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Abstract
Background: A small region of about 70 kb on human chromosome 19q13.3 encompasses 4 genes of
which 3, ERCC1, ERCC2, and PPP1R13L (aka RAI) are related to DNA repair and cell survival, and one,
CD3EAP, aka ASE1, may be related to cell proliferation. The whole region seems related to the cellular
response to external damaging agents and markers in it are associated with risk of several cancers.
Methods: We downloaded the genotypes of all markers typed in the 19q13.3 region in the HapMap
populations of European, Asian and African descent and inferred haplotypes. We combined the European
HapMap individuals with a Danish breast cancer case-control data set and inferred the association between
HapMap haplotypes and disease risk.
Results: We found that the susceptibility haplotype in our European sample had increased from 2 to 50
percent very recently in the European population, and to almost the same extent in the Asian population.
The cause of this increase is unknown. The maximal proportion of overall genetic variation due to
differences between groups for Europeans versus Africans and Europeans versus Asians (the Fst value)
closely matched the putative location of the susceptibility variant as judged from haplotype-based
association mapping.
Conclusion: The combined observation that a common haplotype causing an increased risk of cancer in
Europeans and a high differentiation between human populations is highly unusual and suggests a causal
relationship with a recent increase in Europeans caused either by genetic drift overruling selection against
the susceptibility variant or a positive selection for the same haplotype. The data does not allow us to
distinguish between these two scenarios. The analysis suggests that the region is not involved in cancer
risk in Africans and that the susceptibility variants may be more finely mapped in Asian populations.
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Background
A small region of about 70 kb on human chromosome
19q13.3 encompasses four genes of which three, ERCC1,
ERCC2, and PPP1R13L (aka RAI) are related to DNA
repair and cell survival, and one, CD3EAP, aka ASE1, may
be related to cell proliferation. Evidence suggests that the
genes are co-ordinately expressed [1] and the whole
region may be related to the cellular response to external
damaging agents [2] Figure 1 illustrates the region.
Studies of genetic epidemiology have implicated this
region as a risk determinant for multiple types of cancer in
Caucasians [3-8]. It may also be associated with cancer
risk among Chinese [9]. Extensive searches in the region
were carried out on the postmenopausal breast cancers of
the prospective study "Diet, Cancer and Health" using
nested, individually matched cases and controls. Each
group comprised 434 persons, imbedded in the 29 549
women of the population based cohort. We have so far
identified a polymorphism, called RAI-3'd1. The formal
designation
of
the
polymorphism
is
NT_011109.15g18147012dupATTTT(2_12). It is located
3' of the gene PPP1R13L and is the polymorphism with
the strongest association to postmenopausal breast cancer
among Danish women [10]. Recent data also point to a
functional difference of the RAI-3'd1 alleles: Studies using
electrophoretic mobility shift assays indicate that a typical
"long" alleles having 9 repeats binds nuclear proteins with
higher affinity than a typical "short" alleles (having 4
repeats). This suggests that the polymorphism has a role
in transcription (K.K. Nissen et al, manuscript in preparation). However, PPP1R13L and part of ERCC2 are located
in a haplotype-block with very limited recombination.
Moreover, not all polymorphisms in the region have been
tested, as some are located in regions of highly repetitive
DNA, so that design of relevant assays is very difficult.
Thus, a formal identification of the causative variation(s)
is still lacking and it is possible that some of the untested
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Helgason et al. [15] reported that a gene associated with
diabetes 2 susceptibility contained a variant haplotype
that appeared to have been selected for in Asian and European populations. Thus, disease susceptibility variants
may not always be selectively neutral even if they primarily manifest themselves after reproductive age (see also
[16-19]). Indeed, the susceptibility variants in chromosome 19q13.3 appear to affect relatively young people
and can therefore have a selection against them both
directly through reproductive output and indirectly
through caring for children and grandchildren after menopause. If this is the case, they are only expected to reach
high frequency due to one of the following factors: 1) they
have a positive effect on some other trait, 2) they are
linked to a variant which is positively selected and thus
are pulled to high frequency by genetic hitch hiking, 3)
they have increased by genetic drift, e.g. during a population bottleneck.
We therefore surveyed the 19q13.3 region for differences
in haplotype structure and frequencies in the HapMap
populations of European, Asian and African descent. We
found that the susceptibility haplotype has increased from
2 to 50 percent very recently in the European population,
and to almost the same extent in the Asian population.
The cause of this increase is unknown. The maximal Fstvalue closely matches the putative location of the susceptibility variant as judged from haplotype-based association mapping.
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polymorphisms are of significance. Certain other polymorphisms seem to play an additional role in specific cancers. For instance, a polymorphism in the 3' coding region
of ERCC2, called XPDe23 or K751Q, may interact with the
polymorphisms in or around PPP1R13L in determining
risk of lung cancer [8]. Finally, the region, in particular the
polymorphism ASE1e1 may also play a role in the prognosis of certain cancers such as multiple myeloma [11]
and lung cancer (U. Vogel, et al, unpublished). Several
polymorphisms in the ERCC1 region have been associated with survival among cancer patients [12-14].
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Methods
Ethical matters
This study was performed in compliance with the Helsinki
declaration. The project was approved by the Science Ethical Committee of Copenhagen (j.nr: 01-345/93/(KF) 11037/01/11-124/01). Written and verbal informed consent
was obtained from all participants.

