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Abstract The Quebec population contains about six-
million French Canadians, descended from the French
settlers who colonized ‘‘Nouvelle-France’’ between 1608
and 1765. Although the relative genetic contribution of
each of these founders is highly variable, altogether they
account for the major part of the contemporary French-
Canadian gene pool. This study was designed to analyze
the role of this founder effect in the introduction and
diffusion of the BRCA1 recurrent R1443X mutant allele.
A highly conserved haplotype, observed in 18 French-
Canadian families and generated using 17 microsatellite
markers surrounding the BRCA1 locus, supports the
fact that the R1443X mutation is a founder mutation in
the Quebec population. We also performed haplotyping

analysis of R1443X carriers on 19 other families from
seven different nationalities; although the same alleles
are shared for three markers surrounding the BRCA1
gene, distinct haplotypes were obtained in four families,
suggesting multiple origins for the R1443X mutation.
Ascending genealogies of the 18 French Canadian fam-
ilies and of controls were reconstructed on an average
depth of 10 generations. We identified the founder
couple with the highest probability of having introduced
the mutation in the population. Based on the descending
genealogy of this couple, we detected the presence of
geographical concentration in the diffusion pattern of
the mutation. This study demonstrates how molecular
genetics and demogenetic analyses can complement each
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other to provide findings that could have an impact on
public health. Moreover, this approach is certainly not
unique to breast cancer genetics and could be used to
understand other complex traits.

Introduction

Since the discovery of the BRCA1 and BRCA2 genes
(Miki et al. 1994; Wooster et al. 1995; Tavtigian et al.
1996), extensive mutation detection has been performed
in various populations [see Breast Cancer Information
Core database (BIC): http://www.nhgri.nih.gov/Intra-
mural research/Lab_transfer/Bic/]. Current knowledge
indicates thatBRCA1mutations account for the majority
of familial breast/ovarian cancer cases (Ford et al. 1998).
Many different mutations in BRCA1 have been identified
in high-risk families with multiple cases of breast and
ovarian cancer, and it is now well known that some
recurrentmutations occur in specific populations (Simard
et al. 1994; Tonin et al. 1995; Johannesdottir et al. 1996;
Thorlacius et al. 1996; Gayther et al. 1997; Peelen et al.
1997; Petrij-Bosch et al. 1997; Ramus et al. 1997; Szabo
and King 1997; Thorlacius et al. 1997; Tonin et al. 1998;
Gorski et al. 2000; Sarantaus et al. 2001). In many in-
stances, haplotype analysis of recurrent mutations has
shown evidence of a founder effect, thus explaining the
higher frequency of these mutations (Simard et al. 1994;
Berman et al. 1996; Neuhausen et al. 1996, 1998; Dorum
et al. 1997; Liede et al. 2000; Sarantaus et al. 2000; Bar-
kardottir et al. 2001). Studies based on these founder
populations have also proven useful to achieve charac-
terization of these mutations. Establishing the origin of
population-specific mutations in BRCA1 and BRCA2 is a
critical step towards providing accurate counseling and
developing inexpensive mutation detection in a specific
founder population.

The Quebec population (7.5 million) contains about
six-million French Canadians, who are descendants of
10,000 immigrants, coming mostly from France, who
settled in ‘‘Nouvelle-France’’ between 1608 and 1760.
Although the relative genetic contribution of each of
these founders is highly variable, altogether they account
for the major part of the contemporary French-Cana-
dian gene pool (Charbonneau et al. 2000). Following the
British conquest of 1759, the population expanded in a
context of relative isolation and rapid growth, which
contributed to amplify the consequences of the founder
effect (Bouchard and de Braekeleer 1990).

This founder effect is also detectable through the ob-
served frequency of some otherwise rare disorders, which
are found at an elevated frequency in the Quebec popu-
lation, particularly in some of the eastern regions of the
province (see for a review Scriver 2001). In many in-
stances, an increase in frequency of one or a fewmutations
associated to these disorders accounts for the observed
incidence among French Canadians (Davignon and Roy
1993; Engert et al. 2000; Dupré et al. 2003; Mootha et al.
2003). There were numerous emigrants among French

Canadians, especially at the end of the 19th and at the
beginning of the 20th centuries, due to industrialization
and high rates of unemployment that forced thousands to
emigrate toother parts ofCanada and to theUnited States
(McInnis 2000). Nowadays several millions of North
Americans have ancestry among French Canadians. It is
thus not surprising that some of thesemutations have also
been detected elsewhere in Canada and in the United
States and, that inmost cases, the carriers have been found
to be of French-Canadian descent (Triggs-Raine et al.
1995; Bayleran et al. 1996; Couture et al. 2001).

