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The first draft of the human genome has revealed enormous variability in the global distribution of Alu repeat elements.
There are regions such as the four homeobox gene clusters, which are nearly devoid of these repeats that contrast with
repeat dense regions in other transcriptionally active regions of the genome. Our analysis of the completely sequenced
chromosomes 21 and 22 revealed a striking bias in Alu distribution. These elements are more clustered in genes which
are involved in metabolism, transport, and signaling processes. In contrast, they arve significantly fewer in genes coding
for information pathway components as well as structural proteins. This bias in Alu distribution is independent of the
effect of Alu density of the flanking genomic region and is also not affected by the GC content of the gene and its
upstream and downstream regions. The relative proportions of Alu subfamilies (Alu J. Alu 5, and Alu Y) are not
significantly different in genes with high Alu density belonging to the functional categories of transport, metabolism, and
signaling. However, in the structural proteins and information genes, these proportions are lower than the other three
categories. We suggest that Alu elements might be involved in regulatory mechanisms and are therefore differentially

selected in primate genomes.

Introduction

The transposon-denved Alo elements, present exclu-
sively in the primates, are the most abundant repeat elements
in terms of copy number (1,090,000} and the second most
abundant in terms of genome coverage (~15%) in the
human genome (Lander et al. 2001). They belong to the
SINE family of repeat elements and are predominantly
present in the noncoding regions. The Alu repeats are
divided into various subfamilies, namely Alul (oldest), Alu
S (intermediate age), and Alu Y (youngest) on the basis of
their evolutionary age (Willard, Nguyen, and Schmid al
1987; Briten etal. 1988; Jurka and Smith 1988; Labuda and
Stoker 1989). These subfamilies are funher classified mto
sub-subfamilies based on their divergence from consensus
sequence (Jurka and Milosavljevie 1991). A comparative
analysis of genes across organisms has revealed that
a number of homologous genes have accumulated Alus
(Lietal 1999). A minority of the Alus are still active and
amplifying in the human genome (Deininger and Bater
1999). Involvement of Alus in vanous functions and their
association  with varwus  genetic disorders have been
proposed i the course of studies carned oul on disparate
genes (Englander, Wollfe, and Howard 1993; Englander
and Howard 1995; Norns et al. 1995; Babich et al. 1999
Deininger and Batzer 1999). Although there are indications
about their role in evolving functional complexity and gene
regulation (Kidwell and Lisch 1997; Hamdi et al. 2000), the
basis of their retention and maintenance in 1 million copies
in the human genome 15 stll not clear. Accumulating
evidence now  shows that complex  phenotypic  trials
observed m mammals are caused not only by genes andfor
environment but also by heritable epigenetic modification of
genes by retrotransposons (Whitelaw and Martin 2001 ). In
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an attempt o explore the functional ole of the Alus at the
genome-wide kevel, we have camied oul an exiensive
analysis of the distribution of these repeats in the completely
sequenced human chromosomes 21 and 22,

Methods

The nucleotide sequence, as well as information about
the associated Alu repeats and genes of chromosome 22,
wis remeved from the Web sie hip:f'www . sanger.ac.uk
(version 2.4) and the same informmation for chromosome 21
was retreved from hip:/fhgp. gserken.go. jp (Dunham et al.
1999; Hattori et al. 2000).

Detailed inspection of these chromosomes revealed
a wide varability in the sizes of genes. Sizes ranged from
as few as several hundred base pairs w0 as many as 0.8
million bp. To avoid inapproprate inferences about cor-
relation ansing from differences in the sizes of genes, the
otal Alu size (base pairs of an inerval occupied by Alus)
and total gene size (base pairs of an interval occupied
by genes) were ken as measures of Alu and gene den-
siies, rather than their numbers.

Correlation between Alu repeal and gene density was
cakeulated for non-overlapping windows along the whole
chromosome of sizes 100 kb, 200 kb, 500 kb, and 1,000 kb.

The density of Alu elements in each gene was
expressed as a percentage, calculated using the expression,
Alu percentage = [Alu size (bp)/Gene swze (bp)] > 100,
Because Alus are mostly present in the murons, there is
a possibility that the differences in Alu density observed in
the genes could be due to the small kength of a gene or the
absence of introns in it. Therefore, in a separate analysis,
the exonic regions of the genes were excluded in the
calculation of gene sizes.

