Downloaded from genome.cshlip.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Retroelement Distributions in the Human Genome: Variations
Associated With Age and Proximity to Genes

Patrik Medstrand, Louie N. van de Lagemaat and Dixie L. Mager

Genome Res. 2002 12: 1483-1495
Access the most recent version at doi:10.1101/gr.388902

References This article cites 41 articles, 7 of which can be accessed free at:
http://genome.cshlp.org/content/12/10/1483.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAi Genetic Screening.
Your new superpower. MORE CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.388902
http://genome.cshlp.org/content/12/10/1483.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.388902&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.388902.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Retroelement Distributions in the Human
Genome: Variations Associated With Age

and Proximity to Genes

Patrik Medstrand,'* Louie N. van de Lagemaat,?** and Dixie L. Mager®3>

"Department of Cell and Molecular Biology, Section for Developmental Biology, Lund University, 22184, Lund, Sweden;
2Terry Fox Laboratory, British Columbia Cancer Agency, Vancouver, British Columbia V5Z1L3, Canada; Department of
Medical Genetics, University of British Columbia, Vancouver, British Columbia, V6T1Z1 Canada

Remnants of more than 3 million transposable elements, primarily retroelements, comprise nearly half of the
human genome and have generated much speculation concerning their evolutionary significance. We have
exploited the draft human genome sequence to examine the distributions of retroelements on a genome-wide
scale. Here we show that genomic densities of 10 major classes of human retroelements are distributed
differently with respect to surrounding GC content and also show that the oldest elements are preferentially
found in regions of lower GC compared with their younger relatives. In addition, we determined whether
retroelement densities with respect to genes could be accurately predicted based on surrounding GC content or
if genes exert independent effects on the density distributions. This analysis revealed that all classes of long
terminal repeat (LTR) retroelements and LI elements, particularly those in the same orientation as the nearest
gene, are significantly underrepresented within genes and older LTR elements are also underrepresented in
regions within 5 kb of genes. Thus, LTR elements have been excluded from gene regions, likely because of their
potential to affect gene transcription. In contrast, the density of Alu sequences in the proximity of genes is
significantly greater than that predicted based on the surrounding GC content. Furthermore, we show that the
previously described density shift of Alu repeats with age to domains of higher GC was markedly delayed on
the Y chromosome, suggesting that recombination between chromosome pairs greatly facilitates genomic
redistributions of retroelements. These findings suggest that retroelements can be removed from the genome,
possibly through recombination resulting in re-creation of insert-free alleles. Such a process may provide an

explanation for the shifting distributions of retroelements with time.

Since Barbara McClintock discovered transposable elements
(TEs) in maize (McClintock 1956), it has become well estab-
lished that such elements are universal. Although there are
examples of both loss and increase of host fitness because of
the activity of transposable elements, their population dy-
namics are far from being understood, and the forces under-
lying their genomic distributions and maintenance in popu-
lations are a matter of debate (Biemont et al. 1997; Charles-
worth et al. 1997). The prevailing view is that TEs are
essentially selfish DNA parasites with little functional rel-
evance for their hosts (Doolittle and Sapienza 1980; Orgel and
Crick 1980; Yoder et al. 1997). According to this hypothesis,
the interaction of TEs with the host is primarily neutral or
detrimental and their abundance is a direct result of the abil-
ity to replicate autonomously. It is generally accepted that
selection is the major mechanism controlling the spread and
distribution of TEs in natural populations of model organisms
(Charlesworth and Langley 1991). Although the exact mecha-
nisms through which selection acts are controversial, the pro-
cesses controlling transposition involve selection against the
deleterious effects of TE insertions close to genes (Charles-
worth and Charlesworth 1983; Kaplan and Brookfield 1983)
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and selection against rearrangements caused by unequal re-
combination (ectopic exchange) in meiosis (Langley et al.
1988). More recently, the ubiquitous nature of TEs has gained
increasing attention and it is now becoming accepted that TEs
give rise to selectively advantageous adaptive variability that
contributes to evolution of their hosts (McDonald 1995; Bro-
sius 1999). However, the mechanisms responsible for main-
tenance, dispersion, fixation, and genomic clearance of TEs
remain largely unknown.

Although most work on TEs has focused on model or-
ganisms, sequencing of the human genome has revealed that
nearly half of our DNA is derived from ancient TEs, mainly
retroelements (Smit 1999; International Human Genome Se-
quencing Consortium 2001). The wealth of human genomic
information now allows comprehensive explorations into the
evolutionary history and genomic distribution patterns of
transposable elements with a view to increasing our under-
standing of the forces that have shaped our genome and its
mobile inhabitants. The retroelements present in the human
genome are divided in two major types, the non-LTR and LTR
retroelements (International Human Genome cConsortium
2001). The non-LTR retroelements are represented by the au-
tonomous L1 and L2 elements (LINE repeats) and the non-
autonomous Alu and MIR (SINE) repeats and have been ex-
tensively studied (Smit 1999; International Human Genome
Sequencing Consortium 2001; Ostertag and Kazazian 2001;
Batzer and Deininger 2002), but appreciation of the hetero-
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geneous collection of LTR retroelements is more limited.
These sequences make up 8% of the human genome (Inter-
national Human Genome Sequencing Consortium 2001) and
include defective endogenous retroviruses (ERVs) (Wilkinson
et al. 1994; Sverdlov 2000; Tristem 2000), related solitary
LTRs, and sequences with LTR-like features for which no ho-
mologous proviral structure has been found. More than 200
families of LTR retroelements are defined in Repbase (Jurka
2000), but they can be grouped into six broad superfamilies
(see Methods). Although some of the LTR retroelement fami-
lies, particularly members of class I and II ERVs, presumably
entered the primate germ line as infectious retroviruses and
then amplified via retrotransposition (Wilkinson et al. 1994;
Sverdlov 2000; Tristem 2000), other LTR families likely repre-
sent ancient retrotransposons that amplified at different
stages during mammalian evolution (Smit 1993).

