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Recently integrated human Alu repeats: finding needles in the haystack
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Abstract

Alu elements undergo amplification through retroposition and integration into new locations throughout primate
genomes. Over 500,000 Alu elements reside in the human genome, making the identification of newly inserted Alu
repeats the genomic equivalent of finding needles in the haystack. Here, we present two complementary methods
for rapid detection of newly integrated Alu elements. In the first approach we employ computational biology to
mine the human genomic DNA sequence databases in order to identify recently integrated Alu elements. The
second method is based on an anchor-PCR technique which we term Allele-Specific Alu PCR (ASAP). In this
approach, Alu elements are selectively amplified from anchored DNA generating a display or ‘fingerprint’ of
recently integrated Alu elements. Alu insertion polymorphisms are then detected by comparison of the DNA
fingerprints generated from different samples. Here, we explore the utility of these methods by applying them
to the identification of members of the smallest previously identified subfamily of Alu repeats in the human
genome termed Ya8. This subfamily of Alu repeats is composed of about 50 elements within the human genome.
Approximately 50% of the Ya8 Alu family members have inserted in the human genome so recently that they are
polymorphic, making them useful markers for the study of human evolution.

Introduction ments and by recombination between Alu elements
(reviewed in Deininger & Batzer, 1999). Previous
Alu repeats are the most successful class of mo- estimates indicate that retroposition of Alu elements
bile elements in the human genome. Alu elements contributes to approximately 0.1% of human genetic
spread through the genome via an RNA mediated diseases and recombination between Alu repeats con-
amplification mechanism termed retroposition and re- tributes to another 0.3% of genetic diseases (Deininger
viewed in Deininger and Batzer, 1993. There are over & Batzer, 1999). Therefore, the spread of the Alu
500,000 Alu elements in the human genome, which family of mobile elements has generated a significant
have clearly played a major role in sculpting and/or amount of human genomic variation as well as dis-
damaging the genome. Alu elements have contrib- eases through recombination-based fluidity as well as
uted to genetic disease, both by the disruption of insertional mutagenesis.
genes through the insertion of newly retroposed ele-
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Alu repeats are distributed rather haphazardly able. First, the availability of large quantities of hu-
throughout the human genome. Alu elements began man genomic DNA sequence provided by the Human
expanding in the ancestral primate genomes about 65Genome Project facilitates genomic database mining
mya (Shen, Batzer & Deninger, 1991) reaching a for recently integrated Alu elements. This approach
peak amplification between 35 and 60 mya. Presently, should prove useful in determining the chromosome-
Alu elements amplify at a rate that is 100 fold lower specific and genome wide dispersal patterns of mo-
than their peak rate, with an estimate of one new Alu bile elements, as well as for the identification of
insert in every 100-200 births (Deininger & Batzer, polymorphic mobile element fossils to apply to the
1993, 1995). Evolutionary studies have demonstrated study of human population genetics and primate com-
that the majority of evolutionarily recent Alu inserts parative genomics. Secondly, we have developed a
have specific diagnostic sequence mutations (Dein- PCR-based method that we term Allele-Specific Alu
inger & Batzer, 1993, 1995). These mutations have PCR (ASAP). This technique allows us to take ad-
accumulated in Alu elements throughout primate evol- vantage of the subfamily-specific diagnostic mutations
ution resulting in a hierarchical subfamily structure, or within Alu mobile elements to isolate and display
lineage, of Alu repeats. The mutations facilitate the recently integrated Alu repeats from different DNA
classification of Alu elements into different subfamil- samples, allowing for direct comparisons of the Alu
ies, or clades, of related elements that share commoncontent of different genomes or different cells from an
diagnostic mutations (reviewed in Batzer, Schmid & individual.

Deninger, 1993; Batzer & Deininger, 1991; Batzer

etal., 1996a). Almost all of the recently integrated Alu

elements within the human genome belong to one of Materials and methods

four closely related subfamilies: Y, Ya5, Ya8, and Yb8,

with the majority being Ya5 and Yb8 subfamily mem-  Cell lines and DNA samples

bers. Collectively, these subfamilies of Alu elements

comprise less than 10% of the Alu elements present
within the human genome with the Ya5/8 and Yb8

subfamilies collectively accounting for less than half

of a percent of all Alu elements. These evolutionaril . o .
receEt Alu insertions are useful for human populatio); (primary gorilla fibroblasts) provided by Dr. Stephen
J. O'Brien, National Cancer Institute, Frederick, MD,

tudi ince ther rs t n ific mechan- : o )
TSUd €s, since there appears to be no specific mecha USA. Cell lines were maintained as directed by the
ism to remove newly inserted Alu repeats, and the Alu . . . :
. : . source and DNA isolations were performed using Wiz-
elements are identical by descent with a known ances-

tral state (Batzer et al., 1991, 1994a, 1996a; Stoneking grs Agig(r)nm:ZSDfI:I?mp;Jhrg'CSS:)On ég;om;%i;n H:Q;r_]
etal., 1997; Perna et al., 1992). P pean,