The genes on chromosome 21 and 22 were classitied
into five functional classes: structural proteins, infonma-
ton storage and processing proteins, signaling pathways,
metabolism prowins, and trmnsport and binding  proteins.
The classification was based on mformation about function
of the gene provided at Locus Link (httpy/fwww nebinlm.
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Tahle 1
The Details of Chromosomes 21 and 22 in Terms of Size, Number of Genes, and Various Subfamilies of Alus

Mo. of Alu Repeats Alu Density
Alu Covered
Alu Mo Region in Fraction of Alus

Chmomosome Mo, of Genes Size {Mh) Aldu ] Alu 5 Alu Y Taotal Gene Mo, Genes (5] in Gene (%)
21 285 EL R 2741 6,992 1,880 12,341 433 10.7 345
2 B4 Ha 5X70 13,506 3073 21,993 0 17.2 425

nih. gov/LocusLink/ ), GeneCard (hup:/bioinfo weizmann.
acalfcards/ ), Gene Quiz Web  server  (hupyfwaow.
sander.ebiac.ukfegsrv/), Gene Ontology  (hip:fwwe.
gencontology.org), and the UniGene database  (huop:f
www nebinlmoanihgov/UniGene/ ). Only  those  genes
which were well chamcterized i terms of function and
expression were considered (175 inchromosome 22, and 93
m chromaosome 21, see Supplementary Matenal onling).
Statistical tests of significance and relationship
among different variables—e.g . Alu subfamily frequen-
cies, Alu percentage, functional class, chromosome, and
GC content—were camed out by the chi-square test,
regression analysis, and analysis of varance (ANOWVA).

Results

Chromosomes 21 and 22 differ substantially in both
Alu density and gene density. The chromosomes are of
similar size, but chromosome 22 has four imes as many
genes and twice as many Alo repeats (table 1) In-
erestingly, even though chromosome 22 has more Alu
clements than chromosome 21, fommer seems o0 be less
Alu dense based on its gene density (ratio of number of
Alus and number of  genes) than  chromosome 21,
However, the genes of chromosome 22 were found 1o
be more enrched in Alu elements than those of chromo-
some 21 (table 1) as shown by higher values of both, the
fracion of Alus i the genes, and Alu coverage in the
ZENES.

The representation of Alu subfamilies has been found
o be different in the genome. Alu 8§ has the highest
representation, followed by Alu I and Alu Y. We observed
that the distribution of the Alu subfamilies within the
genes is significantly different from their distrbution in the
intergenic region. This was true for both chromosome 21
ichi-square = 162533, df =2, P =0.0003) and chromosome
22 (chi-square = 10064, df = 2, P = 0.0065). Al
subfamily distribution in the intragenic region of the two
chromosomes was not significantly different (chi-square =
4932, df = 2, P = 0.0849), whereas the difference was
highly significant for the intergenic region (chi-square =
3191, df =2, P < 0L.0001).

In accordance with the previous observations (Chen
et al. 2002), we observed a significant positive correlation
(P = 0.0001) between Alu density and gene density in both
the chromosomes at various window sizes manging from
LD kb 1o 50 kb, However, the scatter plot of gene
density versus Alu density (shown for the 200 kb window
stze) showed that this s not an all-or-none phenomenon

ifig. 1). Some regions of high gene density are extremely
Alu poor and vice versa.

To test whether there is a selective association of
genes with Alus, we initially classified the genes of
chromosomes 21 and 22 mto five functional calegories:
structural proteins, information storage and processing
proteins, metabolism protems, signaling pathway proteins,
and transport and binding protems. We then caleulated the
Alu density in each functional category. Analysis of
varance of Alu density between the functional categories
revealed that genes coding for structural protems  and
information storage and processing  components  were
cither devoid of Alu elements or were rarely associated
with them. However, genes mvolved m metabolism and
transport and m binding processes were extremely rich i
Alus (F value = 14294 df =4, 266, P = 0L.0001; fig 2).

It is possible that the differences in Alu density
among the different functional categories of genes could
be biased by intnnsic properties of the adjacent genomic
sequence, such as GC content and Alu density. Therefore
we computed and analyzed the GC content and Al
percentage in the flanking 50 kb region (25 kb upstream +
25 kb downstream) with respect o varous functional
classes. Interestingly, regression analysis revealed that thal
GC content not only of the gene but of the downstream
and upstream regions (in the order: GC e = OC poream =
GChwmstream ) 8150 influenced Alu content of the gene
(F ratio = 18.680, df = 3, 263, P < (0.0001). To identify
whether any of the five vadables (total GC content plus
GC contents and Alu percentages in the 25 kb upstream
and downsiream regions) had any significant effect on Alu
percentage, we carned oul a slepwise regression analysis,
The results showed that all five vadables were statistically
significant predictors of Alu percentage (F mtio = 47,197,
df=35,266, P < 0.0001). We then regressed out the effects
of these varables on Alu percentage and carded oul
ANOWVA 1o test the equality of the adjusted mean values ol
Alu percentage among the functional categories. The F
ratio (= 14314, dif = 4, 266) was highly significant (P <
0.0001), indicating that there are significant differences in
Alu percentage among the functional categories even after
adjusting for relevant comrelates.