The vast majority of human retroelements were actively
transposing at various stages prior to and during the radiation
of mammals and are now deeply fixed in the primate lineage.
Essentially only the youngest subtypes of Alu (Batzer and
Deininger 2002) and L1 elements (Ostertag and Kazazian
2001) are still actively retrotransposing in humans. Some
ERVs belonging to the Class II HERV-K family are human
specific (Medstrand and Mager 1998) and a few are polymor-
phic (Turner et al. 2001), but no current activity of human
ERVs has been documented. Here we show that genomic den-
sities of human retroelements vary with distance from genes
and that their distributions with respect to surrounding GC
content also shift as a function of their age.

RESULTS AND DISCUSSION

Distributions of Retroelements in Different
GC Domains

To begin our analysis, we measured the density of various
retroelements with respect to GC content in 20-kb windows
across the human genome sequence. As reported previously
(Smit 1999; International Human Genome Sequencing Con-
sortium 2001), L1 elements are predominantly found in the
AT-rich regions, L2 elements are more uniformly distributed
whereas Alu and MIR repeats reside in the higher GC fractions
of the genome (Fig. 1A) in comparison to the entire genome
which has an average GC content of 40% (International Hu-
man Genome Sequencing Consortium 2001). For the differ-
ent LTR superfamilies, an uneven distribution in GC occu-
pancy is also observed. The relatively young Class I ERVs and
the nonautonomous MER4 sequences, which may have been
propagated by Class I elements, have very similar broad dis-
tributions that peak in regions of “medium” GC. Class II
ERVs, which include the youngest known HERVs (Medstrand
and Mager 1998; Turner et al. 2001), have a distribution more
skewed toward higher GC regions (Fig. 1B). Distributions of
the older Class III ERVs and their distantly related MLT and
MST elements are generally biased toward low GC regions,
except for MLT elements, which are spread more uniformly
(Fig. 10).

To determine whether retroelement densities on each
chromosome agree with overall densities shown in Figure 1,
we plotted densities against estimated gene (data not shown)
or average GC content of each chromosome (Fig. 2). As ex-
pected, the two distribution profiles are almost identical be-
cause of the strong correlation between GC content and gene
density (International Human Genome Sequencing Consor-
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Figure 1 Density of retroelements in different GC fractions in the
human genome, calculated over 20-kb windows across the genome
sequence. (A-C) The density of various retroelement classes. Those
represented in each panel are indicated in the box below the graphs.
The bins from left to right correspond to an increasing 2% GC frac-
tion.

tium 2001). The density of Alu elements increases as a strict
function of increasing GC content and MIR elements also
generally follow this trend (Fig. 2A,C). In contrast, there is
generally a negative or no correlation between the density of
L1, L2, or LTR elements and gene density or GC content (Fig.
2). The Class II ERVs and the MLT elements show little, if any,
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Figure 2 Density of retroelements as a function of average GC content of each human chromosome. The line connecting solid diamonds
indicates the general correlation trend between retroelement and GC content of individual chromosomes. The level of significance (P values) of
the correlation for each data set is indicated. Open diamonds were excluded from the correlation analysis and indicate over- or underrepresentation
of retroelement density on a particular chromosome. Chromosomes 20, 21, and 22 were excluded from the Class Il graph (J) because they had
<100 supporting elements.
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bias for GC-poor chromosomes, whereas the L1, Class I, III,
and MST groups are overrepresented on these chromosomes.
Class I-1I elements are dramatically overrepresented on chro-
mosome Y, as noted before (Kjellman et al. 1995; Smit 1999;
International Human Genome Sequencing Consortium
2001), and also somewhat on 19. Abundance of the youngest
ERVs on chromosome Y may be due to recombination isola-
tion and absence of major recent rearrangements on much of
this chromosome (Graves 1995; Lahn et al. 2001), and be-
cause chromosome 19 is much more gene dense than the
other chromosomes (International Human Genome Sequenc-
ing Consortium 2001), one possible explanation for the over-
representation of the same ERVs on this autosome is that
these elements had an initial integration preference for re-
gions near genes or gene-related features such as CpG islands.
We also noted an underrepresentation on Y of the old L2,
MIR, and MLT retroelements, which is consistent with major
rearrangements and deletions of Y during mammalian evolu-
tion (Lahn et al. 2001). Similar trends are observed for MER4
distributions and their autonomous class I counterparts (over-
representation on Y and 19), and for the nonautonomous
MaLR (MLT and MST) elements and their apparent autono-
mous class III ERVs (overrepresentation on 21). Alu, L1,
MER4, and class I and II ERV sequences represent the “young”
elements that have actively amplified during the last 40 MYR
of primate evolution, whereas other element types were al-
ready inactivated for transposition by this time (International
Human Genome Sequencing Consortium 2001). All “young”
retroelements except Alu sequences are overrepresented on Y.
Even though some of the LTR superfamilies show a stronger
negative correlation than others, the distribution profiles
demonstrate that various retroelement families cluster prefer-
entially in different genomic landscapes and are in agreement
with the general trends observed in Figure 1.