As part of an ongoing research program started in
1996, aimed at the identification and characterization of
BRCA1 and BRCA2 mutant alleles in the French-
Canadian population of Quebec, more than 250 high-
risk families ascertained on the basis of: (1) three first-
degree relative or (2) four first- or second-degree relative
affected with breast and/or ovarian cancer cases were
recruited. Among the 62 families in which a mutation in
BRCA1 or BRCA2 was identified, 18 families were
found to carry the same BRCA1 R1443X mutation,
suggesting the possibility of a founder mutation. This
mutation was first reported by Mary-Claire King’s
group in family 81, which is of French-Canadian descent
(Friedman et al. 1995). In order to get a better under-
standing of the origins of the R1443X mutation and of
the role of the founder effect in the introduction and
spread of this mutation in the French-Canadian popu-
lation, we reconstructed haplotypes using 17 microsat-
ellite markers surrounding the BRCA1 region. We also
compared the extent of these haplotypes obtained in
various families carrying the R1443X allele in different
populations of European ancestry. Using genealogical
data, we attempted identification of the founders who
are the most likely to have introduced this mutant allele
and we investigated the diffusion pattern of the mutation
on the Quebec territory to detect the presence of a
geographical concentration of the mutation in one or
more regions of the province. In this paper, we report on
the extent and divergence of haplotypes in a total of 37
R1443X families with different nationalities. Nineteen of
them are of French-Canadian ancestry, one is a Hut-
terite family from Canada having Russian ancestry, ten
families are from France, three from Finland, two from
the United Kingdom, one from Belgium and one from
the Netherlands. We also present the results of extensive
genealogical analyses on 18 French-Canadian families.\

Subjects and methods

Ascertainment of families and DNA extraction

As part of an ongoing study to estimate the frequency
and penetrance of mutations in the BRCA1 and BRCA2
genes, a total of 251 (counted as 256 in total because five
families had a history of cancer on both sides that met the
criteria of eligibility mentioned below) high-risk French-
Canadian breast/ovarian cancer families were recruited
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in all socio-sanitary regions of Quebec according to strict
criteria: (1) individuals from high-risk families with four
cases of breast and/or ovarian cancer diagnosed in first-
or second-degree relatives; (2) families presenting three
cases of breast and/or ovarian cancer cases in 1st degree
relatives; (3) families bearing a mutation already identi-
fied in the BRCA1 or BRCA2 gene. All individuals par-
ticipating in the present study had to be at least 18 years
of age and mentally capable. Whenever possible, the
diagnoses of breast and/or ovarian cancer were con-
firmed by obtaining a pathology report. This research
program is composed of a network of referring clinicians
across the Quebec province. Moreover, clinicians from
seven participating hospitals were directly involved in
this integrated clinical research program and were
responsible for the disclosure of genetic test results. The
study was approved by eight ethics committees, corre-
sponding to the different institutions participating in this
research project. More details regarding experimental
and clinical procedures as well as the INHERIT BRCAs
research program have been described elsewhere (Go-
dard et al. 2003, Simard et al., manuscript in prepara-
tion). After obtaining a signed informed consent from
each participant 40 ml of blood was drawn and genomic
DNA was extracted using the guanidine hydrochloride-
proteinase k method (Jeanpierre 1987) and the QIAmp
Maxi blood kit according to the manufacturer’s
instructions (QIAGEN, Mississauga, Canada).

A panel of 24 mutations, including: 16 frameshift
mutations, five nonsense mutations and three sequence
variants for which clinical significance was not well-de-
fined or still under investigation (two missense mutations
and one in-frame deletion), observed and/or reported in
the French-Canadian population was tested systemati-
cally in our cohort. For each family, or branch of a
family that met criteria and which received an inconclu-
sive result, at least one DNA sample of an individual with
breast and/or ovarian cancer or of an obligate carrier has
been sent to Myriad Genetic Laboratories, Salt Lake
City, Utah, USA for full-length BRCA1/BRCA2
sequencing. Testing services were performed according
to the Memorandum of Understanding (MOU) with the
National Cancer Institute (NCI) for NCI-funded re-
search testing services for BRCA1 and BRCA2 (project
no. NCI 173). A confirmation test for all conclusive re-
sults (carrier or non-carrier of a known familial muta-
tion) was performed on a 2nd blood sample by the
Molecular Diagnostic Laboratory, Alberta Children’s
Hospital, Calgary. The identification of BRCA1 R1443X
mutation in families of other nationalities included in this
study was performed by a variety of techniques, pri-
marily direct sequencing, PTT, DGGE or SSCP analyses,
which was always confirmed by direct sequencing.

Microsatellite genotyping and haplotype construction

A total of 37 families of seven different nationalities
presenting a family history of breast and/or ovarian

