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Article

The Insertional History of an Active Family of LI
Retrotransposons in Humans

Stéphane Boissinot,'* Ali Entezam,' Lynn Young,? Peter ). Munson,? and

Anthony V. Furano'*

"Section on Genomic Structure and Function, Laboratory of Molecular and Cellular Biology, National Institute of Diabetes and
Digestive and Kidney Diseases and 2Analytical Biostatistics Section, Mathematical and Statistical Computing Laboratory, Division
of Computational Biosciences, Center for Information Technology, National Institutes of Health, Bethesda, Maryland 20892, USA

As humans contain a currently active LI (LINE-1) non-LTR retrotransposon family (Ta-l), the human genome database
likely provides only a partial picture of Ta-l-generated diversity. We used a non-biased method to clone Ta-l
retrotransposon-containing loci from representatives of four ethnic populations. We obtained 277 distinct Ta-l loci
and identified an additional 67 loci in the human genome database. This collection represents ~90% of the Ta-l
population in the individuals examined and is thus more representative of the insertional history of Ta-l than the
human genome database, which lacked ~40% of our cloned Ta-l elements. As both polymorphic and fixed Ta-l
elements are as abundant in the GC-poor genomic regions as in ancestral L1 elements, the enrichment of LI elements
in GC-poor areas is likely due to insertional bias rather than selection. Although the chromosomal distribution of
Ta-l inserts is generally a function of chromosomal length and gene density, chromosome 4 significantly deviates
from this pattern and has been much more hospitable to Ta-l insertions than any other chromosome. Also, the
intra-chromosomal distribution of Ta-l elements is not uniform. Ta-l elements tend to cluster, and the maximal gaps
between Ta-l inserts are larger than would be expected from a model of uniform random insertion.

[Supplemental material is available online at www.genome.org.]

The L1 (LINE-1, long interspersed repeated DNA) family of non-
LTR retrotransposons (Fig. 1) is responsible for 27% of the mass of
the human genome and has had a major effect on the structure
(and presumably function) of modern mammalian genomes (In-
ternational Human Genome Sequencing Consortium [IHGSC]
2001; Mouse Genome Sequencing Consortium [MGSC]| 2002). L1
elements replicate by copying (reverse transcribing) their RNA
into genomic DNA (for review, see Furano 2000; Moran and Gil-
bert 2002). Despite a strong cis preference (Esnault et al. 2000;
Wei et al. 2001), the L1 replicative machinery can also copy other
RNAs, including Alu (SINE, short interspersed repeated DNA)
transcripts (Dewannieux et al. 2003). Thus, L1 retrotransposons
likely amplified the one million-member Alu SINE family and
numerous processed pseudogenes as well (IHGSC 2001; Buzdin et
al. 2003a).

L1 elements have been replicating and evolving in mamma-
lian genomes since before the mammalian radiation, ~100 mil-
lion years ago (Mya; Burton et al. 1986; for review, see Smit et al.
1995; Furano 2000). About 100,000 L1 elements have been in-
serted in the human genome after the mammalian radiation, and
all are the products of a single lineage of 16 distinct L1 families
(L1PA16-L1PA1) that extends from the radiation to the present
(Smit et al. 1995; Boissinot et al. 2001). Only the most recently
evolved human-specific L1 family, L1PA1, originally called Ta
(Skowronski et al. 1988) and referred to here as such, is currently
active, that is, capable of retrotransposition and causing poly-
morphisms (Boissinot et al. 2000; Sheen et al. 2000; Badge et al.
2003) and genetic defects (Ostertag and Kazazian Jr. 2001).
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The persistence of L1 activity without any obvious benefit to
its host remains a puzzle. Although recruitment of L1 DNA for a
host function or an L1-mediated genetic alteration may be ben-
eficial, such outcomes are too rare to ascribe a beneficial function
to L1. In fact, at times L1 activity has been so deleterious that
elements capable of replication have been subjected to negative
selection (Boissinot et al. 2001). This conclusion was based on
the analysis of extinct ancestral L1 families. In contrast, except
for the most severely deleterious inserts, the insertional history of
the currently replicating Ta family could provide a “real-time”
view of L1 amplification. The events necessary for establishing a
successful amplification, as well as how these events affect the
host, could be revealed by analysis of a currently amplifying fam-
ily.

The Ta family arose about 5 Mya and ~2.5 Myr later gave rise
to the Ta-1 (sub)family. Ta-1 accounts for almost all L1 replica-
tion in humans (Boissinot et al. 2000; Brouha et al. 2003). A
number of demonstrably active Ta-1 elements have been isolated
from the genome (e.g., see Kimberland et al. 1999; Brouha et al.
2003), and 69% of a small number of Ta-1-containing loci were
polymorphic for the presence or absence of the element (Boissi-
not et al. 2000). Our goal here was to obtain as comprehensive a
set as possible of Ta-1 inserts in the human population.

Two approaches were used previously to study Ta elements:
extraction of Ta elements from the public databases (Boissinot et
al. 2000; Myers et al. 2002) or isolation of polymorphic elements
by PCR display (Sheen et al. 2000; Ovchinnikov et al. 2001; Badge
et al. 2003; Buzdin et al. 2003b). As public databases would likely
be biased in favor of inserts that are found at high frequencies in
human populations, the first method will most likely miss a large
fraction of the most recent inserts. On the other hand, the sec-
ond approach is more likely to discriminate against high-
frequency polymorphisms (see discussion in Myers et al. 2002).
Therefore, we developed a cloning strategy that was free of these
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Figure 1 Structure of a typical full-length human L1 element. The 5 untranslated region (UTR) has a regulatory function; open reading frame 1 (ORF
I) encodes an RNA-binding protein; ORF Il encodes the L1 replicase and contains an endonuclease (EN) and a reverse transcriptase domain (RT), and
the 3’ UTR that contains a conserved G-rich polypurine motif. Genomic copies of L1 usually end in an A-rich stretch (open rectangle, see Moran and
Gilbert 2002). The partial alignment of Ta-1, Ta-0, L1PA2, and L1PA5 consensus sequences shows the positions of oligonucleotide 1, which is specific
for Ta-1, and of oligonucleotide 2, which includes the ACA trinucleotide, diagnostic of the Ta family (see Methods). The numbers indicate the position
of the sequence on alignment ALIGN-000165 at the EMBL_ALIGN database (Boissinot and Furano 2001).

biases and applied it successively to the genome of four individu-
als of different ethnic origins.