Arrangements of Retroelements With Respect
to Genes
Given the results in Figures 1 and 2, we looked in more detail
at the distribution of retroelements by locating all elements in
the human genome relative to annotated genes. Although it is
reasonable to assume that locations with respect to genes af-
fect retroelement dispersal and fixation patterns, the aim of
this analysis was to attempt to obtain a measure of this effect.
Our strategy was to determine how closely retroelement den-
sities with respect to genes could be predicted based on the
surrounding GC content. DNA regions located upstream of
each gene’s transcriptional start site and downstream of the
polyadenylation site were divided into segments of various
size fractions (see Methods) and the density of each retroele-
ment class in either transcriptional orientation with respect to
the gene was determined. Regions within the boundaries of a
gene, including the introns, were assigned a single segment.
The local GC content of each segment was also calculated and
used to determine an expected retroelement density based on
the whole genome distributions indicated in Figure 1 (see
Methods) and the results shown in Figure 3. To obtain esti-
mates of the variation associated with this type of analysis, we
divided the genome into four “subgenomes” as detailed in
Methods and performed the analysis independently for each.
The points in the graphs represent the mean and standard
deviation derived from values obtained for each subgenome.
Dividing the genome based on proximity to genes re-
vealed several intriguing patterns. First, densities of the rela-
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tively old MIR and L2 elements in intergenic regions generally
conform to that predicted from the GC content of each re-
gion. That is, the ratio of observed-to-expected density is close
to one (Fig. 3C,D). Second, for the SINE (Alu and MIR) ele-
ments, densities within genes are close to that predicted or are
overrepresented based on average GC content of gene regions
(Fig. 3A,B,D). In contrast, L1 elements and all six LTR classes,
particularly those in the same transcriptional direction, are
underrepresented within genes (Fig. 3B,E-J). L1 sequences and
the older MLT, MST, and Class III elements are also underrep-
resented in the 0-5-kb regions both upstream and down-
stream of genes, whereas the younger class I and MER4 ele-
ments are underrepresented in the downstream region only.
The higher tendency for LTR elements and L1s within genes
to be oriented in the antisense direction has been noted pre-
viously (Smit 1999) and likely reflects less fixation because of
interference by retroelement regulatory motifs, such as poly-
adenylation signals, when genes and elements are located in
the same transcriptional direction. However, this is the first
study to demonstrate lower densities of LTR and L1 elements
within genes relative to that predicted based on the surround-
ing GC content. In addition, the fact that an orientation bias
for some elements extends to significant distances away from
genes has not been reported previously. Moreover, our analy-
sis indicates that the densities of most LTR elements and L1s
are highest in regions furthest from genes. These patterns sug-
gest that L1 and LTR elements are excluded from genes and
nearby regions by selection. Interestingly, the density distri-
bution of Alu elements with respect to genes is opposite to
that observed for L1 and most LTR elements in that the den-
sity is lowest in regions most distant from genes and they are
overrepresented (as predicted by GC content) in regions
within and near genes. It is also noteworthy that densities of
the relatively young LTR class II elements peak in the region
5-20 kb 5’ or 3’ of genes and, indeed, are overrepresented in
these areas compared to the expected densities based on re-
gional GC content (Fig. 3]). Such a pattern may reflect a pref-
erence for this class of elements to integrate near genes.

The statistical significance of these results is shown in
Table 1, which lists the resulting P values for three sets of
comparisons. The top of the table compares the sense versus
antisense distributions and confirms the significance of the
orientation biases discussed above. MIR elements are the only
group to show no significant orientation bias. In contrast, an
orientation bias extends up to 20 kb 5’ of genes for MLT and
MST elements. The bottom two panels in Table 1 compare
densities of retroelements in each orientation at each inter-
genic location to the densities of retroelements in regions
most distant (>30 kb) from genes. These latter comparisons
illustrate that the retroelement density differences plotted
relative to gene location are highly significant. For example,
the densities of Alu sequences at all locations are highly sig-
nificantly different from their density in regions >30 kb from
genes.

Shifting Retroelement Distributions With Age

It is apparent that the retroelement distributions in genes and
intergenic regions (Fig. 3) do not fully conform to the ge-
nome-wide distribution patterns of elements observed in Fig-
ures 1 and 2. Furthermore, for Alu repeats, it has been re-
ported previously that young elements (<1 myr) have a pref-
erence for AT-rich regions whereas older Alus show an
increasing density in GC-rich DNA (Smit 1999; International
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Table 1. Significance (P Values) of Retroelement Locations With Respect to Genes
Sense vs. Antisense

Alu L1 MIR L2 MLT MST MER4 Class Il Class | Class Il
in® 0.001 4.9E-05 0.34 0.005 2.9E-05 9.7E-05 9.2E-06 3.6E-04 1.6E-04 3.7E-04
0-5 dnst® 0.051 0.041 0.042 0.007 9.1E-06 0.069 3.9E-05 0.011 0.02 0.44
5-10 dnst 0.48 0.22 0.17 0.32 0.03 0.034 0.054 0.13 0.44 0.037
10-20 dnst 0.014 0.19 0.43 0.32 0.24 0.26 0.2 0.35 0.012 0.18
20-30 dnst 0.002 0.034 0.29 0.37 0.37 0.092 0.089 0.26 0.14 0.078
>30 dnst 0.019 0.003 0.4 0.39 0.35 0.29 0.3 0.21 0.41 0.2
>30 upst© 0.035 0.047 0.41 0.24 0.057 0.29 0.21 0.14 0.38 0.34
20-30 upst 0.25 0.16 0.23 0.45 0.037 0.27 0.018 0.14 0.13 0.17
10-20 upst 0.42 0.053 0.067 0.054 0.008 0.012 0.11 0.28 0.25 0.23
5-10 upst 0.043 0.17 0.066 0.23 0.014 0.042 0.15 0.25 0.23 0.35
0-5 upst 6.0E-05 0.001 0.29 0.024 0.015 0.009 0.096 0.03 0.15 0.15
in 0.001 4.9E-05 0.34 0.005 2.9E-05 9.7E-05 9.2E-06 3.6E-04 1.6E-04 3.7E-04
Antisense vs. >30 kb from genes