cancer and carrying the BRCA1 nonsense R1443X
mutation were genotyped for 14 markers surrounding the
BRCA1 region and three markers within the BRCA1
gene. The 17 microsatellite markers genotyped are lo-
cated on chromosome 17q and span approximately 13 kb
of genomic DNA. Genotyping was carried out at two
centers. The families collected by the Cancer Genomics
Laboratory in Quebec City (family members of kindreds
4616, 4049, 5582, 5071, 6079, 3258, 2551, 4609, 3594,
5344, 3762, 4315, 3587, 5099, 3531, 4966, 4910 and 3356),
the Molecular Diagnostic Laboratory of Alberta Chil-
dren’s Hospital in Alberta (the Hutterite family), the
Research Laboratory in Helsinki (families 286, 425 and
5004) and the Curie Institute in Paris (families F347,
F390, F1203, F1375, F1531 and F1628) were genotyped
in Quebec City, while other families were genotyped in
Lyon, at the International Agency for Research on
Cancer (F1, F31, F32, F35, F85, B35, B88 and D99). A
similar protocol was followed by both centers, using
several internal controls to assure accuracy of allele
calling. All 17 polymorphic microsatellite repeat markers
genotyped were assayed by PCR using standard proce-
dures. Briefly, PCRs were carried out on 100 ng genomic
DNA using 20 lM of dCTP, dGTP, dTTP, 4 lM dATP,
2.5% final DMSO, 1.5 mM MgCl2 and 0.5 lM of for-
ward and reverse primers at 96�C, 8 min and 94�C for
2 min. Following a hot start, 1.5 U Taq DNA polymer-
ase (Perkin-Elmer, Mass., USA), 1.5 lCi of 35S-dATP
and 10· PCR buffer were added for a final volume of
20 ll. Amplification conditions on a Perkin-Elmer,
model 9700 were as follows: 35 cycles of 94�C for 40 s and
56�C for 30 s, followed by 8 min at 72�C. For markers
D17S1859, 776, 855, 1323, 1327, 1326, EDH17B2 and
1185, the annealing was performed at 58�C, while the
annealing temperature was 59�C for marker D17S1325.
Radiolabeled PCR products were electrophoresed on
standard 6% polyacrylamide denaturing gels. Allele sizes
were matched according to the genotype of CEPH ref-
erence individual 1347–02 and a French-Canadian indi-
vidual carrying the R1443X BRCA1 mutation. Both
these samples were used as controls on each gel. More-
over, for each marker, two PCR products coming from
individuals showing homozygous patterns, were sub
cloned and sequenced to determine the nature of repeats
and size-range of alleles observed in French-Canadian
families. In order to have an idea of the allele frequency in
the general population, a series of non-carriers, known
not to carry the haplotype associated with the R1443X
mutation, was selected (n=33 individuals) among the 18
French-Canadian families.

The average heterozygosity of microsatellite markers
genotyped is 0.73, the lowest being 0.40 for D17S776. Of
the 17markers used in this study, three fall within intronic
portions of the BRCA1 gene: D17S1323, D17S1322 and
D17S855 are located in intron 12, 19 and 20, respectively,
while the mutation R1443X lies in exon 13. Haplotype
construction was done manually. In most instances, the
haplotype associated with the mutation could be inferred
accurately as an average of three carriers per family were
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genotyped as specified in Fig. 1. In the French-Canadian
families, approximately six individuals (carriers and
known non-carriers) per family were genotyped.

Genealogical reconstruction

In each of the 18 French-Canadian families carrying the
R1443Xmutant allele,we selected one individualwhowas
a confirmed carrier. We considered as carriers partici-
pants found to be carriers through DNA analysis and
thosewith a carrier child andwith a confirmednon-carrier
spouse. Each case was matched to three different controls
based on place and year (±2 years) of marriage of their
parents. Fifty-four controls were thus selected in the
BALSAC-RETRO database (described below) for com-
parison purposes. Our goal was to determine whether or

not the genealogical characteristics of the carrier indi-
viduals were related to their status or if they merely de-
picted the underlying population structure. As controls
were not actual participants to the project, we could not
verify their carrier status and must consider that the car-
rier frequency in this group is that of their population of
origin. However, since that frequency, albeit unknown, is
low and the sample size is quite small, the probability of
having a carrier in our control group is also quite low.

Genealogical reconstruction relied on the BALSAC
population register and its peripheral databases such as
the BALSAC-RETRO database which contains linked
genealogical information on nearly 340,000 individuals
married in Quebec between the beginning of the 17th
century and the present day (Bouchard 2003). Comple-
mentary sources, such asmarriage repositories and family
dictionaries, were also consulted. Reconstruction was
performed as far back as sources allowed: in most in-
stances, lineages were traced back to the first immigrants
to Canada (12 generations ago). All genealogies were

Fig. 1 Haplotypes of the BRCA1 region for the different families
harboring the R1443X mutation
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submitted to various validation and consistency checks in
order to minimize the occurrence of false links due for
example to illegitimacy or adoptions (Bouchard 1986).

Since deep-rooted pedigrees have very complex
structures, descriptive parameters are used to ensure that
the groups of genealogies have structures allowing for
calculations and comparisons. These parameters include
the completeness index, which gives, for each generation
level, the proportion of ancestors, which have been
successfully identified. Theoretically, within a genealogy,
at a given generation x, 2x ancestors can be found (for
instance generation 2 is the grandparents’ generation
and contains 22 or four ancestors). However, due to
availability of genealogical sources, it is not always
possible to locate all ancestors and this loss of infor-
mation is measured by the completeness index. This in-
dex is also used to calculate the mean generation level at
which the lineages in the genealogies come to an end
(average genealogical depth).