: : . . . ican and Greenland native population groups were
Previously, it has been technically impossible to . .
; . ; isolated from peripheral blood lymphocytes (Ausubel
determine the full impact of mobile elements on the . i
. e . et al.,, 1996) that were available from previous stud-
human genome. The identification of newly inser- . : .
- ies (Stoneking et al., 1997). Egyptian samples were
ted Alu elements has been very difficult due to the A .
: ) . L collected from throughout the Nile river valley region
complexity of detecting one new Alu insertion in a and DNA from peripheral lvmphocvtes was prepared
cell that already has 500,000 pre-existing Alu ele- berip ympnocy brep

. " : : using Wizard genomic DNA purification kits (Pro-
ments. We have previously utilized laborious library .
. . . : mega). Human DNA used for ASAP was isolated from
screening and sequencing strategies to isolate relat-

ively small numbers of Alu insertion polymorphisms peripheral lymphocytes utilizing the super-quick gene

(Arcot et al., 1995a, b, c; Batzer & Deininger 1991a; method (Analytical Genetic Testing Center).
Batzer etal., 1990, 1991b; 1995), as well as investigat-
ing rare 300 bp restriction fragment length polymorph-
isms (Kass et al., 1994). This makes these studies A schematic overview summarizing the computational

the genomic equivalent of the search for needles in gnalyses of recently integrated Alu elements is shown
the haystack. In this paper, we discuss two altern- in Figure 1. Initial screening of the GenBank non-

ative methods that overcome the inherent difficulties redundant and high throughput genomic sequence

in these experiments, making these studies manage{HTGS) databases was performed using the basic local

The cell lines used to isolate human DNA samples
were as follows: humanHomo sapiens HelLa
(ATCC CCL2); chimpanzeeRan troglodytey Wes
(ATCC CRL1609), gorilla Gorilla gorilla), Ggo-1

Computational analyses
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base for the presence of repetitive elements using
the BLAST program, and primers that resided within
known repetitive elements were discarded and new
\ / \ /' primers were designed. PCR amplification was car-
ried out in 2541 reactions using 50-100 ng of target
DNA, 40 pM of each oligonucleotide primer, 200/

Repetitive Element PCR Primer
Annotation GenBank Query ' .
dNTPs in 50 mM KCI, 1.5mM MgG, 10 mM Tris—

Figure 1. Computational analysis of repetitive elements. The flow HCI pH 8.4 and Ta@ DNA polymerase (1-25 U) as
chart shows the computational tools utilized for the identifica- recommended by the supplier (Life Technologies).
tion and analysis of recently integrated Ya8 Alu family members. Each sample was subjected to the following ampli-
The process begins with BLAST searches of the non-redundant fication cycle: an initial denaturation of 2:30 min at
and high-throughput genomic sequence databases. Subsequently “ o . -
sequences (about 1000 nucleotides) adjacent to the matches with94°C, 1 min of denaturation at 9€, 1 min at the
100% identity to the query sequence are annotated using the Repeat-annealing temperature, 1 min of extension at@2
Masker2 or Censor server. Following sequence annotation, oligo- repeated for 32 cycles, followed by a final extension

nucleotide primers complementary to the unique DNA sequences . . .
adjacent to each element are designed using the Primer3 web server.at 72C for 10 min. Twenty microliters of each sample

The oligonucleotides designed using Primer3 are then subjected to aWas fractionated on a 2% agarose gel with Qug&ml
second BLAST search to determine if they reside in other repetitive ethidium bromide. PCR products were directly visu-

elements, and subsequently they are used for PCR based analyses ofize(d using UV fluorescence. The sequences of the
individual mobile elements. . . . .
oligonucleotide primers, annealing temperatures, PCR
product sizes and chromosomal locations are shown in
alignment search tool (BLAST) (Altschul et al., 1990) Table 1. Phylogenetic analysis of all the Alu elements
available from the National Center for Biotechno- listed in Table 1 was determined by PCR amplifica-

Subfamily Specific ch P.'""e’
GenBank Query esign

logy Information (http://www.ncbi.nlm.nih.gov/). The

tion of human and non-human primate DNA samples.

database was searched for exact complements to thefThe human genomic diversity associated with each

oligonucleotide 5ACTAAAACTACAAAAAATAG-
3 that is an exact match to a portion of the Alu

element was determined by the amplification of 20
individuals from each of four populations (African—

Ya8 subfamily consensus sequence containing uniqueAmerican, Greenland Native, European and Egyptian)
diagnostic mutations. Sequences that were exact com-(160 total chromosomes). The chromosomal location
plements to the oligonucleotide were then subjec- of Alu repeats identified from clones that had not been
ted to more detailed annotation. A region composed previously mapped was determined by PCR amplifica-
of 1000 bases of flanking DNA sequence directly tion of National Institute of General Medical Sciences
adjacent to the sequences identified from the data- (NIGMS) human/rodent somatic cell hybrid mapping
bases that matched the initial GenBank BLAST query panel 2 (Coriell Institute for Medical Research, Cam-
were subjected to annotation using either Repeat- den, NJ).

