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ABSTRACT

The Human-Specific (HS) subfamily of Alu sequences is comprised of a group of 500 nearly

identical members which are almost exclusively restricted to the human genome. Individual subfamily

members share an average of 98.9% nucleotide identity with the HS subfamily consensus sequence,

and have an average age of 2.8 million yeas. We have developed a Polymerase Chain Reaction (PCR)

based assay using primers complementary to the 5' and 3' unique flanking DNA sequences from each

HS Alu that allow the locus to be assayed for the presence or absence of the Alu repeat. The dimorphic

HS Alu sequences probably inserted in the human genome after the radiation of modem humans

(within the last 200,000-one million years) and represent a unique source of information for human

population genetics and forensic DNA analyses. These sites can be developed into Dimorphic Alu

Sequence Tagged Sites (DASTS) for the Human Genome Project. HS Alu family member insertions

differ from other types of polymorphism (e.g. Variable Number of Tandem Repeat [VNTR] or

Restriction Fragment Length Polymorphism [RFLP]) in that polymorphisms due to Alu insertions arise

as a result of a unique event which has occurred only one time in the human population and spread

through the population from that point. Therefore, individuals that share HS Alu repeats inherited these

elements from a common ancestor. Most VNTR and RFLP polymorphisms may arise multiple times in

parallel within a population.
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INTRODUCTION

Human genetic variability is the result of the accumulation of a number of different types of

mutations. These mutations may be divided into three groups which are commonly used to

characterize genetic variability and occur at different rates. The most frequent group of mutations is

comprised of point mutations (e.g. G:C > A:T), and are commonly assayed (presence or absence of

restriction endonuclease cleavage sites) using Restriction Fragment Length Polymorphisms (RFLPs)

(Botstein et al., 1980). The average human (Homo sapiens ) differs from our nearest non-human

primate relative, the chimpanzee (Pan troglodytes), by approximately 40 million single base pair

substitutions which have occurred over the last 4-6 million years (Miyamoto et al., 1987). Individual

humans differ by approximately ten million point mutations. The information contained within this

relatively small number of mutations (compared to the genome which is composed of 4 x 109

nucleotides) encodes all of the signals that define each and every human as unique. Other types of

mutations involve changes in the length of simple sequence repeats or Variable Number of Tandem

Repeats [VNTR] (Nakamura et al., 1987), or the insertion and deletion of DNA sequences, including

mobile genetic elements such as Long INterspersed Repeated DNA Elements (LINEs) and Short

INterspersed Repeated DNA Elements (SINEs). The characterization of point mutations as well as

other types of variation facilitate the study of human population genetics as well as the unique DNA

based forensic identification of individuals.

The Alu family of SINEs is distributed throughout primate genomes (for reviews see Weiner et

a/., 1986; Schmid and Shen, 1986; Deininger, 1989; and Deininger and Batzer, 1993). The Alu family

represents a highly successful class of mobile genetic elements, having arisen as a repeated DNA

sequence family in the last sixty-five million years (Deininger and Daniels, 1986) and amplified to a

copy number in excess of 500,000 (Jelinek et al., 1980;'Deininger et al., 1981). Each Alu repeat is

approximately 300 bp in length and dimeric in structure with the right half containing an additional 31

bp (Figure 1). Alu repeats comprise 10% of the mass of the human genome (Deininger et al., 1981) and

are distributed, on average, one Alu sequence every 5000 bp of DNA. The distribution of Alu repeats

appears to be somewhat non-random (Sainz eta/., 1992), with a global preference for the R bands of

chromosomes (Korenberg and Rykowski, 1988). Alu sequences are thought to be ancestrally derived

from the 7SL RNA gene (Ullu and Tschudi, 1984), and mobilize through the generation of an RNA

polymerase HI derived transcript in a process termed retroposition (Jagadeeswaran et al., 198 I; Rogers,

1983).
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The Alu sequences located within primate genomes may be subdivided into groups of related

sequences that share common "diagnostic" nucleotide substitutions as first reported by Slagel et al.,

(1987). Several overlapping subfamilies of various genetic ages have been identified (Willard et

al., 1987; 2urka and Smith, 1988; Britten et al., 1988; Quentin, 1988; Shen et al., 1991; Jurka and

Milosavljevic, 1991). Here, we will use the nomenclature originally proposed by Deininger and Slagel

(1988) and subsequently modified by Shen et al. (1991) and reviewed in Deininger and Batzer (1993).

The most recently formed group of Alu sequences within the human genome has been termed Human-

Specific (HS) (Batzer et aL, 1990; Batzer and Deininger, 1991). This subfamily is identical to the

Predicted Variant (PV) subfamily reported by Matera et al., (1990 a and b).