We obtained 277 non-redundant Ta-1 inserts to which we
added 67 unique inserts from the database (total, 344). For com-
parison, ~300 elements belonging to each of the ancestral L1IPA2
and L1PAS families were also collected from the public database.
These now-extinct families reached their peak amplification
about 9 Mya and 23 Mya, respectively, and essentially all L1PA2
and L1PAS elements are now fixed in the human genome. We
confirmed our earlier finding that the Ta-1 subfamily is currently
not as deleterious as were these ancestral L1 families (Boissinot et
al. 2001). Also, Ta-1 elements are not randomly distributed in the
genome with respect to GC content but recapitulate the distri-
bution of older families. However, the distribution of Ta-1 inser-
tions may not be completely random at either the chromosomal
or intra-chromosomal level.

RESULTS

Collection of Ta-I Inserts

Table 1 shows the number of Ta-1 containing clones collected
from each of the four individuals and the number of different
Ta-1 inserts. Of 6751 clones collected, 1256 were sequenced, al-
lowing the identification of 277 different Ta-1 inserts. As ex-
pected, the largest number of different inserts was collected from
the first individual analyzed (i.e., the Druze), and each subse-
quent cloning yielded fewer new inserts. Using BLAST, we could
unambiguously locate 232 (84%) of the 277 flanking sequences
in the human genome database. We could not unambiguously
locate 17 flanking sequences because they were very similar to
sequences that were repeated in the database. For 28 sequences
(10%), no significant match was found. This was expected, as
13% of the nuclear DNA (mostly heterochromatin) is not present

Table 1. Numbers of Ta-1 Inserts Collected and Fractions of Polymorphic Inserts
Cloning
Druze Biaka  Chinese  Melanesian Total Database® Total®
Clones collected 1344 1576 1851 1980 6751 — —
Clones sequenced 613 156 253 234 1256 — —
Number of different Ta-1 inserts 167 58 35 17 277 67 344
Flanking sequences located in database 142 52 26 12 232 67 299
Tested by PCR 116 28 21 9 174 43 217
% Polymorphic 52% 75% 71% 100% 60% 72% 62%
Insertion sites occupied in database 102 19 13 4 138 67 205
Tested by PCR 86 14 12 2 114 43 157
% Polymorphic 38% 57% 50% 100% 43% 72% 51%
Insertion sites empty in database 40 33 13 8 94 — 94
Tested by PCR 29 14 9 7 59 — 59
% Polymorphic 90% 93% 100% 100% 93% — 93%
Flanking sequences not located in database 25 6 9 5 45 — 45
Flanks are repeated DNA 17
Flanks not present in db 28
Tested by PCR® 16 2 4 0 22 — 22
% Polymorphic 50% 0% 25% — 41% — 41%

?Elements from the database that were missed by cloning but retrieved by a BLAST search.

Total number of Ta-1 inserts including cloning and database search.

“The polymorphism of these elements was tested with a single PCR using only the flanking primer cognate to the 3’ flanking sequence of the inserts.
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in the database. Of the 232 cloned Ta-1 insertions whose sites
were identified in the database, 94 (41%) were not occupied by a
Ta-1 element. These 94 elements are most likely polymorphic in
human populations, and either the elements were absent from
the genome of the individuals used by the Human Genome
Project or the occupied state was missed during the assembly
phase.

BLAST searches also identified 67 Ta-1 elements not repre-
sented in our clone collection. Of these, 43 were amenable to
PCR and we determined their presence in the four individuals
used in the cloning. Ten were absent from the genome of the four
individuals and thus could not be cloned. However, 33 inserts
did produce a PCR amplification in at least one of the four indi-
viduals, and 13 of those appeared fixed in our small panel of
humans (see Methods). Therefore, our cloning procedure recov-
ered ~90% of the Ta-1 inserts present in the genome of the four
individuals.

Altogether, we generated a database of 344 Ta-1 inserts, in-
cluding 139 (40%) elements that were not present in the human
genome database. Therefore, the Ta-1 inserts identified in an ear-
lier analysis of the human genome database (Myers et al. 2002)
comprise a subset of those reported here. Although additional
novel Ta-1 inserts could be collected if more individuals were
analyzed, these would be recovered at an ever-decreasing rate. As
it is, our collection of Ta-1 elements represents a far more com-
plete census of the Ta-1 subfamily than that in the human ge-
nome database.

The chromosomal position of each of the 344 cloned and
database Ta-1 elements along with that of their flanking se-
quences, extent of polymorphism, and the nucleotide sequences
of the PCR primers used to detect the inserts are available in the
Supplemental material.

Polymorphism of Ta-l Inserts

The DNA flanks (2 kb each) of the Ta-1 inserts were screened for
repeated sequences using RepeatMasker. We could not determine
the polymorphism of inserts flanked only by repeated DNA. Oth-
erwise, we designed PCR primers for each flank, and polymor-
phism was assessed on the panel of eight human DNAs (Meth-
ods). PCR was successful for 174 of 232 cloned inserts (Table 1).
A Ta-1 insertion was considered polymorphic when we were able
to amplify by PCR the empty state (i.e., the absence of insert) in
at least one of the eight individuals.

About half (52%) of the Ta-1 elements cloned from the
Druze are polymorphic. The fraction of polymorphic elements is
higher in the other three individuals (71% to 100%), because
most of the fixed Ta-1 inserts should be, and were, present in the
Druze collection. In all, 60% of the cloned inserts were polymor-
phic. As expected, most (93%) of the cloned inserts that corre-
spond to sites that are empty in the database are polymorphic.
Also, as expected, 57% of the cloned inserts corresponding to
sites that are occupied in the database are fixed. About half (52%)
of the polymorphic sites that were empty in the database are
found on fewer than four chromosomes in our sample of eight
individuals (representing a total of 16 chromosomes), and 21%
were detected by PCR only in the individual from whom they
were cloned. Therefore, it is not surprising that these seemingly
low-frequency inserts were not present in the database.