Masker2 from the University of Washington Genome

Center server (http://ftp.genome.washington.edu/cgi- Allele-Specific Alu PCR (ASAP)

bin/RepeatMasker) or Censor from the Genetic In-

formation Research Institute (http://www.girinst.org/ We used a modification of the IRE-Bubble PCR
Censor_Server-Data_Entry_Form_s.html) (Jurka et al.,method (Munroe et al., 1994), utilizing the same amp-
1996). These programs annotate the repeat sequencéfication (anchor) primer, but altering the annealed
content of DNA sequences from humans and rodents. anchor/linker primers. The annealed linkers formed
a Y instead of a bubble to avoid end-to-end liga-
tion. Also, instead of blunt-end digestion, genomic
DNA was digested withMsd; that cuts 5T'TAA-

Primer design and PCR amplification

PCR primers were designed from flanking unique
DNA sequences adjacent to individual Ya8 Alu ele-
ments using the Primer3 software (Whitehead In-
stitute for Biomedical Research, Cambridge, MA,
USA) (http://www.genome.wi.mit.edu/cgi-bin/primer
/primer3_www.cgi). The resultant PCR primers were

3 and does not cut in the Alu consensus. Oth-
erwise the genomic-anchor ligations were prepared
according to (Munroe et al.,, 1994). The annealed
linker primers are: MSET: '5STAGAAGGAGAGG-
ACGCTGTCTGTCGAAGG-3and MSEB: 5GAG-
CGAATTCGTCAACATAGCATTTCTGTCCTCTCC

screened against the GenBank non-redundant data-TTC-3. The amplification (linker) primer is: LNP:
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5'GAATTCGTCAACATAGCATTTCT-3. We placed variants that resulted from recent Alu insertion events
anEcaRl site at the 5end of the primer for the option  (polymorphism).
of cloning PCR products into cloning sites of common
vectors. No bands are observed on a gel when this Verification of PCR generated DNA fragments as Ya8
primer is used alone with the anchored template at an products
annealing temperature of 55.

Unless otherwise noted, PCR conditions (for
all ASAP reactions) were performed in g0 us-

Gels were aligned to autoradiographs by either small
cuts in various parts of the gel, or placement of low-

ing a Perkin-Elmer 9600 thermal cycler with the level radioactive dye on the gel prior to re-exposure.

following conditions: 1x Promega buffer, 1.5mM Bands were then sliced out of the gels, placed in

MgCl,, 200uM dNTPs, 0.25.M primers, 1.5U 200! of water and eluted by heating at G5 for
Taq pé)lymerase (Proméga) at°@A— 2min. 94C 15min. Samples were re-amplified with third round
_ 20s 62C — 20s. 79C — 1min 10’5 for PCR primers, cloned and sequenced as described

5 cycles; 94C — 20s, 58C — 20s, 72C — above. Following verification these bands were amp-
1min, 10s, for 25 cycles; PZ — 3min. Nested lified by the third round primer pair, new nested
Alu primers were used that move along the Alu oligonucleotides pased on the flanking unique se-
in an upstream direction as follows: ASIl (Yas- duenceswere designed to move, by PCR, downstream
specific): 5-CTGGAGTGCAGTGGCGG-3 HS18R throygh the Alu element to th_e opposite flank. An-
(Ya8-specific): 5CTCAGCCTCCCAAGTAGCTA- nealing temperatures were adjusted to reflect the Tm

3': HS16R (Ya8-specific)’5CGCCCGGCTATTTTT- of the oligonucleotide primers. Generally two or three
GerG_gl rounds of PCR were utilized to obtain thefinking

The ASII primer has Ya5 diagnostic nucleotides sequences of the Alu. These PCR products were also

(present in both Ya5 and Ya8 subfamilies). In the ¢lonedand sequenced in the same manner.
first round of PCR, stock genomic DNA (2.4ng
anchored DNA) was used as the template. For sub-
sequent rounds of amplification, PCR products were
purified through microcon-30 (Amicon) columns us-
ing two centrifuge spins following the addition of
400u.| of water. For the second round of amplification,
1wl of microcon-purified first round PCR reaction
was used as the template, and for the third round
1l of microcon-purified second round PCR products
was used. For display analysis (see below) the PCR
products were ‘equalized’ in volume following micro-
con purification.

Results

We present two complementary approaches that facil-
itate rapid detection of newly inserted Alu elements
from the human genome. First, computational ana-
lyses of human genomic DNA sequences from the
GenBank database are used in the identification of re-
cently integrated Alu elements. Second, allele-specific
PCR amplification is used for the selective enrich-
ment of young Alu elements. To compare and contrast
these two approaches, we present the data obtained
) when these methods are applied to the identification
Display of anchor-Alu PCR products of members of the Ya8 Alu subfamily, the smallest
previously reported subfamily of Alu repeats in the

Third round PCR was performed utilizing & énd- human genome.

labeled primer incorporatingyf3?P] ATP (Amer-
sham) with T4 polynucleotide kinase (New England copy number and sequence diversity