The HS subfamily of Alu sequences has been found to be transcriptionally active in vivo

suggesting the transpositional competence of this group of Alu repeats (Matera et al., 1990a). There are

an estimated 500-2000 HS Alu sequences (Batzer et al., 1990; Matera et al., 1990a; Batzer and

Deininger, 1991), the majority (Batzer and Deininger, 1991; Batzer et al., 1991), but not all (Leeflang et

a1.,1992) of which are restricted to the human genome. Individual HS Alu sequences share a high

degree of nucleotide identity with each other as well as the subfamily consensus sequence (>98%)

(Batzer et al., 1990) suggesting that they were derived from a single, or at most, a small highly related

subset of source genes (Batzer et al., 1990; Batzer and Deininger 1991). The low level of random

mutations within HS Alu family members has been used, along with a neutral rate of evolution, to

calculate an average age of 2.8 million years (Batzer et al., 1990). The evolution of the putative Alu

"master" or source Alu gene(s) has occurred at a neutral rate, suggesting a lack of function for these

elements (Shen et al., 1991; Deininger et al., 1992). Thus, the majority of Alu repeats appear to be fossil

relics that integrate in the genome and accumulate mutations in a random manner after integration

(Labuda and Striker, 1989; Batzer et al., 1990). Here we report on the distribution of an Alu repeat

within a number of human groups as determined using a PCR based assay for the presence and absence

of the Alu insertion.
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MATERIALS AND METHODS

Cell Lines and DNA Samples.

The cell lines used in this study were as follows Homo sapiens, HeLa (ATCC CCL2); Pan

troglodytes, Wes (ATCC CRLI609) and Gorilla gorilla, Ggo-I (primary gorilla fibroblasts) provided

by Dr. Stephen J. O'Brien. Cell lines were maintained as directed by the source, DNA isolations were

performed as previously described (Ausabel et al., 1987). Additional human DNA samples were

isolated from peripheral lymphocytes (Ausabel et al., 1987) that were made available from previous

studies.

Polymerase Chain Reaction (PCR) Amplification.

Amplification of DNA samples was carried out in 100 lal reactions using 100 ng of target DNA,

750 ng of each oligonucleotide, 200 I.tM dNTPs in 50 mM KCI, 1.5 mM MgCI2, 10 mM Tris-HCl pH

8.4 and Taq polymerase (3 u) according to the supplier's (Roche Molecular Diagnostics) instructions.

Each sample was subjected to the following amplification cycle: 1 min at 94oc (denature), 2 min at the

appropriate annealing temperature, and 2 min at 72oc (extension) for 32 cycles in an Perkin Elmer

9600 PCR machine. The TPA 25 Alu family member was originally reported in one of two

independent clones of the human tissue plasminogen activator locus (Friezner Degen et al., 1986).

Oligonucleotide primers complementary to the 5' and 3' flanking unique DNA sequence region around

this HS Alu repeat were utilized to facilitate characterization of the locus with PCR (Batzer and

Deininger, 1991; Batzer et al., 1991; Perna et al., 1992). Twenty microliters of each PCR reaction was

subjected to fractionation on a 2% agarose gel with 0.5 lag/ml ethidium bromide. The reaction products

were directly visualized using UV fluorescence.
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RESULTS

A schematic representation of the Alu insertion PCR assay is shown in Figure 2. Primers for

PCR analysis are chosen in the 5' and 3' unique flanking DNA sequences outside each Alu insertion.

Amplification of the locus results in one of three outcomes as shown in Figure 2B. Genomes that are

homozygous for the Alu insertion amplify a 400 bp DNA fragment (B-1). Genomes that lack the Alu

family member amplify a 100 bp DNA fragment (B-3), while heterozygous samples will amplify both

bands (B-2). This makes the Alu insertion assay quite easy to interpret since the amplified DNA

fragments are separated by over 300 bp in length. This type of assay can be applied to address

evolutionary questions about the time of origin for a single Alu sequence (Batzer and Deininger, 1991;

Shen et al., 1991: Batzer et al., 1993) or to answer questions about human population genetics (Batzer

and Deininger, 1991; Batzer et al.,1991; Perna eta/., 1992) and forensics (Novick et al., 1993).