In the above exercise, Alu density was calculated by
taking complete gene siee (exons as well as introns) into
account.  Because Al mepeats are known o occur
predominantly in introns, inclusion of exons for calcula-
tion of gene size may mduce a bias in the analysis
iparticularly in the case of intron-less genes). To take this
possibility into account, the analysis was mepeated by
calculating gene size as the sum of the sizes of its introns.
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Fig. 1.—A scatter plotof Alu repeat density and gene density shown
in a window size of 200 kh. The x-axis represents the cumulative length
of genes (kb) in every 200 kb of sequence, mnd the y-axis represents the
length occupied by Alu (kb in the same 200-kb window.

Becawse regression analysis between Alu percentage and
GC content of the intronic portions of genes revealed that
GC content s not a statistically significant (F value =
0.274, df = 1, 262, P = 0.6) predictor of Alu percentage,
ANOWVA was carried out without regressing out the effect
of GC content. Our results indicate that difference in mean
Alu percentage values among different functional classes,
even after excluding exons, is statistically significant (F
value = 13.899, df = 4, 248, P < (LOO0OL).

We further determined whether there was a difference
in the representation of the three Alu subfamilies in the
different functional categories. For chromosome 22, there
were no significant differences in the frequencies of 8, 1,
and Y elements among the functional classes (chi-square =
6.28, di = 8, P = (0.616), but these differences were
significant for chromosome 21 {chi-square = 22.7, df = 8,
P = 0004), which was also reflected in the pooled data
(chi-square = 19.3, df = 8, P = (L013). There was some
difference in the frequencies of Alu 5, 1, and Y in the
structural and information classes compared o the other
two  classes. When only three caegories (signalling,
transport, and metabolism) were considered, the chi-square
value was not significant (chi-square = 6.19, df = 8,
P =1.186).

Discussion

Previous speculation about the predominance of Alu
repeats in the actively transcribing regions of primate
genomes {(Schmid 1996) has recently been substantated
by analysis of the first drafi of human genome {Lander et
al. 2001). Higher Alu densities were observed in
chromosomes with a greater number of genes and vice
versi. These observations were made at the gross level of
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Fig. 2—The mean Alu densities in various functional category in
chmomosomes 21 and 22 {ermor bars: 95% confidence interval).

the chromosomes and indicated a general trend towand
ennchment of Alus in gene-rich regions. In our analysis,
scatter plots comparing Alu and gene densibes indicate
that although there 15 a positive correlation, this 15 not an
all-or-none  phenomenon. There  are megions in the
chromosome that are Alu nch but poordy mepresented
genes and viee versa. Another observation was  that
although chromosome 22 has more Alus and genes than
chromosome 21, Alu density observed at the chromaosomal
lkevel (Alu No.: Gene No.) is higher for chromosome 21
than for chromosome 22, This suggests that additional
factors may govern Alu distnbution in a chromosome and
that gene density is not the only determinant of Alu
density. Furthermore, it was observed that the genes on
chromosome 22 are more Alu dense than those on
chromosome 21 (table 1).

In an attempt o discern the properties that could in-
fluence Alu density m oand around genes, we classified the
genes from two chromosomes into five broad functional
categories and then analyzed them with respect o Alu
density. Surprisingly, we found a very biased distribution
of Alu elements in these five functional categories. Alus
were clustered in genes involved in metabolic pathways
and signaling and trmnspont processes, whereas they were
poorly represented in genes codmg for structural proleins
and informational stormge and  processing  components
ifig. 2). Interestingly, the pattem of Alu distribution for
each functional category was similar in the two chromao-
somes, despite a large difference in Alu and gene numbers
between them.

Biased distribution of Alu in the human genome has
been reported (Saime et al. 1992) and asenbed o their



preference for GC-nch and gene-rich regions (Korenberg
and Rykowski 1988; Pavhicek et al. 2001 ). [tis possible that
this bias is due to certain inherent differences in genomic
architecture  around the genes of variows  functional
categories. However, we observed that although the GC
content of the gene, as well as of the flanking sequence,
influences Alu distribution considerably, it is the functional
property  of the gene which remains the dominant
contributor toward Alu distnbution as seen by ANOVA
after regressing out the effect of GC content. This is in
agreement with earlier observations that the distribution of
young Alus in the human genome is not significantly
influenced by GC content and transcriptional activity of the
region (Arcol etal. 1995, 1996, 1998). In the eardier studies,
it was concluded that the distribution of Alus was more or
kess random. We have demonstrated that this randomness 1s
not observed if we classify the genes into varous functional
categories imespective of GC content and Alu density of the
surrounding genomic regions. Another suggested explana-
tion for the nonrandom distribution is the abundance of sites
that allow Alu msertion (Jurka, Klonowski, and Tnfonov
1998) in certain genomic regions. If that were the case, one
would observe a distribution of Alus that is a propenty of the
genomic region, ndependent of genes and gene boundaries.
However, we have observed that the bias in Alu distnbution
in genes was not nfluenced by Alu content of the flanking
regions (see Results).