relative position (kb)

Figure 1of the region investigated in the current study
Cartoon
Cartoon of the region investigated in the current
study. From [10].

HapMap populations
The DNA samples come from a total of 270 people. The
Yoruba people of Ibadan, Nigeria, provided 30 trios (two
parents and an adult child). In Japan, 45 unrelated individuals from the Tokyo area provided samples. In China,
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45 unrelated individuals from Beijing provided samples.
Thirty U.S. trios provided samples, which were collected
in 1980 from U.S. residents with northern and western
European ancestry by the Centre d'Etude du Polymorphisme Humain (CEPH). Data used was downloaded
from the genome variation server (GVS) at University of
Washington http://gvs-p.gs.washington.edu/GVS/. This
data was imported into Haploview 4.0 [20] where the
haplotype block structure of 23 common markers in CEU
was analysed in detail. Haplotype blocks in CEU were
defined using the criterion of Gabriel et al. [21]: a block is
created if 95% of informative (i.e. non-inconclusive)
comparisons are "strong LD", i.e. with D' > 0.7 for > 95%
of pairwise markers. The same blocks were manually
defined in the YRI and Asian populations for comparison.
All haplotypes with frequencies > 1% were displayed.
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Typing strategy
We sequenced the region spanning from the 5' portion of
ERCC2 to the 3' portion of ERCC1 in 10 breast cancer
cases and 10 controls. The actual number of reliable
sequences varied somewhat from place to place. In total,
we discovered 106 polymorphisms including those that
were present in the NCBI's dbSNP. Of these 21 were found
to contain very little variation and for 14 we could not
develop a reliable assay due to repetitive sequences. Of the
remaining 71 SNPs, we report results from complete typing of 58 In addition to these SNP we typed 4 more outside the region to span the full 70 kb region. A full list of
the markers is available in the supplementary material
from [10].
Population differentiation (Fst)
We downloaded the chromosome 19 genotype data for
the populations from HapMap. For each shared SNP on
the chromosome we calculated the Fst statistic between the
CEU population and the YRI population (with 32,310
shared SNPs) and between the CEU population and the
pooled CHB and JPT populations (with 32,443 shared
SNPs).

