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Gene duplication is one of the primary forces of evolutionary change. We present data from three different

pericentromeric regions of human chromosomes, which indicate that such regions of the genome have been sites

of recent genomic duplication. This form of duplication has involved the evolutionary movement of segments of

genomic material, including both intronic and exonic sequence, from diverse regions of the genome toward the

pericentromeric regions. Sequence analyses of the target sites of duplication have identified a novel class of

interspersed GC-rich repeats located precisely at the boundaries of duplication. Estimates of the evolutionary

age of these duplications indicate that they have occurred between 10 and 25 mya. In contrast, comparative

analyses confirm that the GC-rich pericentromeric repeats have existed within the pericentromeric regions of

primate chromosomes before the divergence of the cercopithecoid and hominoid lineages (∼30 mya). These data

provide molecular evidence for considerable interchromosomal duplication of genic segments during the

evolution of the hominoid genome and strongly implicate GC-rich repeat elements as playing a direct role in

the pericentromeric localization of these events

Genome evolution is dependent on the processes of

single-base-pair mutation and gene duplication. Dupli-

cation of a gene followed by mutation is responsible

for the emergence of new genes with specialized func-

tions in an evolving species. Two distinct molecular

mechanisms of gene duplication are generally recog-

nized. Tandem duplication of an ancestral gene, vis-à-

vis processes of unequal crossover, produces a clustered

family of related genes (Smith 1976). In contrast,

whole-genome duplication (polyploidy) followed by

chromosomal rearrangement and the re-establishment

of the disomic state has been proposed as a mechanism

for the interchromosomal duplication of large seg-

ments of a genome (Ohno 1970). The latter model, put

forward originally by Susumu Ohno, explains observa-

tions of conserved genic synteny among nonhomolo-

gous chromosomes. Because of the genetic conse-

quences of polyploidy, such events, although impor-

tant in the early expansion of eukaryotic genomes, are

rare and ancient (Ohno 1993; Wolfe and Shields 1997).

Within the vertebrate lineage, for example, the last tet-

raploidization event leading to genome duplication is

estimated to have occurred >400 mya (Lundin 1993). If

polyploidy were the only model by which entire genes

could be duplicated among nonhomologous chromo-

somes, it would then follow that interchromosomal

paralogs of recent origin would be unexpected.

Recent analyses of data from the Human Genome

Project suggest a third form of genomic duplication,

which is mechanistically distinct from polyploidy and

tandem duplication models of genome evolution. Sev-

eral independent reports indicate that genic segments,

ranging in length from 5 kb to 30 kb, possess duplicate

copies within the pericentromeric regions of human

autosomes (Borden et al. 1990; Wong et al. 1990; Ei-

chler et al. 1996, 1997; Regnier et al. 1997; Zimonjic et

al. 1997; Ritchie et al. 1998). (Pericentromeric DNA, for

our purposes, refers to the chromosomal region that

begins immediately distal to the a-satellite repeat and

extends into the first distinguishable cytogenetic Gi-

emsa-stained band on either side of the centromere.)

The estimated evolutionary age for a few of these du-

plications has precluded tetraploidization as a possible

mechanism for these duplication events (Eichler et al.

1996, 1997; Regnier et al. 1997). During our analysis of

one such recent (∼10 mya) duplication of the creatine

transporter locus, we identified an interspersed

CAGGG repeat sequence located at the junction of the

duplicated Xq28 genomic segment within 16p11.2.

(Eichler et al. 1996) (Fig. 1). This association and the

similarity of these repeats to switch recombination sig-

nal sequences (Dunnick et al. 1993) led us to propose

that the presence of such repeat elements within these

regions might mediate the integration of duplicated

segments. If the presence of CAGGG repeats, at least in

part, were responsible for the reported pericentromeric

bias of duplications, we had three expectations: (1)

