity, such as the B-adrenergic receptor or signaling
proteins. The genes for the B-adrenergic receptor
(ADRBI)'3 and a-adrenergic receptor (ADRA2)4
are located on 10q23-q26, as is the gene for G-pro-
tein—coupled receptor kinase (GPRKS5),'> which in-
teracts with adrenergic receptors.

Mapping of the locus for atrial fibrillation pro-
vides the information necessary to identity the gene.
Although atrial fibrillation is commonly associated
with acquired heart disease, a substantial proportion
of patients, particularly those with an early onset of
disease, have no other forms of heart disease. It re-
mains to be determined what percentage of the cases
of atrial fibrillation in these patients is due to genetic
defects. Thus, identification of the gene and elucida-
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Figure 5. Haplotypes and Recombination in Family 3.
See the legend to Figure 3 for an explanation of the symbols.

tion of the molecular pathogenesis of atrial fibrilla-
tion should not only clarify the mechanism respon-
sible for the familial form, but also shed light on the
common acquired forms and eventually lead to more
effective therapy. Identification of the gene and the
responsible mutation is required to establish causal-
ity. The incidence of familial atrial fibrillation and
the percentage of cases attributable to the 10q22-
q24 locus remain to be determined. Nevertheless,
families with familial atrial fibrillation can now be
screened rapidly for genetic linkage to the 10q22—
q24 region. For families in which the disease does
not map to 10q22-q24, ruling out this locus will
turn the search to other loci.
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