For each of the 27,227 ancestors found in the geneal-
ogies, we calculated the number of carriers and controls
to which they were related, the total number of times they
appeared in the genealogies of each group—since many
of them appear more than once in a genealogy—and their
genetic contribution to the carriers’ group and to the
three control groups. Calculation of the genetic contri-
bution of an ancestor to a set of probands S is given by
X

S

X

P

ð1=2Þg

where P is the set of paths from the ancestor to the
proband and g is the length of the path (number of
generations).

Demogenetic analyses

Based on the observed haplotypes, we hypothesized that
the R1443X mutation was introduced by a single foun-
der (or founder couple) and that the sharing of this
common ancestor by the carriers should lead to an in-
crease in their kinship level. To verify this, the mean
kinship coefficient of carriers and of each control group
was calculated by identifying, for each pair of individ-
uals, all known common ancestors over all known
genealogical links and dividing the sum of these coeffi-
cients by the total number of possible pairs (for a group
of 18 subjects, this number is 153). Calculations were
performed for each generation level, starting at the third
generation and were based on the formula described by
Thomson (1986). As we made sure no controls were
related among themselves or with carriers before the
third generation, no kinship links could be found before
that. Statistical comparisons of the results were per-
formed using the statistic proposed by Hauck and
Martin (1984). The P values for unilateral testing were
obtained by the bootstrap method (Efron and Tibshirani
1993) with 5,000 repetitions to provide a sufficient pre-
cision for a 5% level.

The next set of analyses aimed at the identification of
the most likely introducer of the mutation. Here, based
on our knowledge of the population structure, our
hypothesis was that this ancestor: (1) should have a high
frequency among carriers in terms of number of
appearances and of genetic contribution and (2) should
be more specific to the carriers, but not exclusive to them,
as we have to keep in mind that at each generation the
mutation is transmitted on average to half of the children
of a carrier individual and that therefore the introducer
may have more descendants in the population who are
non-carriers than carriers. To identify the ancestors
complying with these criteria, we selected those who
appeared in more than 80%, that is more than 14 of the
18 carriers’ genealogies. Of course, based on the one
mutation-one founder hypothesis, the introducer must be
related to all carriers and therefore be present in all
genealogies. However, we cannot discard the possibility
that the introducer would not be present in one or a few
carriers’ genealogies because of a false or missing gene-
alogical link due either to an error in the reconstruction
process, to a mistake in the consulted source of infor-
mation, or to a false paternity or an undeclared adoption
in a lineage. After selecting these ancestors, genealogical
links among them were examined in order to cluster them
in ancestral family groups. Finally, we evaluated the
frequency and the specificity of these groups by com-
paring their number of appearances and their genetic
contribution to carriers and to controls.

Results

Haplotype analysis

Results of haplotype analysis are shown in Fig. 1. For
families in which more than one haplotype is present, all
the haplotypes are listed along with the number of people
within the family bearing that haplotype. Also, for
families originating from France, it was possible to
ascertain from which region of France they came from,
which greatly facilitated haplotype analysis. A total of 99
carriers were genotyped, representing nearly three indi-
viduals per family. Also, for 15 of the 18 French-Cana-
dian families, 60 non-carriers were also genotyped and
therefore haplotypes could be phased accurately. Four
different haplotypes seem to emerge quite clearly for
families of French-Canadian, Finnish and French (Bre-
ton) origins. Indeed, all French-Canadian families share
a haplotype that extends over 9.3 cM (�12,956 kb). This
highly conserved haplotype observed in 60 R1443X
carriers from 18 French-Canadian families confirms that
the R1443X mutation is a founder mutation in the
Quebec population. The family B88 (equivalent to family
81 in Friedman et al. 1995) from the United States re-
ported to be of French-Canadian descent also shares a
long haplotype with the other French-Canadian families.
The same phenomenon is observed for the three families
from Finland, consistent with a previous finding of a core
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haplotype of 7.9 cM (Sarantaus et al. 2000), as well as for
three of the four families from Brittany (families 347,
1203 and 1375). To some extent, two families from
Normandy (families 1531 and F31), family F1 from
Clermont-Ferrand, the Belgian family F32 and family
D99 from the Netherlands also display a shared haplo-
type. However, for the majority of families analyzed, a
core haplotype consisting of three markers, namely
D17S1322, D17S1323 and D17S1327, where the R1443X
mutation lies between the first two markers, is well con-
served. These results are consistent with a common origin
for this mutant allele in these populations. The only
outliers are two French families (one from Brittany and
one from Normandy) and two families from the United
Kingdom (families B35 and B155), which do not share
these three conserved markers. Distinct haplotypes are
indeed obtained in these four families, thus suggesting
multiple origins for the R1443X mutation.