To plot the distribution in Figure 2, we calculated the
empirical density function using the density function in R.
To obtain the 95% percentile we used the quantile function from R.
Imputation of genotypes using FastPHASE
We pooled the case/control individuals with GVS individuals by considering the genotypes of markers that are not
in the case/control individuals as missing data. We then
imputed the most likely genotypes of the missing data
using FastPHASE, and this way increased the number of
markers in the case/control data from 58 SNPs to 125
SNPs. This allowed us to compare the inferred frequency
of the key 11-marker haplotype block in the Breast cancer
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Figure
2 of Fst values on chromosome 19 between
Distribution of Fst values on chromosome 19
between Europe-Africa. Vertical line shows the 95% percentile and the red dots the observed Fst values in the candidate region.

data set and test its association with disease as well as with
previously identified associated markers, e.g. RAI-3'd1.
Association mapping
We tested both typed and imputed SNPs for association
with breast cancer. We tested each marker individually
with a 3 × 2 χ2-test and tested haplotype-phenotype association using the Blossoc method [22].

For the single marker test we used the tool chisq_sma
available from[23] and for the Blossoc analysis we used
the Blossoc tool from [24] We ran chisq_sma with default
options and Blossoc with options "-m5-fH". Of the 125
SNPs we could not compute the single marker statistics in
29 cases, due to too few counts in at least one of the cells
of the contingency table. Figure 3A thus only shows 96
points, rather than 125. The Blossoc method can compute
scores for all 125 SNPs.

Results
In order to compare our case-control data to HapMap data
[25] we first downloaded all SNP data on 19q13.3 from
the European, Asian and Yoruban populations from the
Human Genome Variation Server http://gvs-p.gs.wash
ington.edu/GVS/. We combined the European data from
GVS with a Danish breast cancer case/control data set [10]
and used FastPHASE [26] to impute the SNPs not typed in
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Association analysis on typed and imputed markers. A) Single marker association, B) Blossoc analysis. The blue dots
indicate markers that were typed in the case/control data, while the red dots indicate markers that were imputed for the case/
control individuals using GVS data.
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the case/control data but in the GVS data. Figure 3A shows
the individual p-values of association to disease for typed
SNPs (shown as blue dots) and imputed SNPs (shown as
red dots). The association is highest (P = 3.58 × 10-3) at
chromosome position 50,570,445, corresponding to the
marker RAI-3'7. Figure 3B shows a haplotype based analysis, called Blossoc [22] of the association of SNPs with
breast cancer. Blossoc uses hierarchical clustering of local
haplotypes to estimate the position of the putative causative variant. The maximum association was located at
50,570,814, closely corresponding to the marker RAI3'd3. With the imputed SNPs and haplotype analysis we
conclude, as in the previous study, that the maximal association of SNPs with breast cancer in this region was
located just 3' of PPP1R13L [10] and do not delimit the
position of the causative genetic variant further.
Next, we calculated Fst, the proportion of overall genetic
variation due to differences between groups for Europeans
versus Africans (Figure 4A) and Europeans versus Asians
(Figure 4B), using the HapMap SNPs. In the samples,
Europeans and Africans share 29 SNPs in the region and
Europeans and Asians share 30 SNPs in the region. A
genetic difference between Europeans and Africans was
distinctly present immediately 3' to the PPP1L13L and to
the left, while limited differences were present to the right,
with maximal values from chromosome position
50,568,000 to 50,575,000 (Figure 4A). A similar difference is not found when comparing Asia and Europe (see
Figure 4B), but we observed a similar tendency in the
comparison of Asians and Africans (not shown) albeit
with slightly lower values and possibly shifted slightly to
the left. Although we would generally consider an Fstvalue of 0.5 large, we still expect to find Fst > 0.5 in numerous places in the genome. Figure 2 shows the empirical
distribution of Fst values between the HapMap European
and African populations across the entire chromosome
19. The 95% percentile, shown as a vertical line, was
0.4281. The Fst of the markers in the region are shown as
red dots. Of the 29 SNPs in the region, 13 are among the
5% most differentiated SNPs on the chromosome, but
there are many other SNPs with similarly high Fst values.
The relatively high differentiation combined with the
known association with cancer, however, prompted our
further investigation.
To elucidate further the ethnic differences in this region of
19q13.3 we calculated the frequencies of haplotypes in
the region for the three ethnic groups using the chimpanzee genome to identifying the ancestral form. The SNPs
used for this analysis are shown in Figure 5. Haplotypes
were phased by the default method in Haploview based
on pedigree information from the trio making up the data
sets for YRI and CEU. The haplotypes spanning the region
of maximal Fst could be broken down into several sub-