These repeat sequences should occur exclusively

within the pericentromeric region, (2) the repeats

should have evolved prior to the arrival of the genomic

segments within these regions, and (3) the repeat se-

quence should delineate the boundaries of other re-

cently duplicated genomic segments. The following ex-

periments were designed to test these different aspects

of our model.
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RESULTS

Genomic Distribution of the CAGGG Repeat

To assess the genomic distribution of the CAGGG re-

peat, FISH was performed against a human metaphase

spread using as probe a 1.9-kb CAGGG repeat construct

(196.3.12). The probe consisted entirely of interspersed

CAGGG repeat sequence derived from a previously se-

quenced 16p11.2 cosmid (HSU41302). A highly non-

random genomic distribution of these repeat se-

quences was observed. A total of nine distinct hybrid-

ization signals were detected in all metaphases

examined, corresponding to cytogenetic band loca-

tions 1q12, 2p11, 9q12, 9p11, 10p11, 14q11, 15q11,

16p11, and 22q11 (Fig. 2a). Under less stringent hy-

bridization conditions, signals were also detected on

chromosomes 7p11, 18p11, and 21q11. All signals

were exclusively pericentromeric in location. With the

exception of chromosome 9, FISH analysis indicated

that the repeats demonstrate an unusual polarity in

their map location with respect

to the primary point of con-

striction. Among metacentric

and submetacentric chromo-

somes (2, 7, 10, 16, and 18),

the repeats map to the short

arm (p11) chromosomal posi-

tions, whereas among the acro-

centric chromosomes (14, 15,

21, and 22), the repeat hybrid-

izes only to the long arm (q11)

of the chromosomes. Only one

homolog on chromosome 9

showed signals (9p11.2 and

9q12) on both sides of the cen-

tromere.

We approximated the hap-

loid copy number of the

CAGGG repeat elements by hy-

bridizing the insert from

196.3.12 against various, high-

density arrayed genomic librar-

ies. Based on the total number

of clones identified after screen-

ing two different human BAC

insert libraries (RPCI-11 and

CIT-HSP), we estimated a total

of 42–44 copies of the repeat el-

ement per haploid genomic

equivalent (Table 1). This esti-

mate may be considered a mini-

mum as it assumes a single copy

of the CAGGG repeat element

per 150-kb BAC insert. Com-

plete sequence analyses of BAC

clones that harbor this repeti-

tive sequence confirm this distribution in the genome

(see below). Analysis of four chromosome-specific cos-

mid libraries revealed a nonuniform distribution of the

repeat, ranging from 2 to 16 copies among the differ-

ent chromosomes. As an independent validation of

copy number, Southern analysis was performed using

the 0.9-kb subclone of 196.2.1 as probe against nylon-

transferred PstI-digested DNA from a monochromo-

somal hybrid panel of all human chromosomes (ON-

COR). Based on the CAGGG repeat consensus se-

quence of this 900-bp region, PstI does not restrict

within the repeat structure. A total of 32 distinct PstI

hybridizing fragments were identified among all chro-

mosomes (1, 2, 9, 10, 14, 15, 16, 18, 20, 21, 22, and Y),

suggesting a similar copy number estimate of this peri-

centromeric repeat.

Evolution of the CAGGG Repeat

To evaluate the evolutionary conservation of the

Figure 1 Pericentromeric CAGGG repeats flanking a duplicated genic segment in 16p11.2 A
schematic diagram summarizing the duplication of 26.5-kb genomic fragment from Xq28 to
16p11.2. The intron-exon structures of both the DXS1357E and the creatine transporter genes
are depicted. Filled and open arrows indicate the position of SINE and LINE repetitive elements,
respectively. The sequence of one of the paralogy boundaries within 16p11.2 as well as its
proximity to the flanking 3.0-kb CAGGG repeat is shown. The data are based on a large-scale
sequence comparison of cosmid subclones from 16p11.2 and Xq28 (Eichler et al. 1996).
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CAGGG repeat, four additional

hominoid (P. troglodytes, G. go-

rilla, P. pygmaeus, and H. lar)

and four ce r cop i theco id

species(M. fascicularis, P. crista-

tus, C. aethyops, and P. anubis)

were examined by FISH. Our

analysis revealed strong hybrid-

ization signals localized almost

exclusively to the pericentro-

meric regions of primate chro-

mosomes (Fig. 2b,c). Among all

hominoid species examined,

cross-hybridization was de-

tected among multiple chromo-

somes. Considerable variation

in the distribution of these re-

peats was observed even among

closely related primate species.