About 72% of the Ta-1 inserts that were present in the da-
tabase but not in our cloned collection were polymorphic. This
value is similar to the fraction of polymorphic inserts obtained
from the pygmy (75%) and Chinese (71%) cloning. Presumably,
the Human Genome Project used a different sample of humans
from ours and therefore contains the Ta-1 inserts specific to those
individuals. Eight of the Ta-1-containing sites that were unique

to the database were empty in all 16 chromosomes. Thus, al-
though the database is enriched in high-frequency and fixed Ta-1
inserts, it also contains some low-frequency alleles, unique to
those individuals whose DNA was sequenced.

In total, 217 Ta-1 inserts (174 cloned by us and 43 from the
human genome database) were analyzed by PCR and 134 of them
(62%) were polymorphic (Table 1). Our collection of Ta-1 ele-
ments includes a complete range of polymorphism from rare
alleles to fixed inserts. Table 1 shows that the extent of polymor-
phism of the Ta-1-containing sites in the human genome data-
base is significantly lower than the total fraction of polymorphic
Ta-1-containg loci (51% vs. 62%; Fisher’s exact test, P = 0.006).
Therefore, the extent of Ta-1 polymorphism in the database un-
derestimates the level of polymorphism of Ta-1-containing sites
in the human population. In a separate study, we determined the
frequency of the polymorphic Ta-1 inserts in 190 individuals and
we will report these results in full elsewhere. However, Figure 2
shows a subset of these data that compares the frequency distri-
bution in 141 individuals of Ta-1-containing inserts not present
in the database with that of those inserts present in the database.

Characterization of Ta-l Inserts

We only analyzed the size distribution of L1 elements on auto-
somes because we had shown that ancestral full-length (FL) ele-
ments were retained at a higher rate on sex chromosomes (Boissi-
not et al. 2001). About 48% of all autosomal Ta-1 elements are FL
(Fig. 3). This is considerably higher than the 35% reported pre-
viously (Boissinot et al. 2000), because we only considered ele-
ments =500 bp. Non-FL elements are either simple truncations
(66%) or truncations with inversions of variable length (34%).
Both types have been long known (Hutchison III et al. 1989) and
will not be discussed further.

The fraction of FL elements is not significantly different be-
tween fixed (47%) and polymorphic (45%) Ta-1 elements (Fish-
er’s exact test, P = 0.116). Thus, FL and truncated Ta-1 elements
are being fixed in populations at the same rate. Because some
polymorphic Ta-1 elements might be close to fixation, we also

l Empty sites in database (55 loci)
Occupied in database (123 loci)
Bl Total of elements obtained by cloning (149 loci)

40

\\§\
\
N\
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20

Percent of given loci class
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20 to 40 60to 80 80to 100 fixed

Oto 20 40 to 60

Frequency of inserts in human population (%, 141 individuals)

Figure 2 Frequency distribution of Ta-1-containing alleles. The extent
of polymorphism of the indicated Ta-1-containing inserts in 141 individu-
als was determined as described in the Methods. All DNAs for these
studies were obtained from the Coriell Institute for Medical Research and
included individuals from the following populations: Chinese, Japanese,
Druze, Biaka and Mbuti Pygmy, Melanesian, Atayal, Ami, Caucasian
American, and African American.
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Figure 3 Size distribution of autosomal L1 elements. Elements are
grouped in 1000-bp intervals except for the smaller class that shows the
frequency of elements 500-1000 bp long. The number of elements ana-
lyzed was 183 Ta-1 elements (those whose size was known from the
human genome data base), 282 L1PA2 elements, and 305 L1PA5 ele-
ments.

separately analyzed “low-frequency” Ta-1 elements, that is, those
on fewer than four chromosomes (out of 16) by PCR. The fraction
of FL elements (50%) of this group was not significantly different
than that of all fixed Ta-1 elements (P =0.117).

In contrast, the percent of autosomal FL L1PA2 (37%) and
L1PAS (22%) elements is significantly lower than that of the Ta-1
family (Fisher’s exact test, P = 0.004 and P = 0.000, respectively).
The fact that we found fewer FL L1PAS elements than L1PA2
(P =0.000) agrees with an earlier study using a smaller sample of
these families from chromosomes 21 and 22 (Boissinot et al.
2001). Again, the percentages of FL L1’s for each of these families
are different from those reported previously because we only ex-
amined elements =500 bp.

The Genomic Environment of Ta-l Inserts

We obtained the GC content of 10 kb, 20 kb, and 100 kb of
flanking sequence for 294 Ta-1 inserts. As the results were similar
regardless of the window size, only the 20-kb data are shown.
Figure 4 shows that Ta-1 elements are not distributed randomly
with respect to GC content, being more abundant in regions
=42% GC than in those =42% GC. On average the GC content

1224 Genome Research
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of Ta-1 flanking sequence is significantly lower than the GC con-
tent of the human genome (Student’s t-test, P = 0.000). The GC
content of the flanking sequences is not significantly different
between fixed and polymorphic Ta-1 elements (P = 0.827) or be-
tween fixed and low frequency elements (P = 0.153). In contrast
with previous reports (Ovchinnikov et al. 2001), Ta-1 elements
are found in the same genomic GC compartments as ancestral
L1PA2 and L1PAS subfamilies (Fig. 4); the average GC content of
Ta-1-, and L1PA2-, and L1PAS-flanking sequences are not sig-
nificantly different (P = 0.204 and P = 0.233, respectively).

We also determined the repeated DNA content in 100 kb of
flanking sequence for 299 Ta-1 inserts (Table 2). Consistent with
their presence in regions of relatively low GC content (see Fig. 22
in IHGSC 2001), the flanking sequences of Ta-1 elements are
enriched in L1s but deficient in SINEs. The abundance of LTR
retrotransposons and all repeats taken together (e.g., SINE, L1,
and others) are similar to the genomic average, two features that
do not differ much between GC compartments except at a GC
content >54%, which represents only a very small fraction of the
genome (IHGSC 2001).

The flanking sequences of Ta-1 elements are as enriched in
L1 DNA and lacking in SINE DNA as the older L1PA2 and L1PAS
elements (Table 2). Ta-1 elements are in genomic regions that are
significantly less recombining and have a lower gene density
than the genome average (P = 0.000, Student’s t-test). This fea-
ture is shared between all classes of Ta-1 inserts (fixed, polymor-
phic, “low”-frequency polymorphism) as well as with the L1PA2
and L1PAS families. These results are also consistent with the
GC-content analysis because GC-rich regions of the genome are
known to have a higher recombination rate and gene density.

