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Summary

The low density lipoprotein receptor gene (LDLR) contains many Alu insertions, and is especially Alu-rich at its
3/ —untranslated region (3’-UTR). Previous studies suggested that the LDLR 3'-UTR could regulate gene expression
by the stabilization of its mRINA. Given the faster Alu evolutionary rate, and wondering about its consequences
in a possibly regulatory locus, we have studied ~ 800 bp of 222 chromosomes from individuals of African, Asian,
Caucasian and Amerind ancestry, to better understand the evolution of the worldwide genetic diversity at this locus.
Twenty-one polymorphic sites, distributed in 15 haplotypes, were found. High genetic diversity was observed,
concentrated in one Alu insertion (Alu U), which also shows a fast evolutionary rate. Genetic diversity is similar in
all populations except Amerinds, suggesting a bottleneck during the peopling of the American continent. Three
haplotype clusters (A, B, C) are distinguished, cluster A being the most recently formed (~ 500,000 years ago). No
clear geographic structure emerges from the haplotype network, the global F; (0.079) being lower than the average
for the human genome. When ancestral population growth is taken into account, neutrality statistics are higher than

expected, possibly suggesting the action of balancing selection worldwide.
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Introduction which are involved in several large deletions causing FH
(Lehrman et al. 1987; Goldstein et al. 1995).

A high Alu density occurs at the 3'-untranslated re-
gion (3'-UTR) of this gene, whose 2.5 kb comprise
almost half of the whole mRNA (5.3 kb) (Yamamoto
etal. 1984). Several studies showed evidence that the
3/-UTR of the LDLR gene can be an important site of
post-transcriptional regulation (Goto et al. 1997; Wilson
etal. 1997, 1998; Knouff efal. 2001; Nakahara etal.
2002), and Wilson efal. (1998) also suggested that

the Alu-rich portion of this region can function as a

The low density lipoprotein receptor (LDLR) is a cell
surface glycoprotein that plays a key role in maintaining
normal plasma cholesterol levels, mediating the endo-
cytosis of LDL and other cholesterol-carrying particles.
Defects in the receptor pathway lead to familial hyper-
cholesterolemia (FH), a common monogenic disorder
in humans (Goldstein ef al. 1995). The LDLR gene, lo-
cated on chromosome 19p13.1-3, consists of 18 exons

spanning 45 kb, and contains multiple Alu insertions

cytoskeleton-binding domain, playing a direct role in
*Corresponding author: Nelson J. R. Fagundes, M.Sc., Centro gene regulation by enhancing the mRNA half-life.
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nrosa@pucrs.br U for upstream and D for downstream). After the

3/-UTR contains two complete Alu insertions (named

© University College London 2005 Annals of Human Genetics (2005) 69,389—400

389



390

N. J. R. Fagundes et al.

a) primate Alu U AluD

4 I -

b) Alu'Yb8 master
AAA

gene conversion

partial Alu
(old Alu U) AluD

A I -

1 2 1

new Alu U

|

Figure 1 Schematic representation of the arrangement of Alu
insertions at the 3’-UTR of LDLR. a) Genomic organization in
non-human primates, containing two elements from an old (Sx)
Alu subfamily (black boxes). b) In the human lineage, a gene
conversion occurred, replacing most of the old, Sx, Alu U by a
new, human specific, Yb8 subfamily (white box). The new Alu
U poli A tail is also represented. 1- Homologous human vs.
chimpanzee sites (non-Alu U). 2- Alu U sites, for which no
homology exists in chimpanzee.

human-chimpanzee divergence, however, Alu U was
partially replaced by a new insertion from the human-
specific Yb8 subfamily through a gene conversion event
(Fig. 1). Therefore, in the human lineage, two complete
(the new, human-specific, Alu U and Alu D) and one
partial insertion (the old Alu U) exist (Kass et al. 1995).