In contrast to the hominoids,

each of the metaphases from

four representative Old World

monkeys showed pericentro-

meric hybridization to a single

chromosome, suggesting that

the repeat element underwent

extensive amplification early in

the evolution of the hominoid

lineage (Fig. 2b). To confirm the

molecular basis for the cross-

hybridization, genomic sub-

clones of the CAGGG repeat el-

ement were identified and iso-

lated from one representative

Old World monkey species, P.

anubis. A degenerate PCR assay

was designed to amplify a por-

tion of the CAGGG repeat

structure, and the products

were directly sequenced (see

Methods). Alignment of the ba-

boon sequences with copies of

the CAGGG repeat from hu-

man chromosomes 21q11 and

16p11 revealed an average pair-

wise sequence similarity of

88.2 5 1.7% (Fig. 2d). The

comparative data indicate that

both the sequence of the repeat

and its nonrandom distribution

within the pericentromeric re-

gion have been conserved prop-

erties of primate genome since

the radiation of the catarrhine

primates (∼30 mya). (Li 1997;

Takahata and Satta 1997)

Figure 2 Evolutionary conservation and distribution of the CAGGG repeat. (a) A 1.9-kb sub-
clone (p196.3.12) was constructed within the CAGGG interspersed repeat sequences that flank
the CTR-CDM (creatine-transporter/DXS1357E) duplicated locus on 16p11.2 (Fig. 1). FISH
analysis performed on a human metaphase chromosomal spread identified nine pericentromeric
cytogenetic localizations (1q12, 2p11, 9q11, 9q12, 10p11, 14q11, 15q11, 16q11, and 22q11).
(b) A summary of comparative FISH analysis using the same probe on metaphase chromosomal
spreads from nine different primate species. The locations of these signals with respect to human
phylogenetic group assignment are presented in the context of a generally accepted phylogeny
of these species. Note that hominoid species show a general increase in the number of chro-
mosomal sites that hybridize with this probe. The human phylogenetic assignments among the
cercopithecoids were confirmed by using whole or partial human chromosome painting probes
(species-specific band assignments are shown in parentheses). (*) The correspondence to hu-
man 9p11 or 9q11 cannot be unambiguously resolved because of recent pericentric inversion.
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CAGGG Repeat Breakpoint Analysis

GenBank searches of data generated recently as part of

the Human Genome Project were used to determine

the organization of the full-length CAGGG repeat

structure. Using the CAGGG re-

peat segment of HSU41302 as

query, BLASTN sequence simi-

larity searches identified four

highly significant hits that cor-

responded to BAC/cosmid

clones that had been mapped

to human chromosomes 21q11

(AC004527), 22q11 (D87003/

018), and 16p11 (AC002041 and

AC002042). As expected, all

chromosomal map assignments

were in the vicinity of the cen-

tromeric markers confirming

that the repeats are largely re-

stricted to pericentromeric re-

gions. Multiple pairwise se-

quence alignments (CLUSTAL

W) delineated the size and the

structure of the repeat (Fig. 3a).

From these four pericentro-

meric sequences, a tripartite or-

ganization was deduced, com-

posed of (1) an interspersed

CAGGG repeat block, (2) a

short spacer region, and (3) a

region of subtelomeric-like

repeat sequences (HSREP522,

HSREP271, TAR, HSREP282)

(Fig. 3b). The overall length of

these four repeat structures

ranged from 4.3 kb (16p11.2,

AC002041) to 9.9 kb (22q11,

D87003/018). The pairwise se-

quence similarity (GAP align-

ment) among these four re-

peat elements varied from

87.3 5 0.6% to 95.4 5 0.2%

(5072 bp on average aligned be-

tween any two sequences). The

21q11 repeat copy showed the

lowest average pairwise sequence

similarity (88.02 5 0.51%).

