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ABSTRACT genomes. An Alu element consists 0282 bp conserved
Motivation: Transposon-derived Alu repeats are exclusively ~ nucleotide sequence comprising of two tandem monomer
associated with primate genomes. They have gained con- units separated by a poly ‘A’ stretch. The monomers, homo-
siderable importance in the recent times with evidence of  logous to 7SL RNA, are absolutely identical except for a
their involvement in various aspects of gene regulation, e.g. 30 bp insertion in the right monomer (Jelinekal., 1980;
alternative splicing, nucleosome positioning, CpG methylation, Ullu and Tschudi, 1984). The’2nd of the Alu element
binding sites for transcription factors and hormone receptors, has a long stretch of adenine residues, and is flanked by
etc. The objective of this study is to investigate the factors 4-10bp of direct repeats at the site of insertion. These ele-
that influence the distribution of Alu repeat elements in the ments contain a pol Il promoter that has been proposed to be
human genome. Such analysis is expected to yield insights involved in their retrotransposition mediated by RNA poly-
into various aspects of gene regulation in primates. merase Il (Deiningeet al., 1992; Schmid and Maraia, 1992).
Results: Analysis of Alu repeat distribution for the human gen- These repeats are divided into different subfamilies accord-
ome build 32 (released in January 2003) reveals that they  ing to their evolutionary age (Willaret al., 1987; Jurka and
occupy nearly one-tenth portion of the sequenced regions. Smith, 1988; Britteret al., 1988; Labuda and Striker, 1989;
Huge variations in Alu frequencies were seen across the gen-  Jurka and Milosavljevic, 1991). A majority of Alu repeats
ome with chromosome 19 being the most and chromosome Y in human genome belong to old or intermediate subfamilies
being the least Alu dense chromosomes. The highlights of the with relatively minimal representation of younger subfamilies
analysis are as follows: (1) three-fourth of the total genes in (Schmid and Maraia, 1992; Deininger al., 1992). How-

the genome are associated with Alus. (2) Alu density is higher ever, the youngest Alus are considered to be biologically
in genes as compared with intergenic regions in all the chro- most active and most of the functions of Alus are attrib-
mosomes except 19 and 22. (3) Alu density in human genome uted to this subfamily (Deiningeat al., 1992). It has been

is highly correlated with GC content, gene density and intron ~ shown earlier by cytogenetic studies that transcriptionally
density with GC content being major deterministic factor com- active regions of the genome (called R bands) were rich in
pared with other two. (4) Alu densities were correlated more Alu elements (Korenberg and Rykowski, 1988; Moytial .,

with gene density than intron density indicating the insertion 1989). Initial analysis of the first draft of human genome
of Alus in untranslated regions of exons. also revealed their association with gene and GC regions of
Contact: skb@igib.res.in the genome (Landest al., 2001). It has also been reported
Supplementary information: Online supplementary data  that these elements are unevenly distributed and there is a
is available at the web page http://www.igib.res.in/ positive correlation between exons and Alus in human chro-

manuscriptdata/aluanalysis.html mosome 21 (Blinowt al., 2001). We had earlier shown that
there is a difference in distribution of Alu repeats among
INTRODUCTION genes of different functional categories in human chromo-

Alu repeat elements belong to short interspersed nucleotidgomes 21 and 22 (Grovet al., 2003). With the complete
elements (SINE) family of repetetive sequences and araformation about nucleotide sequence and genes now avail-
predominantly present in the non-coding regions of primateable publicly, we have attempted in this study to explore

various factors that may drive the integration of Alu repeats
*To whom correspondence should be addressed. in human genome.
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Fig. 1. (a) Number of Alu repeats in different chromosomes in human genome with vertical segments representing the numbers correspon
to each Alu subfamily. Chromosomes are arranged in descending order of their sizes (sequenced reeaaig with the size in Mb given
at the top of each bar. (b) Variation in Alu and gene densities (percentage of region occupied in the chromosome) in human genome.
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METHODS region of human genome (Supplementary material 1). Inter-