The insertion of Alu elements in functional loci can
modulate gene expression either directly, or by chang-
ing the methylation pattern at CpG sites (Batzer &
Deininger, 2002). A high CpG content gives Alu el-
ements a slightly faster evolutionary rate compared to
the rest of the human genome (Chen & Li, 2001). In
regulatory sites, such an increased rate can also aftect
gene function by point mutations (Labuda et al. 1995).

To better understand the evolution of the Alu-rich
region at the 3’-UTR of the LDLR gene, with special
attention to its worldwide genetic variation, we have
studied 222 chromosomes from African, Asian, Cau-
casian and Amerind samples covering ~ 800 bp of this
locus. Our data support the idea that the region has an
important regulatory function, suggesting that the ex-
isting diversity patterns were maintained by balancing

natural selection possibly for more than 500,000 years.
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Subjects and Methods

Samples

After appropriate informed consent information, DNA
from 111 individuals of African, Asian, Caucasian and
Native American ancestry were studied. The African or
African-derived sample consisted of 25 subjects, namely
three Biaka Pygmies, three Mbuti Pygmies, six Nilotic,
six Bantu, one Kordofanian, and six African American
individuals. The Asian group consisted of 24 persons:
four Vietnamese, two Cambodian, five Chinese, three
Korean, four Japanese, two Taiwanese, and four Asian
individuals of unknown origins. Twenty-six Caucasians
were studied, consisting of six German, nine French,
one Egyptian, seven Cypriot, one Breton, one Swiss
and one Hungarian subjects (these samples had been
previously investigated by M.A. Batzer, PL. Deininger,
or L.B. Jorde’s groups for other systems). The Native
American sample consisted of DNA from 36 individ-
uals, with the following tribal affiliations: seven Aché,
six Gavido, six Surui, five Waiwai, six Xavante, and six
Zor6 individuals (these samples were collected by EM.
Salzano or his group, and studied for a number of dif-

ferent genetic markers).

PCR Amplification and Sequencing

All samples were amplified using primers F1039 (5'-
ACTTCAAAGCCGTGATCGTGA-3") and R2008
(5'-TGCAACAGTAACACGGCGATT-3'), designed
to span 950 bp of the 3'UTR of the LDLR gene.
Standard amplification conditions were 10-40 ng of ge-
nomic DNA, 1.5 mM of MgCl,, 0.2 mM of each dNTP,
0.2 uM of each primer, and 0.5 U of Taqg DNA poly-
merase. Cycle conditions were 94°C for 1 min, 60°C
for 2 min, and 72°C for 2 min, with an initial denatur-
ing step of 94°C for 1 min and a final extension step of
72°C for 10 min.

PCR  products both
strands using amplification primers plus PS (5'-
ACGGAGTCTCGCTCTGTCGC-3") and F1501
(5'-ACCATGCATGGTGCATCAGCA-3)
either BigDye (Applied Biosystems) or ET terminators

were sequenced on

with

chemistry (Amersham Biosciences) following man-
ufacturer’s protocols, and read in ABI310 (Applied
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Biosystems) or MegaBace1000 (Amersham Bio-
sciences) automated systems. All chromatograms were
checked by eye to search for possible single nucleotide
polymorphisms (SNPs), insertions or deletions (indels).
All putative SNP sites were confirmed by exhaustive
re-sequencing.

The region sequenced included 784 bp, correspond-
ing to sites 3625 to 4486, with the exception of the Alu
U A-rich tail (positions 3992 to 4069) (Yamamoto ef al.

1984).

Haplotype Assignment

Haplotype determination was performed with the
PHASE program (Stephens et al. 2001a) which imple-
ments a Bayesian method of haplotype reconstruction
based on genealogies reconstructed from coalescent the-
ory under a Markov Chain Monte Carlo framework.
This approach seems to outperform other strategies
such as the maximum likelihood expectation maximiza-
tion algorithm in most cases (Stephens et al. 2001a). All
searches were conducted with 1,000,000 replications.

Evolutionary Rate

We have partitioned the region into two groups of sites,
the first including only the human-specific Alu U, and
the second including all the other sites (called non-Alu
U sites — see Fig. 1). For this second group, estimation
of the evolutionary rate is straightforward, by calculat-
ing the average Kimura-2P distance between human and
chimpanzee sequences, and using a calibration point of
six million years (Myr). The Kimura-2P model was se-
lected by a maximum likelihood approach (Posada &
Crandall, 1998).