Once the extent of the

CAGGG repeat structure had

been determined, the se-

quences located proximal and

distal of the repeat were system-

atically examined for the pres-

ence of recently duplicated seg-

ments. Sequences were masked

for common primate repeat el-

ements (RepeatMasker v2.0), and BLASTN nucleotide

sequence similarity searches were performed against

nr, dbEST, htgs, and monthly GenBank databases. The

size of the duplicated segments and the degree of se-

(***) Three distinct hybridization signals could be distinguished on GGO chromosome 17q11
(HSA 16p11 equivalent). (c) Comparative FISH analysis of CAGGG repeat probe, 196.3.12.
Representative hybridizations of chromosomal metaphases are shown for two hominoids (gorilla
and orangutan, G. gorilla and P. pygmaeus) and two Old World monkey species (guenon and
macaque, C. aethyops and M. fascicularis). (d) A sequence alignment of a portion (∼350 bp) of
the CAGGG repeat structure from two baboon loci (denoted BAB followed by BAC coordinate;
GenBank accession nos. AF144085 and AF144086) and two human (HUM; GenBank accession
nos. AC004527 and AC002041) loci. Regions of sequence identity are shaded.
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quence similarity were determined by a combination

of dot-matrix (DOTTER), Miropeat, and GAP align-

ment analyses between target and query sequences. All

junctions were validated by PCR and sequencing from

total genomic human DNA. Examination of the eight

boundaries indicated the presence of recently dupli-

cated segments that had originated from elsewhere in

the genome (Fig. 3; Table 2).

Five known genes from various locations in the

genome showed specificity in their duplication and

transposition to the defined CAGGG repeat structure.

These included the creatine-transporter gene and

DXS1357E genes from Xq28 (26.5 kb); two different

portions of the neurofibromatosis locus in 17q11.2

(10-and 1-kb segments); a 16-kb segment (eight exons)

of a full-length cDNA, KIAA0187, from 10q11.2; a 9-kb

segment including two immunoglobulin variable

heavy chain exons from 14q32.3, and the first six in-

trons and exons of a human protein kinase gene,

CHK2, assigned to chromosome 22. In addition, se-

quence similarity to an uncharacterized cDNA (96%

sequence similarity) (AC306657) with nonprocessed

gene structure (three exons over 4 kb) was identified

along the 38 flank of the 21q11 CAGGG repeat. All

sequence alignments showed a remarkably high degree

of sequence similarity (89%–97%) over substantial

tracts of genomic DNA (1–27 kb). Based on calculated

substitution distances (Kimura two-parameter model)

among noncoding portions of the aligned sequences

and estimates of rates of substitution for pseudogenes

(2.2 2 1019 substitutions/bp per year), we have deter-

mined that duplications probably occurred at different

times (10–25 mya) during hominoid evolution (Ta-

ble 2).

DISCUSSION
Three properties of the CAGGG repeats characterized

in this study support their involvement in the process

of pericentromeric duplication. First, the repeat ele-

ments are distributed almost exclusively within the

pericentromeric regions of primate chromosomes (Fig.

2). Several of the chromosomal locations identified in

this study (10q11, 15q11, 16p11, and 22q11) have

been described previously as particular hot spots for

recent interchromosomal gene duplication (Eichler

1998; Jackson et al. 1999). Second, comparative analy-

ses indicate that these repeat elements have existed

within the pericentromeric regions prior to the diver-

gence of the Old World and hominoid primate lin-

eages (Fig. 2b), generally estimated to have occurred

30–35 mya (Li 1997; Takahata and Satta 1997). In con-

trast, many of the duplications associated with these

elements, such as the creatine transporter and neuro-

fibromatosis loci, appear to have originated more re-

cently (10–25 mya) with no evidence of duplicated loci

found among Old World primates (Eichler et al. 1996;