In conclusion, we found that Ta-1 elements are not ran-
domly distributed in the genome with respect to GC content but
are more abundant in genomic compartments with a low GC
content. In this regard, there is no difference in distribution be-
tween fixed and polymorphic Ta-1 elements and between Ta-1
and the ancestral L1PA2 and L1PAS families.

The Chromosomal Distribution of Ta-l Inserts

Figure 5 shows the chromosomal distribution of 295 Ta-1 ele-
ments. They were found on every chromosome and their number
per chromosome ranges from 38 on chromosome 4 to one on
chromosomes 17 and 20. Large chromosomes have on average
more Ta-1 inserts than smaller ones, and the number of inserts
on each chromosome is nearly proportional to the length of the
chromosomes (Fig. 6A). Unlike the case for older L1 families
(IHGSC 2001), the X and Y chromosomes are not enriched in
Ta-1 elements.

Figure 6A also shows that most small chromosomes are po-
sitioned below the line expected if Ta-1 are randomly distributed,
whereas most large chromosomes are above the line, indicating
that small chromosomes harbor fewer Ta-1 elements than ex-
pected given their length. This result may reflect the higher gene
density of some of the smallest chromosomes. In general, the
chromosomal density of Ta-1 elements is negatively correlated
with gene density, P < 0.004 (Fig. 6B).

However, chromosome 4 is a clear exception to these gen-
eralizations as it contains significantly more Ta-1 inserts than
expected for either its length or gene density. The enrichment of
Ta-1 elements on chromosome 4 is not because it is uniquely
hospitable to L1 insertions. The chromosomal distribution of
L1PA2 and L1PAS show no such bias towards chromosome 4
(results not shown). Rather, as is the case for L1 DNA in general
(IHGSC 2001), the X and the Y chromosomes are enriched in
L1PA2 and L1PAS elements (results not shown).

In addition, examination of Figure 5 suggests that some Ta-1
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suggesting that the apparent Ta-1 clusters
are not genomic compartments where L1
elements accumulate at a higher rate.

Gap lengths (genomic distance be-
tween Ta-1 inserts) were measured and the
largest for each chromosome was tabulated.
Here the most significant large gap
(P <0.007 after Bonferroni correction) fell
on Chromosome 19, a chromosome that
contained only two inserts. However, one
might question the validity of this finding
because of the small number of Ta-1 ele-
ments. When the 24 P values (unadjusted)
were inspected together, they again showed
a tendency toward small values, whereas
under a random insertion hypothesis, one
would expect a uniform, rectangular distri-
bution of values (Fig. 7). This clear tendency
for gaps to be larger than expected provides
additional evidence against a uniform, ran-
dom model of Ta-1 insertion.

25
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Figure 4 Frequency of L1 elements in different GC fractions of the human genome. The % GC
was calculated over 20-kb windows. The bins from left to right correspond to an increasing 2% GC
fraction. The family-specific L1 curves were built using the DNA flanks of 299 Ta-1 (squares), 300
L1PA2 (triangles), and 324 L1PAS5 (diamonds) inserts. The total genome curve (heavy line) was built
using Tables “gcPercent” at http://genome.ucsc.edu/ for all chromosomes.

elements may be clustered on some chromosomes. However,
even random insertion of Ta-1 elements could yield apparent
clusters of inserts that could be misinterpreted as insertional “hot
spots.” Therefore, we assessed the statistical significance of any
apparent cluster by testing it against the random (uniform) in-
sertion model. Seemingly over-long gaps (i.e., genomic stretches
without insertions) may also be observed, and were also tested for
statistical significance. We performed such tests using computer
simulations to determine the P value of a run of k consecutive
Ta-1 inserts (see Methods for details and definitions). Thus, an
apparent cluster is a run that contains an excess of inserts given
its span (the distance in bp from the first to the last insert), or
equivalently, a run whose span is unusually short given its k.

Some of these apparent clusters and their uncorrected P
value (k-specific) are indicated on Figure 5. None of the apparent
clusters were statistically significant after Bonferroni adjustment.
However, as Figure 7 shows, the distribution of k-specific P values
(unadjusted) on all chromosomes was skewed towards low val-
ues. The results shown are for k=6, and similar results were
found for k=7 or 8 (results not shown). If the elements were
distributed uniformly under a random insertion model, one
would expect a rectangular distribution for these P values. This
propensity towards small P values can be interpreted as an overall
tendency for Ta-1 to cluster but not at high enough density to
reach significance in any particular case.

Thus, although we cannot conclude that any particular clus-
ter is “real” by statistical measures, the results in Figure 7 suggest
that Ta-1 insertion is not governed solely by chance. Therefore,
we compared the genomic environment of some arbitrarily cho-
sen apparent short Ta-1 clusters with each other and with those
apparently not clustered. These groups do not differ significantly
from each other with respect to their GC content of their flank
(P =0.443), the local recombination rate (P = 0.826) and the gene
density (P =0.580). They also do not differ in the abundance of

38-40  40-42  42-44 44.46 46-48 48-50 50-52 52-54 =54

DISCUSSION

We now have 344 unique Ta-1-containing
loci, including 139 that were not present in
the human genome database. This repre-
sents a near-complete census of Ta-1-
containing loci in the four individuals from
whom we obtained our clones and in those
individuals whose sequence is represented
in the human genome database. We previ-
ously estimated by quantitative hybridization that an average
human haploid genome contains 265 Ta-1 elements (Boissinot et
al. 2000). We calculated which fraction of the average haploid
number is covered by the present collection as follows: The num-
ber of Ta-1 elements at each Ta-1-containing locus for each of the
four individuals can be deduced from our PCR data. The 217 loci,
which we found amenable to PCR, contribute 255-265 (depend-
ing on the individual) Ta-1 elements to the four diploid genomes
from which we obtained our clones.

Extrapolation of this value to the total number of Ta-1 in-
serts collected (344) gives a value of 408 to 422 Ta-1 inserts per
individual, which is 204 to 211 Ta-1 elements per haploid ge-
nome. These values for haploid Ta-1 content based on cloning
are remarkably similar to the 255-265 Ta-1 elements per haploid
genome obtained by quantitative hybridization. Therefore, our
collection is more representative of the genomic diversity of the
active Ta-1 subfamily in humans than deduced from the human
genome database. By the same calculation, the Ta-1 elements in
the database account for only about one-half of the Ta-1 ele-
ments present in any of the four individuals. Thus, not surpris-
ingly, the database provides a relatively incomplete picture of the
ongoing Ta-1 amplification event.