For the estimation of the human Alu U evolutionary
rate, we first estimated the age of insertion of this ele-
ment in the human genome. To this end, we calculated
the mean sequence divergence between the difterent Alu
U haplotypes and the Alu Yb8 master sequence (Batzer
etal. 1996) using only the slowly evolving conserved
sites (termed CONSBI, for conserved before insertion),
for which an evolutionary rate of 0.16% per Myr was
estimated (Britten, 1994) using Kimura-2P distance. We
then used the average Kimura-2P distance between Alu

U haplotypes and Yb8 master sequence, considering all
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positions and the previously calculated insertion age, to
estimate an evolutionary rate for the whole Alu U re-
gion. All distance estimations were performed in the
Mega?2 program (Kumar et al. 2001) and standard errors
were calculated by 1,000 bootstrap replications.

Data Analysis

Summary diversity statistics such as the nucleotide (i)
and haplotype diversity (H) indices (Nei & Kumar,
2000), as well as the population scaled mutation pa-
rameter (0,,) (Watterson, 1975; Nei & Kumar, 2000),
together with their standard errors, were calculated in
the DnaSP 3.53 package (Rozas & Rozas, 1999), which
was also used to calculate Tajima’s (Tajima, 1989) and
Fu and Li’s (Fu & Li, 1993; Fu, 1997) neutrality tests
and their statistical significance.

Since the standard statistical significance for neutral-
ity tests is based on a stationary population, and there
are several lines of evidence suggesting that the human
population has grown dramatically over the past 100,000
years (Ruhlen, 1994; Stiner ef al. 1999; Excoftier, 2002),
we have also tested for the effect of such growth on
the values of the neutrality statistics using the method
of Wooding et al. (2004) with the DFSC 1.0 program
(http://www.xmission.com/~ wooding/DFSC/). We
have thus iteratively simulated the value of these statistics
under different demographic scenarios to cover a de-
mographic expansion by a factor of 1-fold (no-growth)
to 1,000-fold, beginning 0 to 200,000 years ago, using
theta and the number of segregating sites observed in
the sample as input parameters.

Analysis of molecular variance (Excoffier et al. 1992),
Fy (Wright, 1969), and a test of genetic differenti-
ation based on haplotype frequencies (Raymond &
Rousset, 1995) were estimated using Arlequin 2.0
(Schneider etal. 2000). A haplotype network was de-
rived using the median-joining algorithm (Bandelt et al.
1999) and the Network 3.1.1.1 software (www.fluxus-
engineering.com). The network was rooted by the in-
clusion of'a chimerical haplotype consisting of the chim-
panzee sequence for the non-Alu U sites merged with
the Alu Yb8 master sequence.

To obtain the time to most recent common an-
cestor (Tmrca) of the sample, as well as to infer

the time of each mutation in the genealogy, we
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used the coalescent approach of Griffiths & Tavare
(1994) implemented in the Genetree 9.0 program
(http://www.stats.ox.ac.uk/~ grift/software.html),
which uses a Markov chain to simulate a sample of
genealogies. All searches we conducted by running
100,000 replications.

Results

Haplotype Assignment

‘We have identified 21 polymorphic sites within the 784
bp sequenced in the 222 chromosomes, considering the
indel at positions 3,818-3,820 as a single polymorphism.
On the other hand, the two adjacent polymorphisms at
positions 3800 and 3801 were considered independently,
as they consist of a deletion and a nucleotide substitu-
tion, respectively, and likely have independent origins.
Of the 111 individuals tested, 42 had their haplotypes
experimentally determined, since they were either ho-
mozygous or heterozygous for a single polymorphic site.
The remaining individuals had their haplotype assign-
ment estimated by PHASE. When pooling all individ-
uals into a single population, the analysis indicated the
existence of 16 haplotypes, which are shown in Table 1
along with their frequencies among continents.