Regnier et al. 1997). A greater evolutionary age would

be expected if the CAGGG repeats were functioning as

putative transposition integration signals. In other

words, if the repeats were responsible for attracting du-

plicated segments toward the pericentromeric regions,

the presence of such repeat structures should predate

the evolutionary arrival of the duplicons. Perhaps the

strongest evidence supporting the involvement of

these repeats in the pericentromeric-directed mecha-

nism of gene duplication was the finding that these

structures delineate the boundaries of several recent

and apparently independent genomic duplication

events (Fig. 3). We identified five genic segments origi-

Table 1. Genomic Distribution of the CAGGG Repeat

Library Name Coverage Positives
No. of

Est. Copy
No. of

Pstl bands

2 cosmid LL02NC02 6.4 33 5 4
10 cosmid LA10NC02 6.4 10 2 1
15 cosmid LA15NCO1 6.5 63 10 3
16 cosmid LA16NC02 5.9 93 16 6
Human BAC RPCI–11 11.8 499 42 32
Human BAC CIT-HSP 3.4 151 44 32
Chimp BAC RPCI-43 3.5 111 32 N.A.
Baboon BAC RPCI-41 3.2 96 18 N.A.

A summary of the number of CAGGG-repeat positive genomic clones identified after radioactive colony
hybridization of 4 chromosome-specific cosmid libraries (human chromosomes 2, 10, 15 and 16) and four
total-genomic BAC libraries (2 human, 1 chimpanzee and 1 baboon). Based on the depth of coverage of
each library and the number of clones identified, an estimate of the haploid copy number was calculated for
each chromosome and species. The number of distinct PstI restriction fragments hybridizing to a 900 bp
CAGGG probe (p196.2.1) after Southern analysis of nylon-transferred panel of human monochromosomal
somatic cell hybrid DNA is shown. The analysis generally confirms the non-uniform and multicopy distri-
bution of the repeat element (note: the 900 bp CAGGG repeat fragment does not contain a PstI restriction
site).
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nating from diverse regions of the human genome

(Xq28, 14q32, 10q11, 17q11) that have duplicatively

transposed precisely to the pericentromeric CAGGG re-

peat structures described in this study. We propose that

Figure 3 Duplicated genomic seg-
ments flank the CAGGG repeat structure.
(A) Four human CAGGG repeat elements
[21q11, 22q11, and two from 16p11 (a
and b)] were identified based on BLAST
sequence similarity searches of htgs and
nr divisions of GenBank (accession nos.
AC004527, D87003, AC002041, and
AC002402, respectively). Multiple pair-
wise sequence alignments (CLUSTA W)
were used to determine the extent of the
repeat structure. The diagram shows the
structure of the repeat element, com-
posed of (1) an interspersed CAGGG re-
peat block (mean length = 4490 bp;
range, 2937–5915 bp), (2) a short spacer
region (mean length = 881 bp; range,
851–943), and (3) a variety of subtelo-
meric-like repeat sequences (HSREP522,
HSREP271, TAR, HSREP282) (mean
length = 1899 bp; range, 793–3018 bp).
Broken lines represent breakpoints within
the aligned repeat units. Analysis of se-
quences flanking the repeat structure
identified paralogous gene structures lo-
cated near or at the boundaries of each
repeat. The duplicated genic segments
are shown as hatched bars. Numbers be-
low these boundaries refer to the break-
point positions within the GenBank acces-
sion. The percent sequence similarity, the
location of the ancestral sequence, and
the estimated size of the duplication are
summarized below each bar. (*) Calcula-
tion of sequence similarity was based on
sim4 comparisons of cDNA and genomic
segment. (†)Minimal size of duplicated
region was based on the genomic dis-
tance between first and last paralogous
exons. All interchromosomal duplication
boundaries were confirmed by PCR am-
plification and sequencing of products
from a monochromosomal somatic cell
hybrid panel. (B) The location of the 38

boundary of the repeat element with re-
spect to various telomere-like repeat ele-
ments is shown in greater detail. Note the
preponderance of breakpoints near or
within the HSREP522 (R522) element.
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such an association is unlikely to be the result of sto-

chastic events but, rather, is indicative of a functional

role of these repeats in this evolutionary process.