BioLabs). PCR conditions were as above with the

exception of using 0.188M of each Ya8 and LNP  In order to estimate the copy number of Ya8 Alu
cold primers and 0.075M of end-labeled Ya8 primer.  family members, we determined the number of ex-
Anchor-PCR and end-labeled molecular weight mark- act matches to our subfamily specific oligonucleotide
ers (X174 DNA digested wittHinfl; Promega) were  query sequence as a proportion of the human gen-
separated by electrophoresis on denaturing 5% longome that had been sequenced in the non-redundant
ranger (AT Biochem) gels, and examined by autora- database. We obtained 27 matches to the subfam-
diography following exposure to Amersham Hyper- ily specific query sequence from the non-redundant
film at room temperature. DNA samples from different database. Upon further sequence annotation using the
ethnic groups were utilized in the display to identify RepeatMasker2 web site, five matched the Ya8 Alus
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previously sequenced in our laboratories (Batzer et al.,
1990; Batzer & Deininger, 1991; Batzer et al., 1995).
Eight of the elements identified in the search were
classified as Alu Sx subfamily members, and two
matched the TPA 25 Ya8 Alu family member. A total
of 13 independent Ya8 Alu elements were identified
from the search of the non-redundant database that
were not sequenced as part of a project to specific-
ally identify recently integrated Alu elements. The
non-redundantdatabase contained 45.3% human DNA
sequences for a total of 590,140,703 bases of human

sequence on the date of the search. The estimatedsisvasscis ..

size of the Ya8 subfamily is (X 10°bp/590, 140,
703 bp)x 13 unique Ya8 matches 66 Ya8 subfamily
members. This estimate compares favorably with that
of 50 previously reported based upon library screen-
ing, restriction digestion or Southern blotting (Batzer
etal., 1995). An additional six matches to the Ya8 sub-
family query sequence were identified in the HTGS.
One of these elements was an Alu Sq subfamily mem-
ber, while a second element was a duplicate copy of
Ya8NBC60. PCR analyses of two elements identi-
fied in the high throughput database, Ya8NBC7 and
Ya8NBC16 (GenBank accession numbers AL109937
and AC008944), were inconclusive and these elements
were eliminated from further analysis. These two ele-
ments were identified from low pass first sequence
runs in the HTGS database. It is not surprising that
the PCR analyses failed, since the DNA sequences
are of presumably lower quality than finished DNA
sequences contained in the non-redundant databas
However, two additional Ya8 Alu repeats (Ya8BNBC8
and Ya8NBC15) were identified in the HTGS database
and subjected to further analysis.

A comparison of the nucleotide sequences of all of
the Ya8 Alu family members is shown in Figure 2. In
order to determine the time of origin for the Ya8 sub-
family we divided the nucleotide substitutions within
the elements into those that have occurred in CpG di-
nucleotides and those that have occurred in non-CpG
positions. The distinction between types of mutations

eAluYaBNBCG ..

AluYaB Con GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTT
AluYa8NBCL

GGAGGCCGAGGCGGGCG!

59

AluYa8NBC2 ..
AluYa8NBC3
AluYa8NBC4
AluYaBNBCE .
AluYa8NBCB

AluYaBNBC1l0
AluYaBNBC11 .
AluYa8NBCl2 ....
AluYaB8NBC13 ....
AluYa8NBC14 .
AluYa8NBC15 .
AluYa8NBC17 .
AluYa8NBC6O

AluYa8 Con
AluYaBNBCL
AluYaBNBC2
AluYaBNBC3 ..
AluYa8NBC4 ....
AluYa8NBCE ....
AluYa8NBCE

AluYa8NBC10 ..
AluYagnNBCll ..
AluYa8NEC12 ..

AluYa8NBCl4 ..
AluYaBNBC1S5 ..
AluYa8NBC17 ..
AluYaBNBC60

AluYa8 Con
AluYa8NBCl
AluYaBNBCZ ..
AluYa8NBC3 ..
AluYaSNBCA ..
AluYa8NBCE ..
AluYa8NBCE ..
AluYa8NBC1O ..
AluYa8NBCil ..
AluYa8NBC12 ..
AluYaBNBC13 ..
AluYaBNBCl4 ..
AluYa8NBC1S5 ..
AluYa8NBCl7 ..
AluYa8NBCEO ..

AluYa8 Con
AluYaSNBC1
AluYa8NBC2
AluYa8NBC3
AluYa8NRBC4
AluYa8NBC6 ..
AluYa8NBC8 ..
AluYa8NBC10 ..
AluYaBNBC11 ..
AluYa8NBC12 ..
AluYa8NBC13 ..
AluYa8NBC14 ..
AluYaBNBC1S ..
AluYaBNBC17
AluYaBNBCEO

AluYa8 Con
AluYa8NBC1
AluYaBNBC2
AluYaBNBC3 .
AluYa8NBC4 ..