Haplotypes were split into three clusters, named A,
B and C according to the presence of specific dele-
tions at positions 3818-3820 for cluster A and 3800 for
cluster C (see also the Haplotype Network section be-
low). All haplotypes that are present in more than 20
chromosomes are found in all continental groups. The
exception is haplotype C1-1 which was not found in
Asians. However, this exception could be due to a sam-
pling artifact, since this haplotype is relatively frequent
among Amerinds and should have reached the Americas
through Asia. Alternatively, it could have been present
in the ancestral (and polymorphic) population of Asians
and Americans, being maintained in America but not in
Asia after the split of these populations. It is also of inter-
est that Native Americans did not present any haplotype
that was not observed in the other continents.

All the sequences of the inferred haplotypes were
submitted to GenBank and are available through ac-
cession numbers AF381773-AF381976 and AY 496300-
AY496419.

Annals of Human Genetics (2005) 69,389—400

Evolutionary Rates

For the 502 non-Alu U sites, an evolutionary rate
of 0.166% per Myr was estimated using the average
Kimura-2P distance between human and chimpanzee
haplotypes. This rate is equal to that suggested by Chen
& Li (2001) as the average Alu insertion evolutionary
rate, and it is worth noting that ~ 82% of the non-Alu
U sites consist of the complete Alu D and the partial
older Alu U element.

For Alu U, 193 CONSBI sites were examined, fur-
nishing an estimated age of 3.26 Myr for its insertion
at the LDLR locus, in good agreement with the 3.42
Myr suggested by Carroll ef al. (2001) for the origin of
the Yb8 subfamily. Thus, the use of the estimated age
of insertion is unlikely to overestimate the evolution-
ary rate, since we would not expect any Yb8 element
to be older than 3.42 Myr. Considering all 285 Alu U
sites and the estimated age of 3.26 Myr, a rate of 0.632%
per Myr is obtained. This estimate is significantly higher
than the average Alu mutation rate of 0.166% per Myr
discussed above (Chen & Li, 2001). The reasons for such
a high evolutionary rate are unclear. While Alu U may
simply represent a neutral outlier with respect to its evo-
lutionary rate, it is also possible that other evolutionary
processes, such as natural selection or gene conversion,

may have played an important role in its evolution.

Genetic Diversity

Summary genetic diversity statistics for each continent
and for the whole sample are given in Table 2. Con-
sidering all data, the LDLR 3'-UTR region displays a
considerable amount of genetic diversity, the mean value
for  being 0.522% =+ 0.010%, considerably higher than
other highly variable human autosomal loci, such as the
PONT1 promoter (m = 0.190% £ 0.008%, Koda et al.
2004), GYPA (mr = 0.300%, Baum et al. 2002), CCRS5
(m = 0.290% £ 0.170%, Bamshad et al. 2002), LPL
(m = 0.200%, Clark etal. 1998), and B-globin (m =
0.180%, Harding efal. 1997), as well as for X-linked
loci such as Dmd44 (m = 0.141% £ 0.079%, Nachman
& Crowell 2000), and PDHA1 (m = 0.180%, Harris
& Hey 1999), and also large-scale SNP typing studies
(m = 0.075%, [Sachidanandam etal. 2001], and T =
0.058% [Stephens ef al. 2001b]). The studied region of
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Table 1 Inferred haplotypes for the 3 UTR LDLR locus and their frequencies among continents
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Haplotype count

Position 3709 3751 3800 3801 3812 3818 3840 3846 3852 3873 3876 3920 3924 3938 3960 3977 4095 4135 4185 4328 4473 Afr Asn Cauc Ame World

act

o0

Ref

27 61

0

17

A1-3

on

Al-4

o0

o0

Al-5

10

A2-3

0

on

A3-3

A4-3

A5-3

20
48

act
act
act
act
act
act
act

on

B1-1

19

22

B1-2

B2-2

0

on

B3-2

B4-1

27

12

C1-1

12
33

10

C2-1

Sequence Variation at LDLR Locus

222

72

21
0
50 48 52

act
act

Note: Reference positions according to Yamamoto ef al. (1984), positions in boldface are located within Alu U. Afr, African; Asn, Asian; Cauc, Caucasian, Ame, Amerind.