With the exception of the creatine-transporter cas-

sette, all gene duplications were incomplete. In most

cases only segments or portions of the original gene

structure have become duplicated to the pericentro-

meric region. The ancestral copy and the direction of

the interchromosomal transposition were inferred

based on the location of the expressed full-length copy

of each gene. The evolutionary origin of two of these

duplications has been determined previously (Eichler

et al. 1996; Regnier et al. 1997) and coincides with the

normally expressed copy of the gene. Only one of the

eight duplicates, in this study, involved the transposi-

tion of a complete genic region (all introns and exons

as well as putative promoter region of the creatine

transporter gene from Xq28). Transcribed cDNAs have

been identified and characterized for both the Xq28

and 16p11.2 paralogs (SCL6A8 and SCL6A10) (Iyer et

al. 1996; Sandoval et al. 1996). Interestingly, the an-

cestral Xq28 copy (Eichler et al. 1996) is expressed in

all tissue types, whereas transcription of the chromo-

some 16 paralogous creatine transporter gene is re-

stricted in humans to the testis. Although the function

of SCL6A10 is unknown, the data suggest that tran-

scriptional potency can be maintained within the peri-

centromeric region—albeit in a tissue-specific fashion.

Sufficient genomic sequence was available to de-

termine the precise duplication junction with respect

to the CAGGG element in six of eight boundaries.

Three out of the four paralogous segments situated 58

of the CAGGG repeat (sense strand) terminated with

the sequence motif CCAGGG, whereas the fourth was

situated 12 bp upstream from the first motif of this

sequence. Among those duplicated sequences situated

38 of the CAGGG repeat structures, comparative se-

quence analysis indicated that the duplication bound-

aries occurred in close proximity (<100 bp) to various

subtelomeric repeat sequences (TTAGGG degenerate

sequences). The repeat structures that demarcate the

boundaries of the duplications are unusually GC rich.

Similar GC-rich sequences have been reported at the

boundaries of other recently duplicated genomic seg-

ments including duplications of adrenoleukodystro-

phy and immunoglobulin variable k-chain locus (Bor-

den et al. 1990; Eichler et al. 1997). The telomere-like

elements (HSREP522, TAR, and HSREP286) that define

the opposite of end of these repeat structures are like-

wise composed of GC-rich sequences. All of these du-

plication boundary elements share, as a common se-

quence motif, runs of at least three guanine nucleo-

tides (GGG). Several lines of experimental evidence

indicate that repetitive tracts of three or more G’s are

required to drive the formation of G4 DNA (William-

son 1994). Since its initial discovery (Sen and Gilbert

1988), G4 DNA has been implicated in biological pro-

cesses such as homologous chromosomal pairing and

recombination (Dunnick et al. 1993; Frantz and Gilbert

1995; Liu et al. 1995). The CAGGG repeats we have

described in this study bear a striking resemblance

both in sequence and organization to switch recombi-

nation signals (Mills et al. 1990) that have been shown

to mediate genomic rearrangement events that juxta-

pose immunoglobulin heavy chain variable regions

[V(D)J] and constant regions (Snapper et al. 1997). The

unusual Hoogsteen pairing potential of such guanine-

rich sequences has been thought to underlie this phe-

nomenon.

Biologically, G-rich DNA have been identified in

three distinct regions of the genome (telomeres, rDNA,

and switch-recombination regions) (Dempsey et al.

1999). Our findings suggest a fourth region, the peri-

centromeric regions of human chromosomes, where

these sequences define the boundaries of recently du-

plicated genomic segments. We propose that the evo-

Table 2. Pairwise Sequence Comparisons of Duplicated Sequences

Query
Accession no. Locus

Target
Accession no. Locus Duplicon L m INDEL K D(Mya)

AC004527 21q11 AC004222 17q11 NF1-A 11184 638 110 5.70 5 0.24 13.0
AC002041 16p11 HSU36341 Xq28 CTR-CDM 26109 1119 82 4.43 5 0.13 10.1
D87003/018 22q11 AL022345 10q11 KIAA0187 16372 657 59 4.14 5 0.16 9.4
AC004527 21q11 AC000382 11 chro11 2891 199 36 7.23 5 0.52 16.4
AC002041 16p11 L26963 14q32.3 VH 506 24 0 4.93 5 1.02 11.1
D87003/018 22q11 AC004526 17q11 NF1-B 968 98 7 10.92 5 1.13 24.8
AC002042 16p11 AC004526 17q11 NF1-C 976 99 6 10.94 5 1.13 24.8