The nucleotide sequence of human genome was download@éti”gb’a .Iarge sized chromosomes were not qecessarily asso-s
from NCBI website (ftp://ftp.ncbi.nim.nih.gov/genomes/ ciated with more Alu repeats, as shown in Figure 1a where
h_sapiens; build no. 32). Information about genes, intron§hromosomes have been arranged in descending order ofg
and exons was extracted from the available data using cud€ngths (bp). There are many chromosomes which have more
tom made PERL programs. Positions and subfamilies of AlAlus compared with other chromosomes with larger sizes.

repeats in complete genome were identified using the prograffior €xample, chromosome 7 has more Alus than chromo-
REPEATMASKER (http://repeatmasker.genome.washingtorsomes 3, 4, 5 and 6; chromosome 12 has more Alu elements
edu/) locally installed on compaq alpha sever ES40. Repedpan chromosomes 8, 10, 11 and X; and chromosome 17
numbers and density for each gene, intron, exon as welfhore than 8, 9, 10, 11, 12, 13, 14, 15, 16 and X. Despite

as chromosome was subsequently calculated using vario@! these variations, largest chromosome, i.e. chromosome 1
PERL programs. Alu density in chromosomes and genegnas highest number of Alus and c_hromosome Y, the small—

was expressed as Alu percentage, i.e. percentage of thest one, has least number of copies of these repeats. It is
gene/chromosomal region occupied by Alus. For correlatioffioteworthy, here, that although chromosome 1 is the largest
analysis, each chromosome was split into 100 kb intervals an@uman chromosome, chromosome 2 is larger than it in terms
Alu size, gene size, intron size and GC content was calculate@f region sequenced but contains less Alu repeats than the
individually for all these regions. Here, Alu, gene and intronformer.

sizes reflectthe length occupied (in bp) by them in each 100 kb . Lo .

interval. Statistical analysis was performed using StatsviewlU repeat density and association with genes

0

anb Aq 6

W

package (ver 4.0). Alu densities were found to be highly variable among different
chromosomes in human, with chromosome 19 being the most
Alu rich chromosome having 26.3% of the region covered by
RESULTS
o these repeat elements. Other Alu dense chromosomes were
Alu distribution in whole genome chromosomes 17 (19.1%), 22 (18.2%) and 16 (16.8%). Chro-

Alu repeats are present in 1179211 copies in the genommosome Y, in addition to having the least number of Alu
which together account for nearly 10.8% of the sequencedepeats, also has the least density (7.5%) closely followed
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Fig. 2. Plot of correlation coefficients for various chromosomes in human genome. Correlation for Alu—intron, Alu—gene and Alu-GC is
shown as separate curve aRdvalues are shown at right-hand side of the plot.

by chromosomes 4 (7.8%) and 13 (8.0%). Interestingly, thef these subfamilies which include mainly truncated Alus
pattern of Alu densities across chromosomes was found highlgnd Alu monomers. At chromosomal level, there were sig-
similar to the pattern of gene densities (Fig. 1b). Statisticahificant differences in distribution of Alu repeat subfamilies
analysis revealed that Alu and gene densities are significtx?=2189.34,d.f=48,P < 0.0001). Chromosome Y, the
antly correlatedr =0.83,P < 0.0001). Chromosome 22 has most Alu poor chromosome, was richer in members of Alu
the highest gene density in human genome (52.3%) and subfamily compared with other chromosomes whereas it

chromosome Y has least (27.1%). has very low densities of Alu S and J, in fact, least density
o _ _ _ _ of Alu S in human genome. Similar trend was observed in
Alusin intergenic and intragenic regions chromosomes 13 and 9, with chromosome 13 having least

Out of 27963 genes so far identified in complete genomeglensity of Alu J subfamily (Supplementary material 11). On
Alu insertions were seen in nearly three-fourth of the genesthe other hand, Chromosomes 8 and X were richer in Alu
To analyze Alu distribution within genes, Alu percentage forS and J subfamilies and contained very low densities of Alu
each gene was calculated, which represents the Alu covered with chromosome X being the least Alu Y dense chro-
region within that gene. 8501 genes were found to kal®%  Mosome in the genome. Another interesting observation was
Alu content, 6453 genes had Alus percentages ranging froriiat correlation of Alu J and Alu S with GC content was
10 to 20%, 3534 genes had 20-30%, 1860 genes had 30—4dvgher (- = 0.38,P < 0.0001)as compared with Alu Y
and 685 genes had40% Alus whereas remaining 6930 (r = 0.29,P < 0.0001).