Descriptive parameters of the genealogies and kinship
measurements

As shown in Table 1, genealogies were reconstructed
to an average depth of ten generations. Between
63,000 and 69,000 ancestors were identified in each of
the four groups (carriers and three control groups).
Because of the population structure, we have to take
into consideration the fact that many ancestors appear
more than once in the genealogies. In fact, the number
of distinct ancestors is between 11,000 and 14,000 in
each group corresponding to a mean of five appear-
ances for each ancestor. Moreover, only one third of
the distinct ancestors of a group are specific to this
group, while the remaining two thirds are found in at
least one other group, reflecting once again the com-
plexity of the population structure. Finally, as one
would expect, an inverse relationship is observed be-
tween the number of ancestors and the number of
genealogies in which they appear: within each group,
the majority (about 60%) of distinct ancestors appear
in only one genealogy while less than 1% appear in
more than 15 genealogies.

Figure 2 shows kinship curves for R1443X carriers
and controls. Kinship coefficients are higher among
carriers than among each of the three control groups for
all generations. Since the three control groups were se-
lected in the same population using the same criteria, the
variability observed in the controls’ kinship curves sim-
ply reflects sampling distribution and the mean values
for the three groups were used for comparison. The
difference between carriers and controls builds up for the
most part from the fifth to the seventh generation,
indicating that it is mainly explained by kinship links
attributable to common ancestors found at these gene-
alogical depths. The observed differences remain more
or less constant thereafter and are statistically significant
(P values ranging from 0.003 to 0.032) from the sixth to
the 12th generation. We stopped calculations at the 12th
generation since only a few more genealogical links
could be identified corresponding to a negligible increase
in the kinship coefficient.

Identification of the most likely introducers of the
R1443X mutation

Genealogical links among the 102 ancestors appearing in
more than 15 of the 18 carriers’ genealogies were
examined and these ancestors were clustered in 17
ancestral groups. The number of genealogies where these
ancestral groups appear were then compared for carriers
and for each of the three control groups. Results are
shown on the left side of Table 2. Within each ancestral
group, in an attempt to identify the most likely intro-
ducer, we then selected the ancestor (or couple ancestor)
with the highest genetic contribution (GC) to cases and
we compared this GC to the mean GC of this same
ancestor to the three control groups combined. GCs to
cases and controls, as well as the difference between
these two values, are on the right side of Table 2. Based
on frequency and specificity, we can see quite clearly that
ancestral group 1C emerges as the most likely founder
group for the R1443X mutation as: (1) it appears in all
of the 18 carriers’ genealogies but in 8–10 of the gene-
alogies of the control groups, and (2) it has the third
highest contribution to carriers, while showing the
highest difference between carriers and controls in terms
of GC.

In order to obtain more information on the ancestors
and on the genealogical paths linking the 18 carriers and
the founder couple of ancestral group 1C, we drew the
descending pedigree shown in Fig. 3. The founder cou-
ple married in Quebec City in 1671. The husband mi-
grated to Nouvelle-France coming from Portugal while
his wife was an immigrant from France. The 18 carriers
are linked to this founder couple through three of their
offspring, one of them being linked to 16 of the 18 car-
riers. For all couples of the pedigree, regions and dates
of marriage are indicated. Regions were grouped
according to their localization in the province except for
the eastern Quebec region of Bas-Saint-Laurent (in red),

Table 1 Descriptive parameters of carriers’ and controls’ genealo-
gies

Cases Controls

1 2 3

Number of genealogies 18 18 18 18
Mean depth of lineages (generations) 9.9 9.9 9.8 9.9
Total ancestors 65,085 61,965 61,511 65,327
Distinct ancestors 13,210 11,788 11,784 13,168
Ancestors specific to the group (%) 32.6 30.8 29.1 32.6
Ancestors non-specific (%) 67.4 69.2 70.9 67.4
Ancestors (\%) appearing
In one genealogy 60.9 62.9 61.8 61.9
In 2–14 genealogies 38.0 36.5 37.5 37.6
In 15–18 genealogies 1.1 0.6 0.7 0.6

Source: BALSAC, RETRO file
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which was singled out because of its high number of
appearances in the pedigree.

Diffusion of the mutation in the Quebec population

We identified the founder couple with the highest
probability of having introduced the R1443X mutation
in the Quebec population. The 18 carriers can be traced
to this couple through one son and two daughters, who
can therefore be considered as obligate carriers. In
Fig. 4, we measured the genetic contributions of these

offspring to the regional populations of Quebec in order
to get a better understanding of the spread in time and
space of the mutation, and to detect the presence of
geographical concentration in the diffusion pattern of
the mutation. Genealogical data for these calculations
come from an ongoing project on the demogenetic
characteristics of the regional populations of Quebec
(Tremblay et al. 2001). In the course of this project,
2,600 genealogies of individuals married in the various
regions of Quebec between 1935 and 1974 were recon-
structed. It can be seen that the mean genetic contribu-
tions of the son and the two daughters are quite variable

Fig. 2 Mean kinship
coefficients for the R1443X
carriers and for the controls.
The mean value for the three
control groups is shown by a
solid line. Kinship coefficients
were calculated among all pairs
(n=153) of individuals within
each group and for all
generations from the third to
the 12th

Table 2 Description of the 17 ancestral groups where founders have the highest probability of having introduced the R1443X mutation in
the French-Canadian population