The Ta-l Family Is Not as Deleterious as Older

LI Families

The Ta-1 family contains a significantly larger fraction of auto-
somal full-length (FL) elements than do the L1PA2 and L1PAS
families (Fig. 3). Furthermore, the fraction of FL Ta-1 elements is
the same for both fixed and polymorphic Ta-1 elements. There-
fore, FL and truncated Ta-1 elements are (or have been) reaching
fixation in humans at the same rate. Thus, FL Ta-1 elements
(potentially capable of replication) are not sufficiently deleteri-
ous as to be subject to negative selection. These results contrast
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Table 2. Genomic Environment of Ta-1, L1PA2, and L1PAS5 Elements

Ta-1

Genomic
Genomic features?® Polymorphic Fixed Total L1PA2 L1PAS average
% GC (20 kb) 39.00 38.89 38.96 38.62 38.64 41.00°
% SINEs (100 kb) 9.27 8.85 9.21 8.26 9.30 13.14°
% LINEs (100 kb) 22.35 23.20 23.12 23.59 21.97 20.42°
% LTR-retrotransposons (100 kb) 8.36 8.29 8.44 8.61 8.66 8.29°
% Repeats (100 kb) 42.84 43.27 43.50 43.26 42.60 44.83°
Local recombination rate 1.05 1.12 1.07 1.05 1.08 1.28¢
Gene density (5 Mb) 18.83 21.16 19.49 17.74 19.02 24.45¢

“Numbers in parentheses indicate the window size analyzed.

PIHGSC (2001).
“Deduced from Web table E of Kong et al. (2002).

dCalculated from RefSeq genes table at http://genome.ucsc.edu/.

markedly with the situation for ancestral L1 families. These fami-
lies suffered a significant loss of their FL L1 elements but not of
autosomal L1 elements that are =500 bp or SINE elements
(Boissinot et al. 2001).

We assessed this loss by using the proportion of FL ancestral
L1 elements on the Y chromosome as a proxy for the proportion
of FL elements originally present in these families. Unlike auto-
somes, most of the Y chromosome cannot undergo meiotic re-
combination with a homolog, a process that facilitates negative
selection against deleterious alleles. Thus, the Y chromosome is a
repository for deleterious alleles and retrotransposons (see Boissi-
not et al. 2000, and references therein). For example, the percent-
age of FL L1PAS elements on the Y chromosome is ~7.5 that on
autosomes. This corresponds to an 87% loss of autosomal FL L1
elements. We cannot make the Y chromosomal and autosomal
comparison for Ta-1 elements because the Y chromosome con-
tains only a few Ta-1 elements.

As there is no easy way to excise interspersed L1 elements we
proposed that the loss of FL autosomal elements from the ances-
tral L1PA2-L1PAS families was due to negative selection, that is,
the loss of FL L1-containing alleles from the population (Boissi-
not et al. 2001). Because only FL elements are capable of retro-
transposition, presumably some aspect of L1 activity was suffi-
ciently deleterious to have elicited negative selection. However,
Ovchinnikov et al. (2001) proposed two other explanations for
the different proportion of FL elements in the Ta and ancestral L1
families: more proficient production of FL elements by the Ta
family than by ancestral families; and continual loss of FL ele-
ments from ancestral L1 families. However, the former explana-
tion would not account for the difference between the Y chro-
mosomal and autosomal content of FL L1 elements of the ances-
tral L1 families (Boissinot et al. 2000). The latter explanation is
inconsistent with the fact that all ancestral L1 elements (FL and
truncated) are now fixed in humans. Because selection acts on
genetic variation, none of them could be cleared from the popu-
lation by this means.

FL Ta-1 elements may not be as deleterious as were FL L1PA2
or L1PAS elements for several reasons. As the Ta-1 family just
emerged and is only about 5-10% the size of the ancestral fami-
lies, it might not generate enough L1 products (e.g., L1 RNA or L1
proteins) that could be toxic to its host. Perhaps Ta-1 elements
are inherently less active or the host has evolved ways to repress
their activity. Interestingly, the fraction of FL L1PA2 is interme-
diate between that of the Ta-1 and L1PAS families (Fig. 3 and
Boissinot et al. 2001). Also, the copy number of L1PA2 is about
one-half that of L1PAS (~5000 vs. ~10,000, based on RepeatMas-
ker output). Therefore, the activity of L1 in the human lineage
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has apparently decreased from L1PAS to L1PA2 and then to Ta
(also called L1PA1, IHGSC 2001), and along with it, the intensity
of negative selection against it.

Biased Distribution of Ta-I Inserts in GC-Poor

Genomic Regions

On average, Ta-1 elements (fixed and polymorphic) are most
abundant in GC-poor regions of the genome, and their distribu-
tion mimics the distribution of ancestral LIPA2 and L1PAS fami-
lies (Fig. 4). This observation agrees with the findings on whole-
genome analysis (IHGSC 2001) but contradicts results that
showed that, unlike older L1 families, Ta elements are randomly
distributed with regard to GC content (Ovchinnikov et al. 2001).
However, this latter analysis was based on a much smaller num-
ber of elements than ours (24 polymorphic Ta and 57 ancestral
elements), and the method used to collect Ta elements may have
been biased in favor of Ta elements located in GC-rich regions.
Ovchinnikov et al. (2001) amplified Ta elements from the ge-
nome using 10-mer PCR primers of arbitrary sequence. This size
primer would generally favor the generation of PCR products
originating from GC-rich primer annealing sites (because of in-
creasing stability of the primer template pairs with increasing GC
content).

There are two possible explanations for the insertional bias
of Ta-1 elements in GC-poor regions. First, Ta-1 elements could
insert preferentially in AT-rich regions because such regions are
statistically more likely to contain the target site recognized by
the L1 endonuclease whose consensus is TTAAAA (Cost and
Boeke 1998). However, the L1 endonuclease is not very specific
and the majority of L1 elements have inserted into sites that
differ from this consensus (Jurka 1997; Cost and Boeke 1998).
Alternatively, Ta-1 elements may not be excluded from GC-rich
regions but are selected against because they are deleterious. As
GC-rich regions generally are gene rich, L1 insertions could be
deleterious in any number of ways including insertional gene
inactivation; alteration of gene transcriptional activity; alteration
of transcript processing, for example, by the introduction of al-
ternate splice sites or transcriptional termination signals (see Os-
tertag et al. 2002).