GCCACTGCACTCCAGCCTGGGCG:

GAGCGAGACTCCGTCTCA

AluYaBNBC8 ..
AluYaBNBC1O ..
AluyaBsnBCll ..
AluYaBNBCi2 ..
AluYaBNBC13 ..
AluYa8NBC14 ..
AluYa8NBC15
AluYa8NBC17
AluYa8NBC6O

Figure 2. Multiple alignment of Ya8 subfamily members. The
Ya8 subfamily consensus (con) is derived from the most common
nucleotide found at each position within the subfamily members.
Nucleotide substitutions at each position are indicated with the
appropriate nucleotide. Deletions are marked by ‘.

is made because the CpG dinucleotides mutate at a ratq14/3388 using only non-CpG bases) within the 14

that is about 10 times faster than non-CpG positions
(Labuda & Striker, 1989; Batzer et al., 1990) as a
result of the deamination of 5-methylcytosine (Bird,
1980). A total of 14 non-CpG mutations and 8 CpG
mutations occurred within the 14 Alu Ya8 subfamily
members reported. Using a neutral rate of evolution
for primate intervening DNA sequences of 0.15%
per million years (Miyamoto, Slightom & Goodman,
1987) and the non-CpG mutation rate of 0.413%

Ya8 Alu elements yields an estimated age of 2.75 mil-
lion years old for the Ya8 subfamily members. This
estimate of age is somewhat higher than the 660,000
years previously reported (Batzer et al., 1995). How-
ever, the previous study of Ya8 Alu family members
involved only four elements making the calculated age
more subject to random statistical fluctuation. This es-
timate is also consistent with the expansion of a family
of mobile elements that began around the time humans
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Ya8NBC1 AAGAGGGGGAGAG  [Aln] Ay AAGAGGGGGAGAG . .

Ya8NBC2 TUETTG6A Al AuCA. TGGA tion of each Ya8 Alu element was taken directly from
Yas8NBC3 GAAGAAGTTITGC  [Alu] ACAxCA; GAAGAAGTTTTGC .

YaBNBC4 * CGACAATIT  [Alu AyCACAy CCGACAATTT the GenBank database entry or determined by PCR
Ya8NBC6 AAATTTAAAATATT [Alu] Ay AAATTTAAAATATT . .

Ya8NBC8 AAGAAAATATAGGC, u] 11CALCA2s -
YNECS  AAGAAAATATAGGCATA  [Abl  AuCAiCAs AAGAAAATATAGGCATA amphﬁca_non of human/rodent monochromosomal hy
YasNBCL2 AUAACTICITIC [AM] A  AAAGTICLITGCA brid cell line DNA samples (Table 1).

Ya8NBC13 AAGAAGGCTTCACCAG [Alu]  Asp AAGAAGGCTTCACCAG

Ya8NBC14 ATCCC  [Aluy] Ay ATCCC

Ya8NBC GAAC u] 2 i 1 1

Yaech  somcoroeon Do A scitcaccon Human genomic diversity

Ya8NBC60 GGTAAATAAGCTTTCTT  [Alu]  Ags GGTAAATAAGCTTTCTT

Figure 3. Nucleotide sequences flanking Ya8 subfamily members. In order to determine the human genomic variation
N#C'eO“dNE Sleqt‘%;ncesnﬂar';king thde_:i‘ﬁ Ac'jl_ir fatmr”y m‘tﬂmbrefs ;’:‘ijer associated with each of the Ya8 Alu family members
o, Nocloties oompassed 1 e Srec ebesls % UUErwe subjected a panel of uman DNA samples 0 PCR
a subscript indicating the number of adenine residues. amplification (Table 2). The panel was composed of
20 individuals of European origin, African Americ-
ans, Greenland Natives and Egyptians for a total of 80
] ] o individuals (160 chromosomes). Using this approach
and African apes diverged, which is thought to have four of the 14 (Ya8NBC8, Ya8NBC10, Ya8NBC14
occurred 4-6 million years ago (Miyamoto, Slightom 5, Ya8NBC15) Alu Ya8 subfamily members were
& Goodman, 1987). _ ~ monomorphic for the presence of the Alu element
Inspection of the nucleotide sequences flanking g ,qqesting that these elements integrated in the gen-
each Ya8 Alu family member shows that all of the e prior to the radiation of modern humans from
elements were flanked by short perfect direct repeats Africa. Three of the elements (Ya8NBC2, Ya8NBC13
(Figure 3). The direct repeats ranged in size from 3— ;4 Ya8NBC17) appeared heterozygous in all of the
17 nucleotid_es. These direct rgpeats are fairly typical jngividuals that were analyzed, suggesting that they
of recently integrated Alu family members. Two of a4 jntegrated into previously undefined repetitive
the Alu Ya8 Alu family members contained §un- elements within the human genome as previously de-
cations (Ya8NBC2 and Ya8NBC11). Since Ya8NBC2  gcriped (Batzer et al., 1991). However, the remaining
and Ya8NBC11 are both flanked by perfect direct ggyen elements were polymorphic for the presence of
repeats the truncations in these elements probably oc-54 Ay repeat within the genomes of the test panel in-
curred as a result of incomplete reverse transcription iviquals (Table 2). The unbiased heterozygosity val-
or improper integration into the genome rather than by |,o¢ (corrected for small sample sizes) for these poly-
post-integration instability. All of the Ya8 Alu family  orphic Alu insertions were variable, and approached
members had oligo-dA rich tails that ranged in length ¢ theoretical maximum in several cases. This is quite
from a minimum of four nucleotides to over 40 bases jnteresting since the maximum uncorrected heterozy-
in length. Itis also interesting to note that tHeo8go- gosity for these biallelic elements is 50% and suggests
dA rich tails of several of the elements (Ya8NBC2, hat these Alu insertion polymorphisms will make ex-
Ya8NBC3, Ya8NBC4, and Ya8NBC8) have accumu- cg|ient markers for the study of human population
lated random mutations beginning the process of the genetics. In addition, 50% of the randomly identified
formation of simple sequence repeats of varied se- y4g Ay family members are polymorphic. These res-
quence complexity. The oligo-dA rich tails and middle ;5 suggest that the Ya8 subfamily is younger than
A rich regions of Alu elements have previously been giiher the Yas (from which Ya8 was derived) or Yb8
shown to serve as nuclei for the genesis of simple p|, subfamilies, since only 25% of the members of
sequence repeats (Arcot et al., 1995b). these Alu subfamilies are polymorphic in the human
genome (Batzer et al., 1995).
Phylogenetic distribution, and chromosomal location