Ancestral group Number of genealogies where group is found Genetic contributiona (·10,000)

Among carriers Among controls To carriers To controlsb Difference

1 2 3

1A 18 15 15 16 1060.2 959.1 101.1
1B 18 17 18 18 914.5 1189.2 �274.7
1C 18 8 8 10 827.6 315.8 511.9
1D 18 17 18 17 818.5 743.3 75.2
1E 18 17 16 17 751.0 792.3 �41.3
1F 18 17 18 15 691.5 671.8 19.7
1G 17 15 17 17 659.2 653.9 5.3
1H 16 13 15 13 618.3 453.9 164.4
1I 16 10 14 12 592.0 924.1 �332.0
1J 18 14 14 12 587.8 450.0 137.7
1L 17 17 18 17 574.6 822.1 �247.5
1M 16 12 13 10 499.3 625.8 �126.5
1N 17 16 15 18 451.0 525.9 �74.9
1P 17 13 18 15 429.1 623.6 �194.5
1R 16 12 11 11 329.6 154.6 175.0
1S 16 10 10 10 287.5 145.3 142.2
1V 17 11 12 11 141.0 77.5 63.5

Source: BALSAC, RETRO file
aBased on the ancestor with the highest contribution to carriers
bAverage contribution to the three control groups
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among the different regions. In agreement with Fig. 3,
the highest genetic contribution of these three obligate
carriers is found in the Bas-St-Laurent region followed
by the two adjacent regions of Gaspe peninsula and
Cote-du-Sud. The other regions do not display any clear
geographical gradient or grouping except that the lowest
values are found mostly among the southwest regions of
Quebec.

Discussion

Haplotype analysis

The extent of haplotype data among the 18 French-
Canadian families analyzed indicates that there was a
single introduction of the mutation for this population
and therefore the observed elevated frequency of this
specific mutation is explained by a founder effect. Al-
though the origin of the founders of the Quebec popu-
lation has been quite extensively studied, information on
the level of kinship between founders originating from
the same village or region is scarce and we cannot rule
out the possibility of more than one introduction by

individuals sharing the same haplotype (mutational
event); however as previously shown, genealogical data
make us confident that the mutation was introduced by
a single founder.

The French-Canadian families share a haplotype
extending over 9.3 cM in most families. Only at two
markers, D17S933 and D17S1859, the most centromeric
and telomeric, respectively, can we see a difference in
haplotypes. However, at least two of the changes
observed are recombination events, while the other
events are either marker mutations or 2nd recombina-
tion events within the same family (family 5582). The
Finnish families also share a very long haplotype and
differ only at the most telomeric and centromeric
markers. A core haplotype of 7.9 cM has already been
reported in this region for these three kindreds and this
particular mutation has been associated with a south-
eastern region in southern Karelia, near the Russian
border (Sarantaus et al. 2000). Because of its defined
ethnic and geographic location, the Finnish population
is also considered a founder population. Finland is
inhabited by a population distinguishable from other
European populations by its language, which stems from
the Uralic language family (Kere 2001). It is estimated
that approximately 1,000 founders populated the coastal
and southern regions of Finland, nearly 2000 years ago.
A smaller subgroup of the Finnish founder population
migrated to the more eastern and northern areas 20–25
generations ago (de la Chapelle 1993; Peltonen et al.
1999). Three families from Brittany (347, 1203 and 1375)
also display a large portion of a shared haplotype and to
a lesser extent with family 1628, also of Breton origin.
Even though Brittany is not considered a founder pop-
ulation per se, the Bretons represent a linguistic minority

Fig. 3 Introduction and diffusion of the R1443X mutation in the
French-Canadian population. The founder couple married in
Quebec City in 1671. The husband migrated from Portugal, while
his wife had come from France. None of their parents ever came to
North America. For each couple, dates (starting from the
probands’ grandparents) and places of marriage are indicated.
Regions were grouped according to their localization in the
province except for the eastern Quebec region of Bas-Saint-Laurent
(in red), which was singled out because of its high number of
appearances in the pedigree. For confidentiality purposes, sex of
carriers as well as dates of their parents’ marriage are not indicated
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in France. A Celtic language is spoken, which was
reintroduced from the British Isles (Cavalli-Sforza et al.
1994). This linguistic difference helped to create some
degree of isolation of this part of the country.