We found Ta-1 elements inserted into the introns of 46
known genes and they were twice as often oriented in the anti-
sense direction with respect to the gene (67%) as compared with
the sense direction (33%). There was no difference with respect to
FL or truncated elements in this regard and the ancestral families
showed the same trend. If the bias in orientation is due to nega-
tive selection, it is presumably based on the deleterious effect of
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Figure 5 Insertion sites of Ta-1 elements in the human genome. Ta-1 integration sites are shown as tick marks above each chromosome. Tick marks

with thinner lines impinging directly on the chromosome diagrams are those identified in the human genome database. Tick marks with heavier lines

offset from the chromosomes are the ones that we cloned. Solid circles

indicate polymorphic inserts, open circles indicate fixed ones, and tick marks

without either are indeterminate (not amenable to PCR, see Methods and Table 1). The number in parentheses indicates the number of Ta-1 insertion
sites on each chromosome. Chromosome 15 only shows the positions of 4 of the 5 Ta-1 elements on this chromosome because one of them was located
on an unassigned segment. The shaded boxes indicate the number of known genes per 5 Mb segments. The unadjusted k-specific P values for some

apparent clusters are given.

either sense L1 DNA sequences or of the sense L1 transcripts
themselves. An example of the former effect would be the intro-
duction of the L1 polyadenylation site into an intron leading to
premature transcriptional termination of the gene (Harendza and
Johnson 1990; Ostertag and Kazazian Jr. 2001; Perepelitsa-
Belancio and Deininger 2003). Another would be the introduc-
tion of signals that interfere with RNA processing (Lindtner et al.
2002; Floyd et al. 2003). The orientation bias could also have
been imposed during insertion, say by interaction of the L1 ret-
rotransposition apparatus with the transcriptional or transcript
processing machinery. The fact that that snRNA U6-L1 and U4-
L1 hybrids have been retroposed continually during the course of
mammalian evolution may imply some intimacy between L1 ret-
rotransposition and the splicing machinery (Buzdin et al. 2002,
2003a).

Both polymorphic (i.e., recently inserted) and fixed Ta-1 in-

serts show the same distribution with respect to GC-rich regions.
Thus, if the relative lack of Ta-1 elements in GC-rich regions were
due to negative selection then it must be relatively strong, as
even putative recent inserts here would have already been lost
from the population. Perhaps, inserts here are so deleterious that
they are embryonic lethal and therefore would never be present
in the population.

Chromosomal Distribution of Ta-I Inserts

Ta-1 elements are not distributed randomly between chromo-
somes. Although there is a general tendency for the number of
Ta-1 insertions to be directly related to chromosomal size and
inversely related to gene content, chromosome 4 is an obvious
exception. As there is no such bias of the ancestral L1PA2 and
L1PAS families towards chromosome 4, the biased distribution of
Ta-1 on this chromosome is not because it is a haven for L1
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insertions. In fact, the chromosomal distribution of ancestral
L1PA2 and L1PAS families is biased towards the sex chromo-
somes as is typical of L1 DNA in general (IHGSC 2001). In con-
trast, we observed no such bias of the Ta-1 family for the sex
chromosomes. This distribution may merely reflect the fact that
the Ta-1 amplification is still in its infancy. On the other hand, if
accumulation on the sex chromosomes is a proxy for the delete-
rious effect of an L1 family (see Results and Boissinot et al. 2001),
then the lack of sex chromosome bias of the Ta-1 family may be
additional evidence that the Ta-1 is less deleterious than the an-
cestral L1 families.

The distribution of some of the Ta-1 elements within chro-
mosomes also seems not to be uniform. Although our simulation
studies showed that although any particular apparent Ta-1 clus-
ter could not be supported statistically, Figure 7 shows that the
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Figure 6 Chromosomal distribution of Ta-1 elements. (A) The number
of Ta-1 elements per chromosome is positively correlated to the chromo-
some physical length (P < 0.0001) in megabases (Mb, gaps removed).
The solid line corresponds to the line expected if Ta-1 elements are dis-
tributed proportionally to the length of the chromosomes. The 95%
confidence limits (dashed lines) are calculated as +1.96 times the square
root of the predicted number of sites to account for Poisson counting
error. (B) The number of Ta-1 elements per chromosome (Ta-1/Mb) is
negatively correlated to the gene density (Genes/Mb); R = —0.49,
P < 0.004.
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Figure 7 Distribution of P values. The uncorrected P values for the
minimal k-span (k = 6) and maximal gap size for all chromosomes are
shown. Similar results were found for k = 7 and 8 (not shown). The rect-
angles show the expected distribution of P values for a random uniform
insertion of inserts.

distribution of P values for both clusters and gaps skewed towards
low values greater than would be expected by a completely ran-
dom uniform model of Ta-1 insertion. Although verifying the
clustering of L1 inserts requires additional studies, previous evi-
dence indicated that some genomic regions apparently experi-
ence a higher rate of L1 insertions than others. For instance, of 14
L1 insertions in known genes, four are in dystrophin and three
are in the factor VIII gene (Ostertag and Kazazian Jr. 2001). In
addition, two L1 elements inserted recently and independently
in the same 1 kb region of gorilla and humans (DeBerardinis and
Kazazian Jr. 1998). Given the size of primate genomes, it seems
unlikely that these two independent insertions occurred by
chance.

As Ta-1 insertion sites are not particularly enriched in old L1
elements, they apparently do not correspond to preferred sites
for L1 insertion. Actually, preliminary analysis also indicates an
apparent clustering of ancestral LIPA2 and L1PAS inserts. Addi-
tionally, some of these apparent clusters do not overlap (A.V.
Furano, L. Young, P.J. Munson, and S. Boissinot, unpubl.). The
pattern of L1 insertions presumably reflects some aspect of the
retrotransposition mechanism itself or the consequences of the
inserts on genome function or integrity, or both. Furthermore,
the possibility that the insertion patterns differ for L1 families of
different evolutionary age suggests that evolutionary changes in
the host may play a role in determining the insertional pattern.
These evolutionary changes by the host may even in part be a
response to L1 activity.