C3-1
C4-1
Overall
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Table 2 Genetic diversity for each continent and for the worldwide sample

n Nhap! H (SE) 2 7 (SE)*3 0 /site’ Tajima’s D Fu & Lis D* Fu & Li’s F*
African 50 10 0.860 (0.020) 0.422 (0.046) 0.373 0.40 0.49075 0.54341
Asian 48 8 0.751 (0.048) 0.545 (0.029) 0.376 1.36 —0.00424 0.53249
Caucasian 52 9 0.716 (0.043) 0.503 (0.027) 0.369 1.07 —0.0344 0.40174
Amerind 72 6 0.755 (0.027) 0.492 (0.011) 0.265 2.30* 0.72411 1.49339°
World 222 16 0.831 (0.012) 0.522 (0.010) 0.409 0.73 —1.5052 —0.74865

Note: 'Nhap, number of haplotypes; 2SE, standard error, *values x 100; *p < 0.05; °0.05 < p < 0.10.

the LDLR gene is thus among the most variable nuclear
(autosomal or X-linked) human loci investigated thus
far. As expected from its presumed high evolutionary
rate, the Alu U insertion contains most of the nucleotide
variability of the region (7 = 0.973% + 0,021% vs. 7w =
0.262% £ 0.009% for the non-Alu U sites).

Considering all sites, there is no difference in nu-
cleotide diversity between continents at the 95% con-
fidence level. In contrast to many previous molecu-
lar genetic studies (Przeworski et al. 2000; Tishkoft &
Verrelli, 2003) 7 reaches its maximum value in Asia,
rather than Africa (whose mean diversity is only higher
than America). But when H is used for comparison,
Africa shows the highest value, which is statistically dif-
ferent from those of Europe and America, but not from
Asia.

The AMOVA analysis using the Kimura-2P distance
showed that only 7.9% of the genetic variation is found
among continents, while the remaining 92.1% is found
within continents. Grouping the data into Africans and
Non-Africans results in a lower value for the among
groups component (5.9%). Although all populations can
be differentiated by their haplotype frequencies (p <
0.05 for all comparisons), the level of genetic variation
between continents is low, and the overall F is 0.079,
which is statistically different from zero, and is lower then
the typical value of ~0.15 observed for most nuclear
genes (Tishkoft & Verrelli, 2003).

Considering a stationary population history, there
is no deviation from neutral expectations for the
whole sample, as measured from Tajima’s D and Fu
and Lis D* and F* (Table2). When each conti-
nent is analyzed separately, however, there is a sig-
nificantly positive D value (D = 2.3; p < 0.05) and a
marginally non-significant F* value (F* = 1.49;p <
0.10) for America. These positive values might reflect

the putative bottleneck associated with the initial peo-
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pling of the continent ~20,000 years ago (Bonatto &
Salzano, 1997), but could also be produced by balancing
selection.

A completely different pattern, however, emerges
when ancient population growth is taken into account.
For both the whole sample and for each continent sep-
arately neutrality is strongly rejected for a wide range of
scenarios (Fig. 2). The values obtained are higher than
expected, suggesting either a population bottleneck or
the action of balancing selection. Because all continental
samples except America displayed the same pattern for
the neutrality values, we think it is difticult to reconcile
the high diversity exhibited by this locus with a popula-
tion bottleneck affecting all human populations, since it
has long been argued that Africa has always maintained
a large population size (reviewed in Tishkoff & Verrelli,
2003), and that all continents (except America) have
experienced population growth considering both uni-
parental (reviewed in Excoffier, 2002), and autosomal
markers (for example, Zhivotovsky et al. 2003).