Alu L1 MIR L2 MLT MST MER4 Class Il Class | Class Il
in 8.9E-06 0.015 0.13 0.007 0.003 1.2E-04 0.001 6.9E-05 4.3E-05 0.02
0-5 dnst 9.9E-07 2.3E-06 0.006 0.1 1.3E-04 1.0E-04 0.005 0.012 0.015 0.27
5-10 dnst 7.1E-07 0.45 0.009 0.29 0.006 0.018 0.08 0.12 0.42 1.8E-04
10-20 dnst 4.9E-07 0.058 0.003 0.49 0.026 0.097 0.07 0.002 0.005 0.006
20-30 dnst 1.1E-06 0.002 0.074 0.5 0.011 0.03 0.032 0.18 0.41 0.005
20-30 upst 4.2E-07 0.38 0.2 0.27 0.06 0.007 0.033 0.01 0.013 0.17
10-20 upst 1.5E-07 0.38 0.011 0.012 0.045 0.064 0.061 0.054 0.46 0.014
5-10 upst 2.1E-07 0.004 0.083 0.001 0.38 0.004 0.022 0.029 0.028 0.022
0-5 upst 3.0E-07 3.0E-06 0.34 7.7E-05 2.4E-05 4.8E-04 0.033 1.2E-06 0.06 0.016
in 8.9E-06 0.015 0.13 0.007 0.003 1.2E-04 0.001 6.9E-05 4.3E-05 0.02
Sense vs. >30 kb from genes

Alu L1 MIR L2 MLT MST MER4 Class Il Class | Class Il
in 1.7E-04 8.6E-07 0.069 0.14 4.4E-07 2.2E-06 1.3E-07 1.6E-07 1.5E-07 1.3E-05
0-5 dnst 1.0E-06 6.9E-06 9.3E-05 0.002 2.5E-06 2.3E-05 1.0E-05 1.9E-04 2.0E-06 0.3
5-10 dnst 9.0E-07 0.45 0.003 0.12 0.003 0.001 0.39 0.003 0.48 0.055
10-20 dnst 2.9E-06 0.007 0.003 0.39 0.15 0.019 0.034 0.02 0.18 0.005
20-30 dnst 3.9E-06 0.096 0.011 0.24 0.28 0.22 0.03 0.068 0.078 0.002
20-30 upst 1.8E-07 0.4 0.36 0.24 0.012 0.002 0.44 0.002 0.073 0.4
10-20 upst 1.4E-07 0.053 0.066 0.24 0.015 0.003 0.23 0.002 0.04 0.041
5-10 upst 4.7E-07 0.02 0.41 0.012 0.026 4.6E-04 0.14 0.045 0.33 0.002
0-5 upst 6.8E-07 6.8E-07 0.13 0.012 2.1E-05 1.3E-06 0.017 8.3E-06 0.48 0.043
in 1.7E-04 8.6E-07 0.069 0.14 4.4E-07 2.2E-06 1.3E-07 1.6E-07 1.5E-07 1.3E-05

Shaded regions are significant (P < 0.05). *Within a gene. Pdnst: kb downstream of the nearest gene. “upst: kb upstream of the nearest gene.

Human Genome Sequencing Consortium 2001) (see Fig. 4A)
and hypotheses to explain this phenomenon have been pro-
posed (Schmid 1998; Brookfield 2001; International Human
Genome Sequencing Consortium 2001; Pavlicek et al. 2001).
Transposition into AT-rich regions might be expected to lead
to accumulation of TEs in this gene-poor part of the genome
(e.g., the heterochromatin) where recombination is strongly
reduced and element interference with genes is less pro-
nounced. However, the observed density differences of the
youngest Alu elements (present in AT-rich regions) as op-
posed to older elements (in GC-rich regions) do not follow
this expectation. A possible explanation for the age-related
Alu density differences is that these retroelements are re-
moved preferentially from their initial integration sites in the
AT-rich regions of the genome prior to fixation. However,
because there is a gradual density increase of Alu elements by
age in the GC-rich fraction, it is possible that already fixed
elements are gradually lost from the AT-rich region while they
are maintained in GC-rich regions.

1488 Genome Research
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To investigate whether other retroelements also change
their genomic distribution with age, we determined the dis-
tribution patterns of LTR elements, SINEs, and LINEs of dif-
ferent ages as a function of GC content (Fig. 4). As discussed
above, it is apparent that the youngest Alu elements (0-1%
divergent), many of which are polymorphic insertions (Car-
roll et al. 2001; Batzer and Deininger 2002), are distributed
differently than the next youngest (fixed) Alus of the 1-5%
divergence group and that the densities of the next two Alu
age cohorts (5-15% divergent) are skewed even further to GC-
rich regions (Fig. 4A). Notably, this figure also reveals that the
oldest Alu repeats are less prevalent in GC-rich domains and,
indeed, have a density distribution closer to that of the
youngest age class. This density pattern of the oldest Alu el-
ements was not evident in a similar analysis reported previ-
ously (International Human Genome Sequencing Consor-
tium 2001). In that study, Alu elements were divided by sub-
family instead of divergence and the density of the oldest
subfamily, AluJ, was still highly skewed to GC-rich regions.
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Figure 4 Retroelement densities of different divergence classes in various GC fractions of the human genome. The density distribution of each
retroelement divergence cohort was plotted in GC bins as indicated in the legend to Figure 1. The divergence classes are indicated in % divergence
from the consensus sequence below the graphs. Data points missing in traces are due to GC bins containing <100 elements. Standard deviations
were calculated (see Methods) but are not shown in the interest of clarity.
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However, the AluJ subfamily was considered as a single large
cohort, the members of which have divergences ranging from
<10% to >25%. When the more divergent Alu] members of
15%-20% and 20%-25% divergence are separated into their
own groups, their densities are essentially identical to the pat-
terns presented in Figure 4A (data not shown). Thus, the dif-
ferent methods for separating Alu elements accounts for the
differences between our analysis and that in the genome con-
sortium study.

Results of similar analyses conducted for the other retro-
elements reveal some provocative trends. As noted before
(Smit 1999) and as shown in Figure 4B, young L1 elements are
preferentially found in the AT-rich fraction in the genome
and older elements tend to be found in the most AT-dense
part of the genome. Analysis of the ancient L2 and MIR re-
peats was hampered by the short average length of most ele-
ments, which prevented an accurate determination of their
divergence from a consensus sequence (age) (see Methods for
details). However, for the two divergence classes that could be
reliably determined, the oldest L2 and MIR sequences also
show an increased density in the less GC-rich sections of the
genome compared with their younger counterparts (Fig.
4C,D).