Conclusion

A major premise that motivated this work was that as the human
Ta-1 family is currently undergoing amplification, the human
genome database would provide only an incomplete census of
Ta-1-containing loci in the human population. This proved to be
the case; our polling of a single representative of just four ethnic
populations identified 139 new Ta-1-containing loci as compared
with the 205 identified in the human genome database (Table 1,
column 8). As our cloning technique recovered ~90% of Ta-1
elements from the examined individuals, we are confident that
the current collection of 344 Ta-1-containing loci provides a less-
biased “real time” view of this ongoing L1 amplification then
that provided by the human genome database.

METHODS

Cloning of Ta-l Inserts and Their Flanking Sequences

The 3’ termini and the 3’ flanking sequences of Ta-1 inserts were
cloned from the DNA of four males from different ethnic origin:
a Druze (Coriell Institute ID number: NA11522); a Biaka pygmy
(NA10469); a Chinese (NA11321); and a Melanesian (NA10540).
To minimize bias in collecting Ta-1-containing loci, we used the
following anchor-PCR cloning strategy: DNA samples were
sheared physically by nebulization and then ~2 pg was treated for
30 min at 12°C with 6 units of T4 DNA polymerase in a total
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volume of 40 puL (50 mM Tris-HCI at pH7.5, 10 mM MgCl,, 10
mM dithiothreitol, 1 mM ATP, 75 pg/mL BSA, 0.1 mM dNTP) to
create blunt-ended fragments. After inactivation of the T4 DNA
polymerase (10 min at 75°C), the 5" hydroxyl termini were phos-
phorylated by incubating the reaction at 37°C for 30 min with 10
units of T4 polynucleotide kinase (with 5% polyethylene glycol
8000). After inactivation of the kinase (20 min at 75°C), the DNA
fragments were ligated to a double-stranded DNA anchor (5'-
TAGCTACAGCTGTAGCTGACAT-3') with 400 units of T4 DNA
ligase and 10uM of the double strand anchor. After three hours at
room temperature the unligated anchors were removed by chro-
matography on a 1ml Sepharose CL-4B column. Ta-1 containing
fragments were then amplified from ~50 ng of the anchor ligated
DNA in four 25 pl PCR reactions using an Idaho Technology
Air-Thermo Cycler with 1 pM Ta-1-specific biotinylated primer
(Primer 1 on Fig. 1) and 0.2uM of the anchor primer in 50 mM
Tris-HCI (pHS8.3), 2 mM MgCl,, 0.2 mM of each dNTP, 250 pg/ml
BSA, 2% sucrose, 0.1 mM Cresol Red using the following condi-
tions: denaturation, 94°C, 0”; annealing, 50°C, 0”; extension,
72°C, 60”, 35 cycles. The PCR products were then chromato-
graphed on a Sepharose CL-4B column, ethanol precipitated, dis-
solved in 40pul TE (pH 8.0), and captured on streptavidin coated
magnetic beads (Dynabeads M-280) following the procedure rec-
ommended by the company (DYNAL). The beads were then re-
suspended in 20ul of TE (pHS8.0) and 1 ul was used in a PCR
reaction as above but using 0.5 uM each of the non-biotinylated
Ta-1-specific and anchor primers. The PCR products were puri-
fied through Sepharose CL-4B, ethanol precipitated, and cloned
into the pGEM-T vector (Promega). Bacterial colonies were lifted
from the plates onto Hybond-N membranes (Amersham) and
processed as described in (Buluwela et al. 1989). The filters were
hybridized overnight at 43°C to an oligonucleotide probe (Primer
2 on Fig. 1) cognate to the ACA trinucleotide diagnostic of the Ta
family (Boissinot et al. 2000). Positive clones were grown over-
night in 100 pL of LB media. We determined the orientation and
the size of each cloned insert by PCR using the Ta-1 specific
primer and primers located in the plasmid. These PCRs were car-
ried out in 96-well plates in an MJ Research PTC 100 Thermocy-
cler under the following conditions: denaturation, 94°C, 1 h;
annealing, 48°C, 1 h; extension, 72°C, 1 h. Because the Ta-1
specific primer is located 484 bp from the 3’ end of an L1 ele-
ment, only inserts that were at least 700 bp long were sequenced
(starting at the anchor end) to ensure the isolation of flanking
genomic sequence. This procedure was followed for the first in-
dividual analyzed, the Druze, but for the three next individuals
(Pygmy, then Chinese, and finally Melanesian) an additional
step was added to avoid the sequencing of inserts already cloned
from the preceding individuals. Dot blots of clones longer than
700 bp were hybridized to pools of the PCR primers cognate to
the 3’ flanks of the Ta-1 elements collected from the individuals
analyzed previously. Only clones that did not hybridize to primer
pools were sequenced.

PCR Analysis of Ta-I-Containing Loci

The polymorphism of the Ta-1 inserts was determined using two
PCRs as described before (Boissinot et al. 2000). PCRs were per-
formed on a panel of eight individuals of different ethnic origins:
Biaka Pygmy (NA10469); Druze (NA11522); Chinese (NA11321);
Maya (NA10975); Mbuti Pygmy (NA10492); Melanesian
(NA10540); Cambodian (NA11373); and Karitiana (NA10965).
All DNAs were purchased from the Coriell Institute for Medical
Research.

Bioinformatics
For each Ta-1 insert we determined six parameters.

1. Chromosomal location. We identified the genomic location of
the cloned 3’-flanking sequences in the public data bases us-
ing both the BLAST (Altschul et al. 1990) and BLAT search
programs (http://genome.ucsc.edu). Two identifiers were as-
sociated with each flanking sequence: the GenBank accession
number of the sequence with the highest similarity to our

cloned sequence and the coordinates of the cloned sequence
in the December 2001 assembly as given by the human ge-
nome browser at UCSC (the format of the coordinates is
ChrN:start-end). To be certain that our database of Ta-1 ele-
ments was complete, we used the sequences of primers 1 and
2 (Fig. 1) in a BLAST search of the database to collect all of the
intact Ta-1 elements that might have been missed by our clon-
ing.

2. Size and structure. These were obtained from the human ge-
nome sequence when the insertion site was occupied by a Ta-1
element in the public database. Many cloned Ta-1-containing
loci lacked an insert in the database. We determined the size
of these inserts by PCR.