o Allele-Specific Alu PCR (ASAP)
The phylogenetic distribution of each Ya8 Alu element

was determined by amplifying genomic DNA from Although database screening is extremely efficient for
two non-human primates (common chimpanzee and identifying recent Alu elements, it will not allow iden-
gorilla). All of the Ya8 Alu family members were ab- tification of new elements from genomes not included
sent from the genomes of non-human primates. This in the sequencing efforts. Our primary objective with
suggests that the majority of these elements dispersedthe ASAP technique is to rapidly identify newly in-
within the human genome sometime after the human serted Alu elements from a background of 500,000
and African ape divergence. The chromosomal loca- older Alus. To accomplish this feat, we utilized a
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Nested Allele-Specific Alu PCR
Figure 4. The Allele-Specific Alu PCR (ASAP) anchor strategy.

Schematic diagram of the technique for the isolation of a designated
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the selective enrichment for a smaller fraction of the
Alu elements from the genome, as there are only 1000
Ya5 and 1000 Yb8 Alu repeats and approximately
50 Ya8 Alu family members in the human genome
(Batzer et al., 1995). We gain the specificity for the
recent inserts by using a PCR primer that matches the
particular Alu subfamily with the diagnostic positions
at its 3 end. Each amplification will extend from a
specific Alu subfamily member through its upstream
flanking sequences to the randomly located flanking
restriction site. The numerous older Alu repeats have
accumulated many mutations and may compete for
the PCR primers with the Ya5/8 elements. Therefore,
although the first amplification provides a great deal
of subfamily specificity, we then carry out a ‘nested’
reaction using a second allele-specific primer to im-
prove the specificity, followed by a third round with
another allele-specific primer. In theory, we can utilize
primers for each of the 5-8 diagnostic mutations in a
subfamily.

In the example presented in this paper, we fo-
cused our attention on the identification and display
of the lower copy number Alu Ya8 subfamily. Also,
to better display the results, we used nested primers in
the upstream direction of Ya8 to avoid amplification
problems through the A-rich tail. Using the primers

subset of Alu repeats based on a modification of the IRE-bubble descri_bed in the Materials and methods sec_:tion,_ by
PCR technique (Munroe et al., 1994). The shaded rectangle repres-the third round of PCR, we were able to visualize

ents an Alu sequence in genomic DNA. Tied (or an alternative

restriction enzyme) cleaves in unique sequences flanking the Alu

repeat (small arrows). The anchors with the complemeritésg

discrete DNA fragments on an agarose gel (data not
shown). The size range of these fragments appeared

site are ligated. The anchors are designed so that the two oligonuc- {0 b€ between 150bp and 800bp. To enhance this

leotide strands base-pair only at thsd site end, but not at the

display, we chose an alternative method of electro-

other end (represented here schematically with four arbitrary bases). phoretic separation and end-labeled the nested primer

PCR is initiated using an allele-specific Alu primef)Zrhe anchor
primer will not be able to base pair preventing anchor-to-anchor
amplification. Only those fragments (a) generated by the Alu primer
are available for amplification by the anchor primer. The amplified
product (a and’a provides a template for nested PCR (prim8rty
further decrease the background.

modification of the IRE-bubble PCR technique (Mun-

to further minimize background (see below). To verify
these were Ya8 repeats, we directly cloned the third
round PCR products and sequenced them. Partial or
complete sequences of these products, using vector
primers in both directions, demonstrated all 12 clones
to be amplified by the Alu-anchor primer pair, al-
though in one case the unique linker sequence was

roe et al., ]_994) The procedure utilizes an anchored imprecise. All these elements contained the Ya5/8 dia-

PCR strategy (Figure 4) in which genomic DNA is

gnostic nucleotides (There were no further upstream

cleaved with an enzyme that does not cleave within diagnostics to declare these as Ya8 elements.).

the Alu repeat. The modified anchor is then ligated to
the fragment ends. This anchor will only allow PCR
amplification if a primer first primes within the frag-

For eight of the 12 isolated clones, there were
between 12 and 18 unique nucleotides between the
linker and the Alu (or truncated Alu) sequences. Since

ment and replicates across the linker eliminating any Alu elements preferentially insert into A-T rich re-

problems with amplification from anchor to anchor.