Haplotypes extending over long distances have also
been reported for other founder populations (Neuhau-
sen et al. 1996). However, when we compare the hap-
lotype data obtained from the French-Canadian families
with the 19 families from other populations and bearing
the same mutation, it becomes probable that there is
more than one origin of the BRCA1 R1443X mutation,
which is in agreement with a previous study where only
four families with this mutation were analyzed (Neu-
hausen et al. 1996). Recurrent mutation is not surprising
since R1443X results from mutation of the hypermut-
able CG dinucleotide to TG. Indeed, even though a core
haplotype of three markers (D17S1322, D17S1323 and
D17S1327) encompassing the R1443X mutation is ob-
served for the great majority of families, four are clearly
different. The outliers are two families from France
(family 390 from Brittany and family F85 from Nor-
mandy) and two British families (B35 and B155 from
Wales and United Kingdom, respectively). However,
families 390 and F85 do share a haplotype between them
spanning more than 1,200 kb. Two alternative expla-
nations may account for the distinctive haplotype ob-
served in these French families. One possibility might be
an independent mutational event in the Scandinavian

settlers of Normandy (ninth century Norwegian and
Danish Vikings, as described in Cavalli-Sforza 1994). On
the other hand, marker mutations within the core hap-
lotype in the lineage giving rise to the most closely re-
lated haplotype among other French families (F35)
could equally well explain the observed haplotype and
may be more plausible, given F35 is also from Nor-
mandy and that R1443X has not been reported in
Scandinavian populations. Nevertheless, the British
family from Wales (family B35) is entirely unrelated to
any other haplotypes and thus likely represents an
independent mutational event. This family is possibly of
Celtic origin.

Extensive linkage disequilibrium in the BRCA1 re-
gion has been reported in previous studies (Durocher
et al. 1996; Dunning et al. 1997), as well as in the
EDH17B2 and RNU2 regions (Normand et al. 1993;
Liao et al. 1997). Interestingly, the region on chromo-
some 17q21 spanning RNU2-BRCA1 has shown evi-
dence for suppression of recombination (Liu and Barker
1999). This could explain why, in refining the location of
BRCA1, the meiotic breaks usually observed involved
markers no closer than 0.5–1.0 Mb (Albertsen et al.
1994; Tonin et al. 1994). A lack of recombination in this
region could also account for the homozygous haplo-
types observed by Tonin et al. (1998) for that specific
mutation over a shorter distance, highlighting the
importance and implications of extending a haplotype
especially for the estimation of the time of origin of
BRCA1 mutations in a founder population.

Thus, analysis of haplotypes associated with the
R1443X mutation in individuals of French-Canadian,
French, Finnish, Dutch, Belgian and Russian ancestry,
suggests existence of a relatively old mutation that has
spread through migration. The novel haplotypes asso-

Fig. 4 Map of the mean genetic contribution (%) of the founders’
obligate carrier children to the contemporary regional populations.
All regions are represented except for northern Quebec. The highest
genetic contribution of these three obligate carriers is found in the
Bas-St-Laurent region and in the two adjacent regions of Gaspe
peninsula and Cote-du-Sud (black color). Numbers in brackets refer
to the number of regions pertaining to each class of values
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ciated with R1443X in families from United Kingdom
point towards independent origins in different popula-
tions. The R1443X has been reported not only in pa-
tients from the populations studied herein, but also of
Italian, Ashkenazi and central/eastern European descent
(BIC database—http://research.nhgri.nih.gov/bic/).
Other, rare reports of the R1443X mutation include
patients of native American and latin America/Carri-
bean ancestry. It would, of course, be interesting to
determine whether these mutations derive from the de-
scribed founder mutation, or represent additional inde-
pendent mutational events.

Identification of the most likely introducers
of the R1443X mutation in the Quebec population

We have identified the founder couple with the highest
probability of having introduced the R1443X mutation
in the Quebec population. Using criteria of frequency
and specificity, this couple is the most likely, as it ap-
pears in the 18 carriers’ genealogies but in only 26 of the
54 controls’ genealogies. Moreover, this ancestral group
has the third highest contribution to carriers and the
greatest difference when compared to controls. Even if
ancestral groups 1A and 1B had a higher contribution to
carriers, we could exclude them as they were also very
frequent among the control groups, indicating that they
have a great overall contribution to the whole popula-
tion.

The founder couple married in Quebec City in 1671.
They are both the only members of their sibship who
migrated to Nouvelle-France (PRDH 2004). The wife
came from France and the husband came from Portugal,
which is interesting since most 17th century founders of
the Quebec population came from France. As the
R1443X mutation has been reported in French families
(Stoppa-Lyonnet et al. 1997) and, to our knowledge, has
not been found in Portuguese families (Soares et al.
2000), we can therefore hypothesize that the mutation
was introduced from the mother’s side, but of course we
cannot be sure. This founder couple had five children,
who all married (PRDH 2004), and based on our pedi-
gree, three of them are obligate carriers. Among these
three children, one daughter is related to 16 of the 18
carriers. An explanation for this could be that she had
ten children, eight of which married (five appearing in
the pedigree), whereas her sister had five children, only
two of which married (one appears in the pedigree) and
her brother had only one married child. We must also
keep in mind that we do not have complete ascertain-
ment of R1443X carrier families in the Quebec popula-
tion.

Another interesting feature of the pedigree is related
to the spatial distribution of the ancestors based on their
place of marriage. The color code red representing the
Bas-St-Laurent region, which is located on the southeast
shore of the St. Lawrence River is clearly over-repre-
sented and this concerns more specifically the descen-

dants of the daughter with the most children. The other
ancestors come mostly from the adjacent regions of
eastern Quebec (shown in blue), whereas some are from
central Quebec and Quebec city area and very few are
from western Quebec.