For most of the LTR elements, we observe a trend similar
to that seen for the L2 and MIR sequences. For elements be-
longing to the MLT, MST, MER4, and Class I and III ERV
groups, densities of the youngest members of these superfami-
lies peak in regions of higher GC compared with their older
relatives (Fig. 4E-I). That is, the highest concentrations of
these elements appear to gradually shift to regions of lower
GC with increasing age. This tendency is not evident for the
Class II ERVs (Fig. 4J). Potential explanations for this trend
will be discussed below.

To determine whether the shifting patterns observed in
Figure 4 are statistically significant, we again divided the ge-
nome into four subgenomes and redid the analysis for each of
these. Each point in the graphs could then be assigned a mean
and standard deviation based on values obtained for each
subgenome. The t-test was used to determine whether the
density distribution of a particular age cohort was signifi-
cantly different when compared with the next oldest cohort.
Table 2 lists the P values resulting from this analysis. For all
retroelements except the Class II ERVs, the majority of the
density points are significantly different (P < 0.05) for at least
one comparison between adjoining age cohorts. Indeed, for
the most numerous elements, Alu and L1, almost all compari-
sons are statistically significant. If the youngest and oldest age
cohort of each superfamily are compared, all except the Class
II ERVs are highly significant (data not shown).

One qualification regarding this data concerns the
method used to identify retroelements of different ages. Ele-
ments were classified as belonging to divergence cohorts
based on percent substitution from their consensus sequence
(Jurka 2000). The consensus sequence corresponds to the ap-
proximate sequence at the time of integration in the genome,
where retroelements in higher divergence cohorts indicate an
older time of integration relative to the retroelements of lower
divergence values (International Human Genome Sequencing
Consortium 2001; Li and Graur 1991; Shen et al. 1991; Smit et
al. 19935). Therefore, the validity of this method is highly de-
pendent on having accurate consensus sequences for all sub-
families. It is quite possible, and even likely, that some ele-
ments have been assigned an incorrect age because of extreme
heterogeneity of some of the retroelement classes, particularly
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among the LTR groups. However, if this was a major problem,
one would not expect to observe a consistent shift in density
in one direction — namely toward lower GC regions with in-
creasing divergence.

Length Differences Do Not Account for the

Shifting Patterns

To investigate potential mechanisms that may underlie the
age-related distribution differences, we used two different
methods to try to determine whether differential rates of ret-
roelement deletions in different genomic GC regions account
for the shifting patterns observed in Figure 4. First, we exam-
ined the relative length of elements in different GC fractions.
The results of this analysis indicated that retroelements gradu-
ally become shorter as they age, presumably because of small
deletions or loss of recognition of diverged segments by Re-
peatMasker, but the shortening is largely independent of the
surrounding GC content (data not shown). The two excep-
tions to this general observation are represented by L1 ele-
ments and older Alu sequences (Fig. 5). The average length of
younger L1 elements (<10% divergence) peaks in the 38%-
42% GC fractions, which might explain the abundance of L1
base pairs in this region (Fig. 4B). In the case of Alu elements
in the 20%-30% divergence cohorts, there is a slight decrease
in apparent length with increasing GC content (Fig. 5B), but
this is not enough to account for the density pattern of this
age group (Fig. 4A). In addition, the small degree of shorten-
ing as measured here does not explain the rapid enrichment
of younger Alu elements in higher GC fractions.

Delay of Alu Density Changes on the Y Chromosome
As another way of investigating the change in distribution of
younger Alus toward GC-rich regions, we analyzed Alu den-
sity patterns on the Y chromosome, much of which does not
recombine (Graves 1995), and detected a major difference on
this chromosome compared with the whole genome (Fig. 6).
Alu elements on chromosome Y <5% divergent are not nu-
merous enough to include in this analysis. However, the den-
sity pattern of Alus in the 5%-10% divergence class is strik-
ingly opposite to that observed in the whole genome in that
they are much more prevalent in AT-rich regions compared
with GC-rich regions (Fig. 6C). The distributions of older Alu
elements (<10% divergent from the consensus) with respect
to GC content are consistent with the patterns seen in the
entire genome (Fig. 6D-F). Table 3 shows the P values result-
ing from this analysis. This finding suggests that the density
shift of Alus from AT-rich to GC-rich regions during evolution
was significantly delayed on the Y chromosome and, there-
fore, that the ability to recombine with a homologous chro-
mosome greatly facilitated this shift.