gions (Daniels & Deininger, 1985) ardsd cuts at

We take advantage of the base changes that identify thethe sequence TTAA, then this result is not surpris-

younger Alu subfamily members (Batzer et al., 1996b;
Batzer & Deininger, 1991). In addition, this allows

ing. The advantage of usingsd for the restriction
digestion is that most of the Alu-linker products are
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small enough to be amplified. Although it would be abed
difficult to perform nested PCR in the opposite direc- Tt
tion with those few A-T rich nucleotides, searching

GenBank using the BLAST program with the obtained 553
flanking unique DNA sequences as the query may

in some cases identify the rest of the genomic se- S0H)
guence for each Alu element. This will provide the -
Alu location with both its flanking sequences. Flank- :

ing unigue sequence primers can then be designed and 426 —
the Alu polymorphism can then be confirmed using 413 S
other human DNA sources. Once the polymorphism

is confirmed subsequent population studies can be

performed.

Display and rapid identification of Ya8 associated 31
variants

-

To alleviate the need for testing every Ya8 element —
obtained by this assay, we chose to end-label the
third round nested PCR primer to enable a display
of individual Ya8 repeats following electrophoretic 244
separation and autoradiography. Observed variations
may be due to primer mismatch, genomic rearrange- r
ments, small insertion/deletions or Alu based inser-
tion/deletions (I/D). -

We carried out the procedure with four different
individuals to discern which bands represent vari-
ants (Figure 5), and to effectively display variants as
DNA fingerprints. We obtained about 40 bands per
individual from a single reaction. Among the four
individuals analyzed, about one half of the bands ap-
peared variant (Figure 5). We have developed a potent
method for the generation of Ya8 associated DNA
fingerprints that is in reasonable agreement with the Figure 5. DNA fingerprints of unrelated individuals based on
database mining approach and seems to display the;a.mchored-AIu PCR. Individual bands are num.bered for '|dent|f|ca-

L. . . . ion purposes. Fragment lengths are shown in nucleotides to the
majority of Alu subfamily members. This necessitated |eft pNA samples used are of Caucasian (lane a), Hispanic (lane
addressing what proportion of the fragments generatedb), Hindu-Indian (lane c) and Chinese (lane d) descent.
were the result of the presence of a Ya8 Alu element
and whether the lack of the same band in another in-
dividual represented an Alu insertion polymorphism. a Ya5/8 Alu, one randomly amplified by HS16R (anc-
We chose 12 bands to re-amplify and verify as Ya5/8 8) in lieu of the linker primer, while anc-3 contained
elements. Those bands that appeared variant were anasequences downstream of HS16R. Anc14 apparently
lyzed for Alu insertion polymorphisms. Other bands was an amplified J (PS) Alu element (data not shown).
were selected for future testing of dimorphisms as Therefore, this demonstrates the majority of the bands
these individual Ya8 elements may display variation visualized on the autoradiograph are AluYa5/8 repeats
among other people/populations. Occasionally, upon and most probably Ya8. The numerous bands at about
re-amplification from the isolated band, we obtained 178 nt coincide with our previous finding that many
background products and therefore, generally more of the products will have between 12 and 18 unique
than one clone was sequenced. Of the 12 isolatedsequences. Of the nine bands where we attempted to
bands (Figure 5) nine were verified as precisely ampli- obtain the opposite flank by nested anchored PCR, we
fied HS16R-LNP products. Two others each contained reached the opposite (downstream) flank of the Alu for

g 1
Direct repeat
region
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three of them (anc-5, anc-6, anc-4). In some cases thethe human genome sometime after the human-African
amount of unique sequence was too small to employ ape divergence. The main reasons that supported the
nested primers, and in some cases there was a highmore recent origin of the Ya8 subfamily are the accu-
level of A-T richness. In one case we merely got a non- mulation of three additional diagnostic mutations as
specific product. All three sequences obtained were compared to the Ya5 subfamily and the lower copy
authentic Ya8 Alu elements based on the diagnostic number for the Ya8 subfamily. It is also important to
nucleotide positions and the high level of conserva- note that a higher percentage of the Ya8 Alu family
tion of the sequence in relation to the consensus. This members (50%) are polymorphic for insertion pres-
demonstrates the successful nature of our protocol to ence/absence as compared to only 25% polymorphism
select for this subfamily of repeats amongst a large in the Yb8 and Ya5 Alu subfamilies. These data also
background of Alu repeats. suggest a recent origin for the Alu Ya8 subfamily
When ‘crossing’ the anc-5 Alu by nested PCR us- within the human genome. However, it is still possible
ing four individuals (not all identical to Figure 5), we that the Ya8 Alu subfamily may have amplified from
found a correspondence between the generation of aan allelic variant of the Ya5 subfamily that was not as
distinct band among the individuals that also had the efficient at mobilization as the Ya5 source gene.

anc-5 band on an autoradiograph. However, we ob-
tained a short 3flank of 12 nucleotides that proved
difficult in amplifying DNA from various individuals
with unique flanks. It is still possible that this variant