Although we have simulated a wide range of scenar-
i0s (see Subjects and Methods), rejection of the neutral
model occurs even for small values of growth and very
recent times for the onset of growth (Fig. 2). For exam-
ple, considering the whole sample, all scenarios whose
growth onset is 30,000 years or earlier yield statistically
significant values, independent of the neutrality statistic
used (Table 3). Considering each continent separately,
the same pattern is obtained. For the Native Ameri-
can sample, all simulations produce statistically signifi-
cant values, what 1s expected since for this sample even
a stationary model rejects the neutral model. For the
African, Asian and European samples, neutrality is re-
jected for almost all scenarios of growth occurring prior
to 50,000 years before the present (ybp), even for small
magnitudes of growth. Therefore, as exemplified in

Table 3, while neutrality is rejected for scenarios in
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Table 3 P-values of the neutrality tests statistics considering ancient population growth'

Early growth scenario?

Late growth scenario®

Tajima’s D Fu & Lis D* Fu & Li’s F* Tajima’s D Fu & Lis D* Fu & Li’s F*
African 0.008 0.006 0.006 0.087 0.063 0.063
Asian 0.005 0.003 0.003 0.034 0.096 0.096
Caucasian 0.001 0.002 0.002 0.045 0.102 0.102
Amerind <0.001 <0.001 <0.001 0.001 <0.001 <0.001
World <0.001 <0.001 <0.001 0.002 0.006 0.007

Note: 'Values lower than 0.050 were considered statistically significant >Assuming a population growth starting 100,000 years ago and
an expansion by a factor of 100. 3Assuming a population growth by a factor of 100 starting at 36,000 years ago for whole sample and
for Africans, at 26,000 years ago for Caucasians, at 18,000 years ago for Asians (Zhivotovsky et al., 2003), and at 20,000 years ago for

Amerinds (S. L. B. unpublished data).

0.20

anjen-d g s,ewlle]

Figure 2 P-values of Tajima’s D statistic under varying population history parameters.
Light grey areas (P-values below 0.05) indicate a combinations of parameters under which
the hypothesis of neutrality is rejected. Values obtained for ages of growth between
100,000 and 200,000 years ago (highly significant - P-values below 0.001) were omitted
for clarity purposes. The same pattern was obtained when considering Fu & Li’s D* and

F* statistics, as well as each population separately (data not shown).

which growth started ~ 100,000 ybp (Wooding et al.
2004 and references therein), it is not for scenarios
that assume a late growth for each continent (as in
Zhivotovsky et al. 2003).

Haplotype Network

The evolutionary network of the inferred haplotypes

is shown in Fig. 3. The position of the root was fur-
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ther confirmed by Maximum Parsimony analyses using
the MEGA 2 program. Three clusters, A, B, and C,
are observed, clusters B and C being very closely re-
lated, while A is the most differentiated, separated by
at least six mutations from haplotype B4-1, its closest
neighbour.

Confirming the results obtained for the AMOVA

and F; analyses, there is no obvious geographical

Annals of Human Genetics (2005) 69,389—400
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1 1 1 1

B3-2
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B1-1

3852

1
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(12 mutations)

C2-1

C4-1

Figure 3 Median-joining network of the inferred haplotypes. The size of the circle is proportional to
the haplotypes frequency in the whole sample. White represents African haplotypes, gray represents
Asian, the hatched pattern represents European, and black represents Native American. The position of

the outgroup, distant by 12 mutations, is indicated by the arrow.

structuring of haplotypes, and there is extensive shar-
ing of haplotypes among different continents, particu-
larly for the more common ones. The Amerind sample
contains only the more common “node” haplotypes, in
accordance with the lower level of haplotype diversity

exhibited by this sample.

Coalescent Analysis

The Tymrca and effective population size (N.) of the
sample was obtained from Alu U and non-Alu U sites
independently, because of their different evolutionary
rates. The estimates of 6 obtained with Genetree were
equal to Ow for both sets of data, which yield simi-
lar estimates for both N, and Typca. Alu U sites re-
sulted in a N, estimate of 13,003 individuals, and in
a Tmrea estimate of 1,230,000 ybp, while non-Alu U
sites furnished a N, estimate of 10,194 individuals and a
Twmrca estimate of 1,080,000 years. Average values for
N, and Typca were 11,598 individuals and 1,155,000
ybp, respectively. In this respect, our data agree with

those of several other nuclear loci, which estimate the
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human N, to be close to 10* (Chen & Li, 2001; Takahata
et al. 2001; Tishkoft & Verrelli, 2003). The Tyrca es-
timate 1s also in good agreement with most nuclear
data (reviewed in Excoftier, 2002; Tishkoff & Verrelli,
2003).