Potential Explanations for Alu Distribution Patterns

The density patterns of Alu elements do not conform to
trends observed for other retroelements. These elements inte-
grate into the AT-rich part but accumulate in GC-rich DNA
(International Human Genome Sequencing Consortium
2001) (Fig. 4A) and at least three hypotheses have been pro-
posed to account for this phenomenon. One proposed expla-
nation is that the GC-rich Alu elements are more stable in
regions where the surrounding GC content is similar (Pavlicek
et al. 2001). However, we have observed that partial deletions
or apparent shortening of various Alu age groups are uni-
formly distributed irrelevant of GC occupancy (Fig. SB). This
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Table 2. Significance (P-Values) of Distributional Differences Between Divergence Cohorts
Alu L1
0-1: 1-5: 5-10: 10-15:  15-20:  20-25: 0.5: 5-10: 10-15:  15-20:  20-25:  25-30:  30-35:
1-52 5-10 10-15 15-20  20-25  25-30 5-10 10-15 15-20  20-25 2530 3035 35-40
<34  0.20 0.10 0.50 0.36 0.038 0.49 0.26 0.18 0.34 0.30 0.48 0.43
34-36 = 0.002 2.5E-06 0.43 7.9E-05 1.6E-07 0.07 0.06 0.002 2.0E-07 0.08 0.021 0.007 0.006
36-38  0.001 1.8E-04 0.25 1.3E-04 5.9E-07 0.31 0.004 0.27 0.031 0.002 0.001 0.016 0.47
38-40 4.4E-04 2.1E-04 0.002 9.2E-05 0.003 0.39 0.41 0.006 1.5E-04 9.2E-05 2.7E-05 0.13 0.020
40-42 = 0.007 0.17 0.013 0.002 0.006 0.24 0.029 0.010 8.0E-05 0.005 0.011 0.28 0.001
42-44 0.06 4.2E-05 0.009 0.46 0.001 0.14 0.37 0.36 0.003 0.042 0.18 0.12 0.05
44-46 4.1E-04 4.0E-05 0.025 0.002 1.4E-05 0.016 0.08 0.002 0.043 0.023 0.001 0.032 0.019
46-48 = 2.3E-04 6.1E-05 0.29 4.9E-04 9.1E-07 0.023 6.2E-05 0.005 0.002 0.09 0.003 0.25
48-50 4.0E-04 0.022 2.9E-04 3.5E-05 0.020 3.9E-05 0.010 0.021 0.009 3.9E-05 0.048
50-52 4.1E-04 0.040 1.2E-04 1.4E-06 0.10 0.001 0.001 0.008 0.017 0.013 0.001
52-54 6.8E-05 4.0E-04 7.7E-05 4.2E-06 0.002 0.002 0.001 0.001 3.9E-04
>54 0.017 3.2E-07 3.1E-07 0.001 2.6E-04 6.4E-06 1.4E-05 1.1E-04 1.8E-06 0.001
MIR L2 MLT MST MER4
30-35:  30-35:  35-40:  15-20: 20-25: 25-30:  10-15:  15-20:  10-15:  15-20:  20-25:
3540  35-40 40+ 20-25  25-30 30-35 15-20  20-25 15-20  20-25 25-30
<34 0.23 0.24 0.11 0.45 0.22 0.16 0.30 0.12 0.36 0.22
34-36 = 5.7E-05 3.8E-06 0.05 7.6E-05 0.12 0.001 1.5E-05 0.10 1.5E-04 0.029 0.10
36-38 | 9.2E-05 0.001 0.20 0.010 0.020 8.9E-05 3.7E-04 0.24 0.005 0.30 0.08
38-40 0.50 0.026 0.48 0.001 0.34 0.006 0.015 0.13 0.35 0.27 0.07
40-42 = 0.001 0.019 0.07 3.6E-04 0.23 0.014 1.2E-04 0.024 0.012 0.31 0.044
42-44 | 0.001 3.2E-05 8.4E-06 0.08 1.7E-04 0.001 0.14 2.8E-04 0.45 0.004
44-46  0.001 2.3E-04 9.1E-05 0.16 0.001 0.001 0.014 0.010 0.023 0.06
46-48  0.036 0.001 0.043 0.023 0.002 0.001 0.026 0.016 0.11 0.38
48-50 = 0.029 3.4E-04 0.25 0.039 0.004 0.031 0.38 0.21 0.17 0.29
50-52  0.06 1.6E-04 0.045 0.46 1.1E-04 0.011 0.40 0.38
52-54 0.43 0.009 0.032 0.30 0.019 0.14 0.45 0.23
>54 0.016 0.029 6.9E-05 0.22 0.004 0.16 0.15 0.002 0.014
Class Il Class | Class Il
15-20:  20-25:  25-30: 5-10: 10-15:  15-20:  20-25:  5-10: 10-15:
20-25 2530 30-35 10-15 15-20  20-25  25-30 10-15 15-20
<34 0.33 0.48 0.26 0.12 0.29 0.09 0.33
34-36 | 0.005 0.029 0.003 0.022 0.05 0.001 0.06 0.30 0.30
36-38 0.21 0.08 4.1E-05 0.020 0.18 0.041 0.06 0.050 0.028
38-40 « 0.008 0.13 0.39 0.07 0.038 0.39 0.13 0.32 0.20
40-42  0.016 0.16 0.026 0.13 0.07 0.010 0.29 0.21 0.07
42-44  0.023 0.020 2.8E-04 0.035 0.21 0.011 0.28 0.46 0.08
44-46 = 0.036 0.08 0.001 0.48 0.06 0.030 0.25 0.001 0.18
46-48 0.10 0.36 1.4E-06 0.38 0.006 0.003 0.18 0.001
48-50 0.06 0.21 0.011 0.004 0.08 0.031
50-52 1 0.033 0.24 0.30 0.031 0.15
52-54  0.041 0.19 0.05
>54 0.003 0.001

Shaded regions are significant (P < 0.05).
2Divergence cohorts compared.

PGC content (%).

finding does not seem to support such a hypothesis, although
it is possible that the tendency of retroelements to remain in
regions of matching GC content does play some role. A sec-
ond hypothesis proposes that Alu elements are selectively re-
tained in GC-rich regions because having these elements close
to genes is of functional benefit (Britten 1997; Kidwell and
Lisch 1997; Schmid 1998). Figure 3A shows that the Alu den-
sity near genes is higher than predicted based on GC content.
That is, the tendency of Alu elements to be located near genes

is not fully explained by the general GC-richness associated
with coding regions and such a pattern may therefore reflect
a functional role for these elements. However, other observa-
tions appear discordant with this view. For example, it is
known that the developmentally critical HoxD gene cluster is
almost devoid of retroelements (International Human Ge-
nome Sequencing Consortium 2001). A recent study has also
found that SINEs (Alu and MIR elements) are less frequently
associated with imprinted than nonimprinted genomic re-
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Figure 5 Length distribution of retroelements with respect to sur-
rounding GC content. Retroelements of each group were classified as
belonging to divergence cohorts as described in the text. The average
length in base pairs (bp) of each retroelement divergence cohort
contained within each GC bin (see legend to Fig. 1) is shown for L1
(A) and Alu (B) elements. GC bins containing <100 elements were
excluded from the graphs.