3. GC content of the insertion site. The GC content of 10 kb (5 kb
on each side of the Ta-1 inserts), 20 kb, and 100 kb of flanking
DNA was determined using the RepeatMasker program (A.F.A.
Smit and P. Green, http://ftp.genome.washington.edu/RM/
RepeatMasker.html). As suggested by Ovchinnikov et al. (2001),
the immediate 150 bp adjacent to the elements were excluded
because of the A-rich tail that flanks L1 elements at their 3’ end.
The RepeatMasker server is at www.repeatmasker.org.

4. Abundance of other repeated DNAs. The numbers of SINEs,
LINEs, and LTR-containing retrotransposons as well as the to-
tal abundance of repeats in 100 kb of flanking DNA were also
determined using the RepeatMasker program.

5. Local recombination rate. Recombination rates were obtained
from Web Table E of Kong et al. (2002). The recombination
rate of each Ta-1-containing genomic region was scored as the
recombination rate calculated for the closest marker analyzed
by Kong et al. (2002) within a window of 1 Mb.

6. Gene density. The number of known genes found in the same
5-Mb window as each Ta-1 element was obtained from the
RefSeq Genes table available at http://genome.ucsc.edu/. The
function and orientation of all genes located within 200 kb of
a Ta-1 insertion site were also obtained from the human ge-
nome browser at UCSC and from the SOURCE Web page at
http://genome-wwwS3.stanford.edu/.

For comparison, we also collected elements belonging to the
older L1PA2 and L1PAS families (Smit et al. 1995; Boissinot et al.
2001) that are no longer active. These were randomly selected
from table chrN_rmsk at http://genome.ucsc.edu/. So that they
were comparable to the cloned Ta-1 inserts, only elements that
were at least 500 bp long were analyzed. For each of these ele-
ments we collected the same information as for the Ta-1 ele-
ments.

Statistical Tests for the Distribution of Ta-l Inserts
Between Chromosomes

Proportionality of the number of insertions to the length of a
chromosome was tested with simple linear regression and was
highly significant (data not shown). Least-squares linear regres-
sion constrained through the origin was used to estimate the
proportionality factor. The 95% confidence limits for an indi-
vidual observation were calculated assuming only the Poisson
counting variability. These confidence limits were determined by
adding and subtracting 1.96 X the square root of the predicted
value to the regression predicted value. Gene density and Ta-1
insertion (hereafter referred to as insert) density were determined
by dividing the total number of genes or inserts by the length of
the chromosome after removal of the nonsequenced regions.

Statistical Tests for Distributions of Ta-l Inserts Within
Each Chromosome

Apparent Clusters

We refer to any group of k consecutive inserts as a run, which is
characterized by its span, that is, the distance (in bp) from the
first to the last insert. To search for clusters we first determined
the runs of all possible k (i.e., k = 2, 3...n, where n is the number
of inserts on the chromosome) by grouping neighboring inserts.
Initially, all overlapping runs of k =2 were identified, then all
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overlapping runs of k = 3, and so on up to k = n. For example, we
grouped inserts 1 and 2, then 2 and 3, then 3 and 4, then 1, 2,
and 3, then 2, 3, and 4, etc. Next, the number of bases spanned
by each run was calculated; this distance is the k-span. Finally, we
determined the shortest span over all runs of a given k (minimal
k-span) and checked whether the minimal k-span would qualify
as a cluster by comparing it with the minimal k-span expected in
the “null” distribution of elements.

We determined the “null” distribution of the minimal k-
span for a given chromosome by simulating a random insertion
process for the same number of inserts into a sequence of the
same length. The minimal k-span was determined for 10,000
simulations to yield 10,000 minimal k-spans that were then
sorted so that the quantiles of the null distribution could be
determined. For example, for each k the 1 percentile is the mini-
mal span that is greater than or equal to 1% of the 10,000 ran-
dom minimal k-span values. The statistical significance of an
apparent cluster in the original data (for a prespecified k) may
now be checked by reference to this null distribution. If the
length of an apparent cluster falls below the 1 percentile length,
then we would consider the putative cluster significant at
P =0.01. We refer to the significance level for this k-specific test
as the “k-specific P-value.”

Because we could not a priori specify the number of inserts
(k) that would be found in an apparent cluster, the k-specific test
was determined for all values of k, from two to n (the number of
elements on a chromosome) and selected the apparent cluster
with the minimal k-specific P value. However, testing for signifi-
cance at all values of k involves multiple tests, and as each test
has some probability of error, the P values need to be adjusted for
this effect. We did this by performing a second simulation to find
the null distribution of the “most significant minimal k-span”,
that is, that run of k sites associating with the smallest quantile of
the k-specific null distribution. Here, the minimal k-spans for a
simulated, randomly inserted sequence was determined for all
possible k values, along with their corresponding quantiles from
the k-specific null distribution. The minimal quantile was re-
corded, and the process repeated 10,000 times. A statistical test,
adjusting for the fact that k is not specified (i.e., all k’s are con-
sidered), of the significance of the smallest quantile obtained in
the actual data can easily be made by comparison to this second
null distribution of random minimal quantiles. P values from
this test are referred to here as “k-unspecific P values.”

Apparent Gaps

Gaps are defined as the number of bases between adjacent inserts
on a chromosome. The distribution for the largest gap in a chro-
mosome can be found in the same manner as above under the
random insertion model, and the quantiles of the null distribu-
tion can be determined. An observed large gap is tested for sig-
nificance by comparison with the appropriate quantile of the
null distribution. Significance is inferred when the observed gap
exceeds the (1-p) quantile, where p is the desired significance
level.

Polymorphic Clusters Near Fixed Elements

A special test of the potential clustering of polymorphic inserts
near fixed ones was performed as follows. Instead of considering
the span or length of any run of k inserts, only those runs con-
taining at least one fixed and one polymorphic insert were con-
sidered. The random uniform insertion model was modified to
allow for random insertion of only the polymorphic inserts.
Other details were as for the test for apparent clusters.

Multiple Comparisons Adjustment

Each of these statistical tests was computed separately for each of
the 24 chromosomes. To adjust for the fact that 24 independent
tests were performed, we applied a Bonferroni adjustment by
multiplying the P values for the tests given above by 24. To avoid
confusion, we refer to the original P values as “unadjusted” and
to the P values adjusted by the Bonferroni correction for multiple
chromosomes as “corrected” or “adjusted” P values.
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