A representation of an agarose gel electrophoretic separation of PCR products derived from an

Alu insertion PCR assay for TPA 25 are shown in Figure 3. In this figure the human DNA sample

(Lane 1) amplified both 400 bp and 100 bp DNA fragments indicating that this individual (HeLa cell

line) was in fact heterozygous for the insertion of the TPA 25 Alu repeat. Amplification of DNA

samples from two closely related primates (Chimpanzee and Gorilla) shown in Lanes 2 and 3,

respectively, resulted in the production of a 100 bp fragment indicating that the Alu insertion was

absent at the orthologous positions within the genomes of these non-human primates. The products

derived from the amplification of several human DNA samples are shown in Lanes 4-8. Individuals

were either homozygous for the presence of the Alu repeat (Lanes 4 and 5), heterozygous (Lane 6), or

completely lacked the Alu insertion (Lanes 7 and 8). This type of data allows us to establish the

approximate time that this polymorphism originated within the human genome, and enables us to

address questions about the genetic affinity of different human population groups.

The data derived from the amplification of the TPA 25 Alu repeat in different human population

groups is shown in Table 1. The frequency of the TPA 25 Alu repeat within each group varied from

0.12 - 0.64. The frequency of the Alu insertion was lower within African groups as compared to the

non-African groups with the exception of Arhuaco (South American) Indians and Australian

Aborigines. The Arhuaco Indians of northern Colombia exhibit the lowest frequency (0.12) for the Alu

insertion. The low frequency of the TPA 25 Alu insertion may be the result of limited outbreeding

within a small population group, or may be partially reflective of small sample size. Within the major

ethnic groups, the variation in Alu insertion frequency ranged by I 1% in Caucasoid groups with 15%

difference in African groups demonstrating the potential use of these markers for studies of relatively

closely related populations. Further studies are underway characterizing additional Alu insertions and

different population groups.
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DISCUSSION

The insertion of new Alu elements within the human genome appears to be occurring at a rate of

100-200/million years (Batzer et al., 1990; Batzer and Deininger, 1991). After insertion into the

genome these elements appear to mutate at a neutral rate (Labuda and Striker, 1989; Batzer et al., 1991;

Shen et al., 1991). Previous studies of orthologous members of the globin gene family have shown that

Alu insertions rcpresent relatively stable integrations into the genome (Sawada et al., 1985; Sawada and

Willard, 1986; Bailey and Shen, 1993), although the partial deletion of a single Alu repeat has been

characterized (Edwards and Gibbs, 1992). Given that the rate of Alu family amplification is currently

very low, the independent insertion of two different Alu repeats at the same location in the genome is

very improbable. Therefore, individuals who share Alu insertions inherited them from a common

ancestor. This differentiates Alu insertions from other types of polymorphisms including RFLP

(Botstein et al., 1980), Alu VpA (Economou et al., 1990), and VNTR (Nakamura et al., 1987), which

may arise independently multiple times within a population. After integration in the genome, a new

Alu repeat will suffer one of two fates, drift toward fixation for the absence of the Alu sequence, or drift

toward an increased frequency representing a new polymorphic genome marker.

The absence of the TPA 25 Alu element from the genomes of non-human primates indicates

that the element inserted relatively recently within the human genome. This Alu insertion has arisen as

a polymorphism after the human/great ape divergence which is thought to have occurred within the last

4-6 million years (Miyamoto et al., 1987). The fact that this Alu element is polymorphic within

different humans serves as another measure of the recent time of origin of this insertion. In this case,

the Alu insertion has arisen as a polymorphism at or about the time that modem humans began to

radiate from Africa (within the last 100,000 -1 million years, Cann et al., 1987). Individual Alu

insertions represent a unique fossil record of evolutionary history. Depending on how recent a

particular Alu element inserted within the genome it will have a different distribution. The oldest Alu

elements inserted within primate genomes about 65 million years ago at the time of the primate-rodent

divergence and are dispersed throughout the genomes of all primates. Other elements are unique to

Prosimian and Anthropoid primates, and began to amplify 40-65 million years ago. Many Alu repeats

reside within a single genus, such as the HS subfanaily of Alu repeats which has arisen within the last

4-6 million years of evolutionary history (Batzer and Deininger, 1991). A few HS Alu repeats display

geographic origin bias, such as the TPA 25 Alu family member (Batzer and Deininger, 1991; Batzer et

al., 1991; Perna et al., 1992). Recent Alu insertions may also be unique to a family, such as the

cholinesterase Alu family member (Muratani et al., 1991). Two Alu insertions have been reported that

represent unique (de novo) insertions into the Factor IX (Vidaud et al., 1993) and NF-1 (Wallace et

al., 1991) loci that result in hemophilia and neurofibromatosis, respectively.
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The isolation and characterization of additional polymorphic Alu insertions is presently

underway. Recent Alu insertions have previously been isolated in a random manner through the

sequence analysis of human genes (Ryan and Dugaiczyk, 1989; Stoppa-Lyonet et al., 1990; Muratani et

al., 1991; Jurka, 1993; Hutchinson et al., 1993) or through a subfamily specific directed approach

(Batzer et al., 1990; Matera et al., 1990 a and b; Leeflang et al., 1992). The directed type of

approaches take advantage of specific DNA sequence characteristics and highly specific short

oligonucleotide primers (Batzer et al., 1993). The specificity of directed approaches have both positive

and negative aspects. On the positive side, most of the members of a single subfamily of repeated

DNA sequences can be isolated permitting exhaustive analysis. Recently however, a great deal of

nucleotide sequence (subfamily) heterogeneity has been reported among polymorphic Alu insertions.