gions (Greally 2002). Certain classes of genes may therefore
need to exclude such sequences from their environment to
ensure proper function or regulation. A third hypothesis pro-
poses that the maintenance of Alus in GC-rich regions may be
due to the adverse effects that deletions and unequal recom-
binations could have in gene-rich regions (Brookfield 2001).
Indeed, because of the vast numbers of Alu elements, it is
likely that specific recombinational mechanisms have been a
major force in shaping the distribution of Alus in the genome.
It has recently been demonstrated that the efficiency of Alu-
Alu recombination in yeast increases as a pair of elements are
placed closer together (Lobachev et al. 2000). Such closely
spaced Alu pairs are found only occasionally in the human
genome (Lobachev et al 2000; Stenger et al. 2001), possibly
because of clearance of these elements through the mecha-
nism of inverted repeat (IR)-mediated recombination (Leach
1994). Alu elements seem quite promiscuous for recombina-
tion because two elements up to 20% divergent are still able to
recombine efficiently (Lobachev et al. 2000). Furthermore,
there are many examples of Alu-mediated recombination re-
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sulting in mutations in humans (Batzer and Deininger 2002).
These findings suggest a possible explanation for the chang-
ing Alu distribution profiles shown in Figure 4A and their
enrichment near genes. Considering the high number of ge-
nomic Alu elements and the fact that they preferentially tar-
get AT-rich regions, these domains must have suffered a mas-
sive build-up of Alu integrations. Such accumulation likely
resulted in increased recombination as the occurrence of
closely spaced, highly related Alus increased, which could
have led to loss of both newly integrated and fixed Alu ele-
ments in the AT-rich fraction of the genome. In regions close
to genes, it is possible that Alu—Alu recombination events are
less likely to be allowed or become fixed because of an in-
creased chance of simultaneously removing gene regulatory
domains (Brookfield 2001). This could help explain the over-
representation of Alu elements near genes without invoking a
functional role. The fact that we observe no increased density
in GC- or gene-rich regions for the oldest Alus could be ex-
plained by the fact that Alus in these age cohorts are much
less numerous and therefore would have been less subject to
loss via recombination in AT-rich regions. Alu elements of
20%-30% divergence are present in only ~25,000 copies
whereas younger Alus in the 5%-10%, 10%-15%, and 15%-
20% divergence classes are present in ~300,000, ~480,000,
and ~210,000 copies, respectively. Furthermore, because of
their higher divergence values, the oldest Alus would also
have been less able to recombine with their younger, more
numerous relatives when the latter populated the genome.
Differences in recombination are likely also responsible
for the fact that Alu elements are not over represented on
chromosome Y as are other “young” retroelements such as
Class I and II ERVs (International Human Genome Sequenc-
ing Consortium 2001) (Fig. 2). This finding suggests that Alus
are lost more readily than the LTR elements. However, loss of
Alu elements on the Y appears delayed compared with on the
autosomes (Fig. 6), likely because only intrachromosomal/IR
recombination can operate on most of the Y. IR recombina-
tions seem to work more efficiently when two elements are
closely located (Lobachev et al. 2000) and it is likely that this
is true also for intrachromosomal recombinations in general.
Thus, we postulate that LTR elements are removed less effi-
ciently than Alu elements because of their much lower copy
number and, therefore, larger average interelement distance.

Concluding Remarks
One view of transposable elements considers them to be self-
ish DNA of no use to the host (Doolittle and Sapienza 1980;

Table 3. Significance (P-Values) of Distributional
Difference Between Alus on the Y Chromosome vs. the
Whole Genome

5-10° 10-15 15-20 20-25
34-36° 0.0012 0.023 0.13 0.022
36-38 4.5E-04 0.014 0.0022 0.28
38-40 0.021 0.022 0.28 0.14
40-42 0.039 0.41 0.27
42-44 0.10 0.24 0.34
44-46 0.11 0.08

Shaded regions are significant (P < 0.05).
“Divergence cohorts compared.
PGC content (%).
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However, it is known that a muta-
tion with a selective disadvantage
can still be fixed through genetic
drift, especially if the effective
population size is small (Li and
Graur 1991). It is possible that some
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Figure 6 Density of Alu divergence cohorts in different GC fractions on chromosome Y compared
with the whole genome. Solid lines indicate Alu elements on chromosome Y; broken lines represent the
Alu density in the whole genome. (A-f) The density of specific divergence classes, which are indicated
on the top of each panel. There were insufficient numbers of Alu elements on the Y chromosome in the
first two divergence cohorts to be plotted in A and B. The density distribution of each Alu divergence
class is plotted against the local 20-kb genome GC content. Standard deviations were calculated as

described in Methods.

Orgel and Crick 1980; Yoder et al. 1997), whereas others hy-
pothesize that their fixation reflects functional interactions
with the host (McDonald 1995; Brosius 1999). Our data sup-
port the idea that retroelements have a general negative im-
pact on the host because of a gradual accumulation of most
retroelement superfamilies in the AT-rich fraction and on the
Y chromosome (which is predicted to occur according to the
selfish DNA hypothesis) (Charlesworth et al. 1997). However,
these findings also support a concept in which retroelements
gradually are cleared (or maintained) from the host genome,
a relationship that seems dependant on the age of their asso-
ciation. (Di Franco et al. 1997; Junakovic et al. 1998; Torti et
al. 2000; Kidwell and Lisch 2001). The fact that densities of
old MIR and L2 retroelements near genes are close to that
predicted by average GC content suggests a relatively benign
relationship between these retroements and genes. In con-

36-38  40-42  44-46

LTR elements, despite being fixed
in the species, had a slight negative
impact and were gradually elimi-
nated with time. Alternatively,
mechanisms unrelated to selection,
such as differential rates of recom-
bination in different GC domains,
may also explain the shifting den-
sity patterns of LTR retroelements.
The fact that the youngest Class II
ERVs do not show the same density
pattern shifts as seen for most of the
LTR superfamilies could be because there has not been suffi-
cient evolutionary time for their distribution to be shaped by
selective forces and/or recombination.