http://www.biomedcentral.com/1471-2350/10/20

regions with considerable recombination in between. A
core region of 11 SNPs (from rs171140 to rs11878644 in
Figure 5) seemed rather well preserved. In this core region
one particular haplotype ACTCTGACTCC, which seemed
closest related to the chimpanzee haplotype, constituted
91 percent of the African chromosomes, but only 15 percent of Europeans and 48 percent of the Asian. In contrast,
the haplotype CTCCATTTCGT was only present on 2 percent of African chromosomes, but 50 percent European
and 43 percent Asian chromosomes. Thus, major shifts of
haplotype frequencies in this region seem to have taken
place in the evolution of the European and Asian populations. Remarkably, the haplotype CTCCATTTCGT, which
has increased in the European and Asian populations, is
in very strong LD with the prime candidate SNP for association with breast cancer, RAI-3'd1 (Figure 5d), in that all
chromosomes carrying the CTCCATTTCGT haplotype
also carries the risk allele at RAI-3'd1. Therefore, the CTCCATTTCGT haplotype is also an inferred risk allele by a
test of independence (P < 0.05).

Discussion
In this paper, we have held together two different sets of
DNA data, (1) a set of Danish women suffering from postmenopausal breast cancer, and (2) the HapMap DNA data
from different ethnic groups. It appears that a haplotype
in a region of high association with breast cancer has proliferated during the formation of the European population and to a somewhat lesser extent in the formation of
the Asian population. In contrast, the most common
allele among Africans, which also seem to be the ancestral
form according to the Chimpanzee sequence, has diminished considerably in the "new" populations of Europe
and Asia. It is therefore likely that the susceptibility haplotype is the derived state and that it increased in connection with the out-of-Africa expansion 60,000–100,000
years ago.
Remarkably, the accumulation of haplotypes runs contra
to what we would expect, if risk of breast cancer were a
selectable property. Specifically, the haplotype CTCCATTTCGT, which has accumulated about 30-fold in the transition from Africans to Europeans seems to be positively
associated with cancer risk.
It is possible that other phenotypes, also associated with
this haplotype, have exerted a stronger selective pressure
in the opposite direction during the development of the
derived populations, where adaptive evolution in
response to changing environment appears to have been
prominent but not yet disentangled [19,27,28]. Alternatively, the accumulation of the cancer-prone haplotype
could be a result of genetic drift overriding weak selective
forces in the periods, when the derived non-African populations were still quite small [16,29,30].
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The main haplotypes in the region for a) Europe), b) Asia and c) Africa. The haplotypes blocks were defined applying
the criterion of Gabriel et al. [21] on the CEU data. Haplotypes in different blocks are connected with thick lines if shared
more than 10% and with thin lines if shared 1–10%. Numbers between blocks indicate average linkage disequilibrium measured
as D' between adjacent blocks The ancestral state of each SNP was inferred from the chimpanzee sequence, using the genome
variation server. The haplotype CTCCATTTCGT (block 3) has an increased frequency in CEU and consists mainly of derived
alleles. It is an inferred risk variant in the Breast Cancer data set (panel d) and is in strong LD with previously identified susceptibility markers (position of these shown above Figure, and frequency of Rai3'd1 is shown in panel d).
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Conclusion
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to be associated with cancer. We find that the polymorphisms shared between the CEU and YRI HapMap populations are highly divergent: 13 out of 29 SNPs in the
region are in the 95% percentile of Fst statistics for the
chromosome.
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A detailed analysis identified a haplotype found in low
frequency (2%) in Africans but in high frequency in Europeans (49%) and Asians (43%). Based on a comparison
with the Chimpanzee genome, we conclude that this haplotype is derived, and most likely has increased in frequency in the European and Asian populations since the
out-of-Africa migration, rather than decreased in frequency in the African population.
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