The pedigree also displays the complexity of the
transmission paths of the mutation, which in turn is but
one illustration of the French-Canadian genealogical
structure. For instance, five of the 18 carriers could
theoretically have inherited R1443X from either their
mother or father because they are related to the founder
couple through both their maternal and paternal gene-
alogies. In principal, this could even lead to homozyg-
otes, except that such a genotype would probably be
embryonic lethal, as mice embryos homozygous for a
BRCA1 mutation do not survive past 10–13 days (Go-
wen et al. 1996).

Diffusion of the mutation in the Quebec population

Based on the descending pedigree and on the genetic
contributions of the three obligate carriers to the regional
populations of Quebec, we see a regional clustering of the
mutation in the Bas-St-Laurent region. These results
indicate that the consequences of the founder effect in the
Quebec French-Canadian population show variability at
the regional level. This stratification is due to differential
demographic behaviors of founders and their descen-
dants in terms of migration and settlement patterns on
the territory as well as characteristics of spouse choice,
fertility and pre-reproductive mortality. It has been ob-
served previously both in demographic studies (Heyer
et al. 1997) and in studies on the distribution of muta-
tions involved in various inherited disorders (Carter et al.
1998; Couture et al. 1999).

In a population genetics perspective, we believe our
combination of molecular, haplotypic and genealogical
approaches for the study of a specific mutation has al-
lowed us to perform one of the most in-depth studies of
this type conducted so far. Although the identification of
the founders who introduced the mutation will always
remain probabilistic we are confident that our method,
based on the use of control groups and criteria of
frequency and specificity to select ancestors gives us a
very high probability of having pinpointed the right
couple. On more theoretical grounds, the combined use
of genealogical, historical and molecular information
from the same population contributes to a better
understanding of the impact of demographic factors on
the genetic structure of populations. The French-Cana-
dian population of Quebec is particularly well suited for
this type of study.

In an epidemiological setting, our findings cannot be
interpreted as an indication that breast cancer should
be elevated or more frequent in the contemporary
population of Bas-St-Laurent, not even that the pro-
portion of hereditary cancers among overall breast
cancers should be increased in this region. We have to
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be very cautious while interpreting genealogical infor-
mation in the context of risk factor distribution. One
has to keep in mind that genealogical data on ancestors
yield genetic information on the whole genome of these
ancestors and not on a specific allele they carry. Ge-
netic contribution of an ancestor to the gene pool of an
individual or of a group of individuals represents the
proportion of the genome of this individual or this
group that is expected to have come from this ancestor.
We do not believe it should be considered as the ex-
pected carrier rate of a specific mutation, at least not in
the practical context of genetic counseling on a day-to-
day basis in the clinics. However, it could be that
among affected individuals pertaining to high-risk
families, the probability of identifying the R1443X
mutation would be higher if this family has ancestry in
the Bas-St-Laurent area.

Nonetheless, it is worth mentioning that our find-
ings are in accordance with a study on cancer inci-
dence in Quebec, which shows the highest prevalence
of breast cancer cases in the Bas-St-Laurent area
(Louchini et al. 2004). We believe these results deserve
further investigation for a better understanding of the
distribution and epidemiology of the mutation. The
prevalence of the R1443X mutation in the Quebec
population is not known. However, an estimate for
the Bas-Saint-Laurent could be obtained by screening
a series of breast tumors from this specific region.
Moreover, as we know the mean age at onset of
breast cancer for women with a BRCA1 mutation in
the French-Canadian cohort is in the early forties, we
are also intending to obtain information on the age of
onset of breast cancer and other BRCA1-associated
cancers, such as ovarian, among affected women in
this region.

We strongly believe that identifying founder muta-
tions and establishing their origin and spread is a critical
step towards providing accurate counseling and devel-
oping inexpensive mutation detection in the concerned
populations. Moreover, as the majority of R1443X
carriers analyzed in the French-Canadian families
turned out to be unaffected, this suggests that even
among families with founder mutations, there appear to
be differences in susceptibility and in age of onset of
cancer, highlighting the role and importance of risk-
modifying factors, such as diet, lifestyle and modifier
genes, especially in the presence of a strong family his-
tory of breast and/or ovarian cancer. By identifying
those at high-risk (i.e., carriers), but unaffected, it is
possible to offer to these healthy individuals a better
follow-up for good risk management.

By providing a clearer representation of the popula-
tion structure and of the role of demographic history in
shaping this structure, this type of study could also
facilitate the identification of new deleterious alleles and
therefore impact on those affected with breast cancer in
other populations as well. Such studies are certainly not
unique to breast cancer genetics and could be used to
understand other diseases. Here, with breast cancer as a

model for other complex traits, we have demonstrated
how molecular genetics and demogenetic analyses can
complement each other and provide findings that could
have an impact on public health.
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Deschênes-Fabia, Hôpital du Saint-Sacrement, Qué-
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Louchini R, Beaupré M, Bouchard C, Goggin P (2004) La préva-
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