Some of our analyses suggest balancing selection act-
ing on this locus. Given the high frequency in all conti-
nents of Cluster A, the understanding of its origin may
be of relevance to better comprehend the putative se-
lective forces acting at LDLR. We have therefore used
coalescent simulations to estimate the Typca for Cluster
A. Analysis of Alu U and non-Alu U sites gave a result of
616,000 and 462,000 ybp, respectively, with an average
0f 539,000 ybp. This value suggests a Tyrca before the
origin of anatomically modern humans. However, the
coalescent models developed to date are still limited for
the analysis of neutral genetic variation, which may not
be the case for LDLR. If balancing selection is indeed
affecting LDLR evolution, it would extend the coales-
cence times and it would therefore be more appropriate
to take our Typrca estimates as the lower bound of the

correct values.
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Discussion

Evolutionary Rate and Nucleotide
Diversity Estimates

The estimated non-Alu U sites substitution rate of
0.166% per Myr is in the expected range for an Alu-rich
region, being exactly the same as previously reported for
this family of elements (Chen & Li, 2001). However,
the Alu U estimated rate of 0.632% per Myr is to our
knowledge the highest estimated for an autosomal locus
in humans (for a list of studies on this topic see Tishkoft
& Verrelli, 2003). It is therefore important to critically
evaluate the accuracy of this estimate. We are confident
that our calculated rate is accurate for three reasons: first,
the Alu Yb8 master sequence (the ancestral sequence)
is well defined (Batzer etal. 1996); second, the evolu-
tionary rate for CONSBI sites, as well as the conserved
positions within the Alu insert, have been well stud-
ied (Britten, 1994); and third, the age estimated for the
insertion of the Alu element in the LDLR locus agrees
well with age estimates obtained in a comprehensive Alu
Yb8 subfamily analysis (Carroll ef al. 2001). Moreover,
even if an extremely conservative calibration time of six
million years for Alu U insertion is used, its evolution-
ary rate would be 0.347% per Myr, still well above the
average Alu genomic rate of 0.166% per Myr (Chen &
Li, 2001).

With respect to the nucleotide diversity, the same pic-
ture emerges; non-Alu U sites evolve at the average ge-
nomic rate, while Alu U harbours an unusual amount of
variation. Alu-rich regions are known to evolve 1.61x
faster then Alu-poor loci (Chen & Li, 2001). However,
we think it unlikely that the higher Alu U diversity is
caused only because of this. The Alu U evolutionary
rate 1s 3.81x higher than the Alu average, and its nu-
cleotide diversity is 3.71x higher than that obtained for
non-Alu U sites (which contain Alu D and the partial
Alu). Thus, Alu U seems to be an outlier even among

other Alu-rich regions.

Genetic Evidence for Balancing Selection?

Under balancing selection, high genetic diversity is ex-
pected both at the target sites as well as at linked sites. A
puzzling pattern displayed by the studied region is that
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although Alu U is highly diverse, non-Alu U sites have
diversity values similar to other autosomal loci studied
so far. A possible explanation for this is that, given the
lower evolutionary rate of non-Alu U sites (compared
to Alu U), the time elapsed since the emergence of bal-
ancing selection was not enough to result in a higher
diversity. Interestingly, Baum et al. (2002) found a sim-
ilar pattern in GYPA, in which one exon displayed an
eight-fold higher diversity than that of its surrounding
region (m = 2.4% for exon 2 vs. 1 = 0.3% for the entire
region).