genes were found without any Alu insertions. This clearly
reflects that Alus are not uniformly distributed within genes ] i
(Supplementary Figure 4). A comparative analysis betweeﬂ'o_elumdate the various faptors thz_slt may affect the accumu-
intragenic and intergenic regions showed that Alu coverage i§tion of Alu repeats in various regions of human genome, a
higher in genes (12.5%) than the intergenic regions (9.6%)c0rrelation analysis was performed. It was found that Alu
The predominance of Alu densities in genes was observed€nsity is significantly positively correlated” < 0.0001)

in every chromosome except chromosomes 19 and 22 (Supith gene density, intron density and GC content (Fig. 2).
plementary Figure 3). Within genes, Alus were mostly seerflthough the extent of correlation is different among d|ffergnt.

in intronic regions, occupying 12.8% of the intronic regions, chromosomes, GC content seems to have highest association
As expected, they were rarely found in exons, with total AluWith Alu density overall, followed by gene density and intron

coverage of exons being 1.6%. density.
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Correlation analysis

Distribution of Alu subfamilies DISCUSSION

The most abundant Alu subfamily is the Alu S occupyingNearly 45% portion of the human genome is occupied by
6.4% region of the genome and is followed by oldest Alutransposon-derived repeat elements (Langteal., 2001).

subfamily, Alu J (genomic coverage2.5%). Members of Earlier considered non-functional, they are now associ-
younger Alu subfamily, known as Alu Y, are extremely lessated with various regulatory functions and are believed to
represented (genomic coverag#.5%) compared with older interact with the whole genome to influence its evolution
subfamilies. A very small contribution (genomic coverage(Makalowski, 2000). To understand the mechanisms and
~0.4%) comes from Alu elements that do not belong to anymeans of such interactions, itisimportant to examine carefully
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the positioning of these repeat elements. For this purpose.g.chromosomes 9, 13 and Y contain more Alus belonging to
we have carried out extensive analysis of the distribution ofyoung subfamilies in contrast to chromosomes 8 and X which
Alu repeats, which are one of the most abundant and bioare enriched in older Alus. These variations were not correl-
logically important repeat elements in human. The analysigted with GC content, gene density or intron density. Higher
reveals many interesting features of these repeats which are esrrelation of older Alus with GC content than younger ones
follows. is in accordance with initial estimates (Landml., 2001).

Alu repeats have a copy number of over one million inThis indicates that Alus probably insert randomly in the gen-
the human genome, which is much higher than previou®me followed by selection in specific regions that leads to
estimates (Weiner, 2000; Deininger and Batzer, 1999). Thaon-random distribution finally.
frequency of their occurrence in the sequenced region, on To summarize, our analysis shows that there is signific-
average, comes out to be about one repeat element per 2.5 kdnt association of Alu density in the human genome with
which is also higher than previous estimates (Migleekl.,  gene density, intron density as well as GC content. How-
1997). Moreover, we believe that the data reported here is agver, a closer inspection shows that there are many regions
under-representation of the total Alu number as repeat ricinside the chromosomes where Alu distribution could not
regions are difficult to sequence completely. Alu repeats dde explained by these factors. Non-uniform Alu distribution
not seem to be randomly spread in the genome, as indicatedside genes further strengthens this observation. Our previous
by unrelated Alu frequencies and chromosome sizes in mamyork (Groveret al., 2003) as well as reports of other groups
cases, particularly chromosomes 7, 12, 17 and 19. In case @fanderet al., 2001; Mighellet al., 1997) indicate that Alu
random distribution, one would have expected a continuouslistribution is influenced by specific functional properties of
decline in Alu numbers with decreasing chromosome sizes igenomic regions. In future, extensive analysis of Alu repeats
Figure 1, but that is not the case. taking into account genomic composition as well as functional

The analysis showed that there is a clear difference betweeattributes would be helpful in elucidating the exact biological
Alu densities across different chromosomes in human genommle for them.

(Fig. 2). Chromosome 19 is the most Alu dense chromosome
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