As a result directed hybridization approaches would not facilitate the isolation of every polymorphic

Alu repeat located within the genome. Global genomic comparisons such as Representational

Difference Analysis [RDA cloning] (Lisitsyn et al., 1993) may represent the most efficient method for

the isolation of these types of markers. The isolation and characterization of additional Dimorphic

Alu Sequence Tagged Sites (DASTS) should eventually provide a novel system for the forensic

identification of humans, as well as mapping the human genome.
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Figure 1. Structure of a Typical Human A/u Repeat.

The diagram shows a schematic depiction of a generic Alu repeat. Each Alu element is dimeric

in structure with the right half containing an additional 31 bp insertion relative to the left half. The total

length of each Alu sequence is approximately 300 bp. Each repeat also contains a middle A rich region

and is flanked by short intact direct repeats (arrows). The left half of each sequence contains an RNA

polymerase HI promoter represented by the A and B.

Figure 2. Schematic of the Alu Repeat PCR Assay.

A schematic of the Alu insertion' assay is shown at the top in part A. The Alu sequence is

represented by the cross-hatched line. A chromosome is represented by the thick dark line, and the

flanking unique PCR primers are denoted by the arrows. Amplification in this assay results in the

production of a 100 bp DNA fragment, 400 bp DNA fragment, or both depending on the genotype of the

sample being assayed. Samples that are homozygous for the Alu repeat will amplify a 400 bp DNA

fragment 03-1). Samples that are heterozygous for the Alu insertion will amplify both 400 and 100 bp

DNA fragments (B-2). Lastly, samples that are homozygous for the lack of the A.lu sequence only

amplify a 100 bp DNA fragment 03-3).

Figure 3. Representation of an Alu Insertion Assay.

The diagram depicts the results of an agarose gel chromatograph of PCR products generated

through the amplification of DNA from the genomes of a number of human and non-human primates for

TPA 25 Alu family member. Lane M is the marker _X174 Hae III digest, Lanes 1-3 depict the

amplification products from the HeLa human (Homo sapiens) cell line, chimpanzee (Pan troglodytes)

and gorilla (Gorilla gorilla), respectively. Lanes 4-8 show the products derived from the amplification

of an Asian (Lane 4), two Caucasians (Lanes 5 and 6), and two American Blacks (Lanes 7 and 8). The

genotype of each individual is presented below the schematic of the gel with the location of the 400 and

100 bp DNA fragments indicated by arrows.
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Table 1. Distribution of a Higld_ D!morphic HS Alu Family Member 1
.......... Subfamily'member .................

TPA 25
'-- I IIIII I IJl i limb I III I I I I III II I i III 1

, + 12 (9.1) {0.57}
Asians + - 8 (13.72)

- - 8 (5.18) {0.43}

, + 35 (20.85) {0.44}
lndoneslans * . - 61 (73.42)

- - 53 (46.73) {0.56}

+ 4. 16 (13,56) {0.64}
Caucasians . - 10 (15.2)

- - 7 (4.28) {0,36}

+ + 15 (14.05) {0.53}
. Greek Cypriots + - 23 (24.91)

- - 12 (11.04){0.47}

+ . 6 (5.6) {0.4}
American Blacks + - 16 (16.8)

- - 13 (12.6) {0.S}

+ + 2 (3.15) {0.37}
AfricanBlacks + - 13 (10.72)
(Nlgerlans) - - 8 (9.13) {0,63}

+ + 0 (1.66) {0,22}
AfricanBlacks + - 15 (11.71)

(Pygmies) - - 19 (20,63) {0.78}

+ + 0 (0.29) {0.12}
Arhuaco + - 5 (4.22)

- - 15 (15.49) {0.88}

+ + 4 (2.09) {0,14}
Australian + - 22 (25.85)

(Aborigines) - - 82 (80.06) {0.86}
L _ ___ I I I I immnl II I I lllln I _ l Ill I • __

1Genotypcs,followedbyexpectednumbersin 0 andallelefrequencyin{ }.
IBm I II 1 Illll Ill III1_11 I I IS I II1|11 I Ill
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