It 1s worthwhile considering if the higher Alu U di-
versity could have been shaped by gene conversion, as
this mechanism has been suggested to have played a cen-
tral role in Alu evolution (Batzer & Deininger, 2002).
However, we think gene conversion is not a likely ex-
planation for our data for the following reasons. If the
gene conversion has involved Alu elements from dif-
ferent subfamilies, we would expect that some of the
LDLR haplotypes would lack Yb8 diagnostic positions,
having diagnostic sites for other subfamilies, but this is
not the case for our data. Additionally, we would ex-
pect both a deeper divergence time for Alu U than
for the non-Alu U sites, as well as the occurrence of
tightly linked sets of SNPs in a given clade. However,
the Tyrca for both Alu U and non-Alu U sites are in
very close agreement, and Alu U variation is dispersed
along the whole element.

Besides the high diversity shown by this locus, the
low overall F, the low between-group component of
the AMOVA when Africans and non-Africans are com-
pared, the absence of any haplotype substructure in the
haplotype network, and the same levels of nucleotide
diversity in both African and non-African populations,
are suggestive patterns of balancing selection, especially
if the selective pressures are the same for both African
as well as non-African populations.

Although none of the neutrality tests were able to re-
ject it when a stationary population is considered, they
are all significant for a wide range of growth scenarios,
being non-significant only when the onset of growth
is recent (50,000 ypb or less), and the magnitude of
growth is low. Ignoring past human population history
will cause ordinary neutrality tests to be too conserva-

tive in detecting balancing selection, and too liberal in
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detecting positive selection, since the ancient population
expansion will drive the neutrality estimators at all loci
to more negative values. While it seems clear that these
neutrality tests are highly sensitive to the prior demo-
graphic history of the studied populations for detecting
natural selection, and that this should be accounted for
(Kreitman & Di Rienzo, 2004; Wooding et al., 2004),
a much more troubling issue is what demographic sce-
nario is to be assumed in order to correct the significance
of these statistics. In Table 3, we compare the P-values
obtained considering early (Wooding ef al. 2004), or late
(Zhivotovsky et al. 2003) population growth. For the
whole sample, and for the American sample, neutrality
is rejected in both scenarios. However, for the Asian and
Caucasian samples, neutrality was not rejected for the
late growth scenario considering Fu & Li’s D* and F*,
and for the African sample neutrality was not rejected
for any statistics considering the late growth scenario
(Table 3).

Recently, Zhang et al. (2003) reported the high abun-
dance in the genome of several organisms, includ-
ing humans, of highly divergent, frequent haplotypes,
which were called yin yang haplotypes. In their study,
they show that about 80% of the yin yang haplotypes
could have arisen by pure neutral mechanisms. Adopt-
ing Zhang et al. (2003) criteria, the whole cluster A, on
one hand, and haplotypes C3-1 and C4-1, on the other,
consist of a yin yang pair. These results are of relevance
to show that highly divergent and frequent haplotypes
might be present in the population only by neutral evo-
lution. However, the suggestion for balancing selection
in the 3’-UTR of the LDLR gene was based not on
the presence of yin yang haplotypes, but essentially on
the outcome of several statistical methods that seem to
point in this direction.

Since the present results indicate balancing selection
as a possible evolutionary force over this locus, it should
also be considered whether the 3’-UTR of the LDLR
gene could regulate gene expression. There is accumu-
lating data suggesting that LDLR gene expression can
be regulated by post-transcriptional mechanisms. Phor-
bol esters (Wilson et al. 1997), Genfibrozil (Goto et al.
1997) and chenodeoxycholic acid (Nakahara et al. 2002)
seem to modulate the stability of LDLR mRNA, en-
hancing its half-life. Although the molecular mechanism

for this effect is still unresolved, the proposed model in-
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volves the association of mRINA with cytoskeletal el-
ements through its 3’-UTR, with the Alu-rich region
being proposed as a cytoskeleton binding domain (Wil-
son et al. 1998). A direct involvement of the LDLR 3'-
UTR on the gene expression was further demonstrated
by Knouft et al. (2001), who showed that deletion of this

region doubled the expression of Ldlr in mice.
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