Based on these findings, we propose that Alus are
nonrandomly distributed i the human genome and that the
functional property of the gene seems 1o be the major factor
contributing to the retention or exclusion of Alus within
a gene. Given the increasing evidence of involvement of
Alus in various regulatory functions (Oh et al. 2001; Hsich
et al. 2003; Le Goff et al. 2003), it is intuitively obvious
that they might be negatively selected i structural genes as
well as i the conserved information pathway genes.
Because Alus are mostly present in the introns, it 1s also
possible that absence of introns in the above calegones
could contribute to this bias. However, significant differ-
ences in Alu distribution across functional categories, even
after excluding exonic sequences (thereby excluding genes
without introns), further reinforced our hypothesis.

Our finding that the relative proportions of three Alu
sublamilies are neardy same within the genes, bul are
significantly different outside the genes (chi-square test)
indicates that there may be differential selection pressures
operating on Alus within and outside genes. Furthermore,
the relative proportions of these subfamilies for different
functional categories were similar for chromosome 22 but
somewhat different for chromosome 21, which was also
reflected in the pooled data. In this analysis, two functional
categories—informational and structural—were identified
as outliers, and after removing these genes, the relative
proportions became similar. This further coroborates our
hypothesis of selection against insertion of these Alu
elements in genes of structural and information functional
classes. I Alus do play a role in gene regulation, it would
be selectively disadvantageous—in fact cataclysmic—I1o
have them in genes coding for structural proteins and
mlommation  storage and  processing  components. This
nonrandom distribution of Alu elements is in agreement
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with the analysis of the first drafi of the human genome
wherem homeobox gene clusters, which are extremely
conserved across evolution, are found 1o be devoid of Alus
or have low frequencies of them. The absence of these
elements had been ascribed to the presence of large-scale
cis-regulatory elements that cannot tolerate mlerruptlions.

Alu elements harbor binding sites for varous Lissue-
specific factors and hormone-responsive  elements  are
mvolved o allernative splicing, can act as silencers as
well as enhancers when present in 5' untranslated regions
(UTR) as well as 3'UTR, and also affect nucleosome
positioning. Their role in differential gene regulation is
exemplified by aliernative splicing of the human epithelial
sodium channel o gene (Oh et al. 2001) and the human -
amylase precursor protein, as well as by differential
expression of genes like parathyroid hormone (PTH), the
immunoglobulin E receptor, and the acetylcholine receptor
(Hamdi et al. 2000) among many others. The higher
physiological complexity i pomates compared o lower
organisms has been attributed to considerable amounts of
change in the metabolic machinery as well as tmnsport
mechanisms {Hamdi et al. 2000). Therefore, it is possible
that these elements may be positively selected mogenes
mvolved in metabolism, ransport, and signaling processes
because of a need for diverse regulatory functions in
those genes. It s also possible that higher Alu density in
regulated genes may resull inoa higher number of epr-
genolypes, as subtke epigenetic vanations can be brought
about by these elements inoa number of ways, This
hypothesis has been recently weinforced by the observa-
tion that SINEs are excluded from mmpnnted regions
of human genome (Greally 2002). In this case, it has
been proposed that methylation-induced silencing by these
SINEs could lead o deleterious consequences mo the
imprinted loci, where inactivation of one allele s already
established and expression 15 oflen essental for embryonic
growth and survival (Greally 2002). The Alus could also
contribute to the evolution of novel functions by serving 1o
distribute functional and regulatable promoters (Ferrigno
et al. 2001).

However, our study does not rule out the possibility of
integration bias in genes of particular functional categories
which could also kead o differences in Alu disiribution. It
has been reported in some studies that there are prefered
sites of Alu integration in the genome (Daniels and
Deininger  1985; Jurka and Klonowsk:  1996). Higher
density of Alu repeats in genes of certain functional classes
may therefore reflect the abundance of Alu mlegration siles
i these genes. As more and more expression profikes
become available, it will become possible o analyee the
association of Alus with the function of genes.

In summary, our analysis of the Alu elements in
chromosomes 21 and 22 clearly shows that there 15 a strong
comrelation between the functional class of the gene and
Alu repeal mamtenance. I remains 1o be seen whether this
would be rue for the entire genome.
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