Once fixed in the population, it is not possible for an
insertion to be eliminated unless insert-free alleles are re-
created. Although unequal crossing-over between homolo-
gous chromosomes may be the main mechanism responsible
for elimination of retroelements in GC-rich regions, which
have higher rates of recombination (Fullerton et al. 2001),
intrachromosomal deletions and IR-mediated recombination
might enhance this effect, especially in regions of high retro-
element density. Such processes could regenerate insert-free
alleles and again provide an opportunity for the original in-
sertion to be lost from the population through natural selec-
tion or drift.

Although these studies have attempted to address some
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of the potential mechanisms or forces that have shaped the
genomic distributions of human retroelements, further stud-
ies are warranted to elucidate the complex evolutionary and
functional relationships between these sequences and their
host genome.

METHODS

Description of Retroelements

Human retroelements are classified into two major classes:
non-LTR and LTR retroelements. The former category con-
tains the LINEs, represented by the L1 and L2 elements,
whereas the Alu and MIR elements belong to SINEs. For this
analysis, LTR retroelements were divided into the following 6
groups (Smit 1999; Jurka 2000; International Human Genome
Sequencing Consortium 2001; Medstrand and Mager 2002):
class I ERVs, which are similar to type C or vy retroviruses such
as murine leukemia virus; class II ERVs, which are similar to
type B or B retroviruses like mouse mammary tumor virus;
class III ERVs (also called ERV-L), which have limited similar-
ity to spuma retroviruses; MER4 elements, which are nonau-
tonomous class I-related ERVs; and MST (named for a com-
mon restriction enzyme site Mstll) and MLT (mammalian LTR
transposon) elements, which are both part of the large non-
autonomous mammalian apparent LTR retrotransposon
(MaLR) superfamily. Solitary LTRs outnumber LTR elements
with internal sequences by approximately 10-fold.

Data Sources

Genomic sequence and annotated gene data for all figures
were derived from the August 6, 2001, draft human genome
assembly at http://genome.ucsc.edu. Retroelement locations
derived from RepeatMasker (http://ftp.genome.washing-
ton.edu/RM/RepeatMasker.html), GC content calculated in
nonoverlapping windows of 20-kb sequence gap data, and
known gene data from the Reference Sequence database were
all downloaded from this site. After compilation, data points
were included in graphs only if supported by >100 retroele-
ments. Element count was calculated to reflect as nearly as
possible the number of individual integrations of the ele-
ment. That is, nearby repeat segments (within 20 kb of each
other) having the same family name and RepeatMasker align-
ment parameters (alignment score, substitution, and gap lev-
els) were combined and treated as a single element. Subfamily
assignments and divergence values were taken directly from
RepeatMasker output files. Internal sequences of LTR ele-
ments were excluded from the analysis. Data was further con-
ditionally discarded in figures where retroelement divergence
is used as a measure of age. In some cases where element
length was very short (<150 bp), it was noted that RepeatMas-
ker assigned an artificially low divergence value because of the
alignment method used in finding repeats. This was a particu-
lar problem for the old MIR and L2 sequences. An attempt was
therefore made to ensure that relative divergence indeed rep-
resented age by plotting element length versus assigned di-
vergence values. Because repeats in general grow shorter as
they age (see, e.g., Fig. 5), retroelement divergence cohorts
were considered anomalous and discarded if they did not fol-
low this trend.

Density Analysis

The retroelement data were compiled by repeat superfamily,
divergence from consensus, and surrounding genomic GC
content. The density function in Figures 1, 4, and 6 was cal-
culated as the fraction of the retroelement base pairs in a
given GC bin divided by the fraction of the genome in that
GC bin. Thus, it affords a measure of preference of a particular
age class for different GC contents. When an age class of an
element had a significant presence in only some of the GC
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bins, the effective genome size for that age class was calcu-
lated from the sizes of only those GC bins. Thus, for the Figure
6 genomic data, the “whole genome” is that fraction of the
genome with GC content <46%. In Figure 2, the “bin” con-
sidered was an individual chromosome. With these consider-
ations in mind, the calculations of density are identical.

For Figure 2 (retroelement density versus GC content on
each chromosome), correlation coefficients (r) and level of
significance (P values) were calculated for each data set. The
graphs of chromosomal retroelement density as a function of
gene density are not shown but are almost identical because
of the highly significant correlation between GC content and
gene density (International Human Genome Sequencing
Consortium 2001).

For Figure 3, a script divided the chromosomes into
eleven segment types or bins: within the transcript start and
end positions of known (annotated) genes and 0-5, 5-10, 10-
20, 20-30, and >30 kb upstream and downstream of genes.
The majority of the genome was located either within genes
(22% of the total) or at distances >30 kb from genes (63% of
the total). In each segment, the script determined the base-
pair contribution of each retroelement type and noted the
orientation of the element with respect to the nearest gene.
The GC content of each segment was calculated and then the
density data from Figure 1 was used to predict the base pair
contribution by each retroelement type in the segment. Pre-
dictions done within genes or at distances >30 kb from genes
were compiled from predictions made from 10 kb subseg-
ments. Half of the predicted retroelement base pairs were as-
sumed to be in the sense orientation and half in antisense.
Finally, the observed base pairs in each bin were divided by
the cumulative predicted base pairs for each retroelement
type.

P values shown in Tables 1, 2, and 3 and variability of the
data in Figures 3, 4, and 6 were calculated as follows. The
sequence segments comprising the whole genome were di-
vided up into four “subgenomes” of equal composition. The
retroelement distributions were calculated in each subge-
nome, and the means and standard deviations of retroele-
ment distributions were calculated. After appropriate normal-
ization, the significance (P value) of the difference between
different retroelement distributions was tested by the one-
tailed unpaired t-test.
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