The ability to detect a handful of Alu repeats
from the background of several hundred thousand Alu
elements in the human genome is impressive. The ap-
plication of computational biology to the analysis of

represents an I/D event. Besides anc-5, anc-6 also apdarge multigene families such as Alu repeats offers
peared polymorphic on the autoradiograph, although the potential to address a number of new questions
anc-4 did not. However, since we had both flanks, for in comparative genomics as an increasing proportion
these Alu elements, we developed primers to rapidly of the human genome is sequenced. Studies of the
assess various individuals for an insertion variant. For present, as well as ancient, integration patterns of mo-
anc-6, one of a few different primer sets worked well, bile elements in the human genome may begin to be
yielding the band of expected size, although also gen- addressed. In addition, the patterns of diversity gen-
erating a few non-specific bands. However, a band was erated by the integration of mobile elements into the
present for 11 unrelated individuals analyzed (data not human genome may be analyzed at a scale that was
shown), including those observed on the autoradio- previously unimaginable. These types of studies will
graph, suggesting that the anc6 polymorphism was not shed new insight into the relationships between differ-
the result of an I/D variant. In addition, this band was ent types of mobile elements in the human genome,
absent in the chimpanzee, possibly indicating the ab- integration site preferences, impact, and the biological
sence of the Alu or perhaps primer mismatch due to properties of these elements.

nucleotide divergence. Although anc-4 was not vari- The development of the ASAP technique facilit-
ant on the autoradiograph, we tested 13 individuals of ated the display of a subset of Ya8 Alu elements from
various ethnic backgrounds for an I/D event and ob- alarge and complex background. The preferential isol-

served it to be monomorphic. Although we have not
verified any of the displayed variants to be the result
of an Alu insertion, this potential remains, as we ob-
served Ya8 elements to be highly polymorphic, and all
the bands, but one, analyzed were Ya8 repeats.

Discussion

In this manuscript we present an analysis of the smal-
lest defined subfamily of Alu elements located within
the human genome termed Ya8. This subfamily of Alu
elements was derived from the Ya5 subfamily of Alu
elements. The Ya5 subfamily is composed of approx-
imately 1000 members and has largely integrated into

ation of the young Alu elements, as demonstrated
here, enhances the identification of recent Alu inser-
tion events in the genome. We focused our efforts on
the smallest known defined subfamily of Alu repeats
to best address issues of sensitivity of the display of
individual elements. One of the advantages of this
technique is its flexibility. Altering the restriction en-
zyme used for digestion of genomic DNA selects for
distinct subsets of Alu elements within a particular
subfamily, since this technique preferentially amplifies
products that range from 200 and 800bp in size. In
addition, modifications to the ASAP technique, such
as the use of a less frequent restriction endonuclease,
may allow for a display of subsets of the larger groups
of Alu repeats such as Ya5 elements. Alternatively, the
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use of primers that select for subfamily ‘subgroups’ locus monitoring system. Due to its high flexibility the
may also be used to reduce the complexity of the ASAP technique has an enormous range of potential
resultant display by decreasing the number of PCR applications.
products. Although we focused on Ya8 Alu elements Mobile element fossils have proven to be simple
due to their low copy number, the young Yb8 Alu powerful tools for tracing the origin of human popula-
subfamily is another alternative for ASAP with an es- tions (Perna et al., 1992; Batzer et al., 1994a,b, 1996a;
timated copy number of only 1000 elements (Batzer Stoneking et al., 1997). These elements should also
et al., 1995; Zietkiewicz et al., 1994) and some poly- prove quite useful to the forensic community as pa-
morphic members (Hutchinson et al., 1993; Hammer ternity identity testing reagents (Batzer & Deininger,
1994; Arcot et al., 1998). We have previously demon- 1991; Novick et al., 1993). Some Alu insertion poly-
strated the isolation of young Alu elements (based on morphisms have been identified by chance (Deininger
sequence identity to a consensus) using a Yb8 dia- & Batzer, 1995) while others have been identified by
gnostic primer, and a generic Alu as an anchor in the library screening in a directed approach (Batzer &
amplification reaction, that can be profiled with min- Deininger, 1991; Batzer et al., 1995; Arcot et al.,
imal background (Kass, Batzer & Deininger, 1996). 1995a, b, c; Batzer et al., 1996a; Arcot et al., 1998).
It is conceivable that variations on the anchored-Alu Here, we have presented two complementary meth-
PCR technique can be employed to rapidly localize in- ods involving computational biology and PCR based
dividual elements from all three subfamilies of young displays that will enhance our ability to identify the
Alu elements. genomic fossils of recently integrated mobile elements
Once the flanking sequences of the young Alu from complex genomes. These approaches will con-
elements are obtained, the PCR strategy can be em-ribute to a new era in biological sciences that will
ployed to trace polymorphisms that have resulted from increasingly rely upon informatics/computational bio-
recent Alu insertions and are not yet fixed in hu- logy as well as hard-core bench molecular biology to
man populations. The anchored-Alu PCR approach answer global questions in comparative genomics.
not only facilitates rapid identification of young ele-
ments by displaying the amplification products, but
will also increase the potential for selecting only those Acknowledgements
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