The chromosomal location of both the target and query sequences are shown. Sequences were aligned using GAP optimal global
alignment software. Alignments were analyzed using locally developed software (alignscorer) to determine the number of nucleotide
sites compared (L), number of sequence mismatches (m) and the number of insertion/deletions (INDEL). The number of substitutions
per nucleotide site and standard error were calculated using Kimura’s-two step method (Kimura 1980). An evolutionary rate of
nucleotide substitution for pseudogene sequences (2.2 2 1019 substitutions per site per year) was used to approximate the evolu-
tionary age of each duplication.
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lution of such sequences in these regions effectively

serves as preferred sites of integration, perhaps because

of their potential to promote pairing and ectopic re-

combination. Duplicated segments may have accrued

in these regions as a result of the potential hyper-

recombinogenic properties of the CAGGG repeat struc-

ture. Of course, such a model remains speculative and

will require validation that such sequences are re-

combinogenic and promote transpositional integra-

tion. In this regard, it may be noteworthy that subtelo-

meric regions of the genome have also been shown to

be hot spots for recent gene duplication (Trask et al.

1998a,b; Brand-Arpon et al. 1999; Grewal et al. 1999).

Degenerate telomeric repeats (TTAGGG) are common

in such regions of the genome and have been found in

close proximity to interchromosomally and intrachro-

mosomally duplicated segments (Amann et al. 1996;

Chute et al. 1997). The presence of G-rich DNA se-

quences in both of these genomic microenvironments

would provide a unifying theory to explain the accu-

mulation of duplicated segments in these particular re-

gions of the human genome.

Examination of sequence organization within the

pericentromeric region of human autosomes provides

molecular evidence for a mechanism of gene duplica-

tion that is distinct from tandem (regional) and tetra-

ploidization models (Ohno 1970; Smith 1976). This

form of duplication involves the apparent movement

of genomic material, including both intronic and ex-

onic sequence, from one location of the genome to a

second region without the apparent loss of the ances-

tral locus (Borden et al. 1990; Eichler et al. 1996; Reg-

nier et al. 1997). Unlike tetraploidy models of genome

duplication, this mechanism has occurred recently

within the lineage of human evolution (10–25 mya by

our estimates). Unlike models of regional (tandem) du-

plication, this process creates paralogous copies that

are unlinked and therefore liberated from the homog-

enizing influences of gene conversion or the disrup-

tions of unequal crossing-over associated with tan-

demly arrayed multigene families (Dover 1982;

Charlesworth et al. 1994). The pericentromeric-

directed mechanism of gene duplication may be lik-

ened to “duplicative transposition.” There is, however,

no evidence for the production of short direct repeats

at the site of integration—suggesting that the process is

mechanistically distinct from classically defined trans-

position (Borden et al. 1990; Eichler et al. 1996, 1997).

Whether the process of pericentromeric-directed gene

duplication is an anomaly of primate genome evolu-

tion remains to be determined. To our knowledge, in

no species other than human and its closest relatives

has there been a demonstration of the duplication of

gene “cassettes” within the pericentromeric regions of

chromosomes. The juxtaposition of different modular

components of genes that originate from diverse re-

gions of the genome could, in theory, lead to the for-

mation of new genes with new functions. Such alter-

native molecular pathways for gene duplication may

have evolved to compensate for the genetic restrictions

of ploidy cycles of genome duplication. Furthermore,

the recent evolutionary nature of these events suggests

that such processes may be important in the rapid ge-

nomic diversification of chromosome structure among

closely related primate species.

METHODS

Probe Construction

Two synthes ized ol igonucleot ide pr imers 59336

(GGAAAGGGCAATATCAGGACAAG) and 59339 (58-

CGGCGTAACATGGCTCTGCATTGG) were designed to am-

plify a 1901-bp fragment of CAGGG repeats from chromo-

some 16p11.2 (GenBank accession no. HSU41302 corre-

sponding to positions 29639–31517). PCR products were

subcloned into the PGEMT TA cloning vector system (Pro-

mega), and the transformants were screened and sequence

verified as described previously (Eichler et al. 1997). One sub-

clone, p196.3.12, was selected for subsequent analysis.

P196.2.1 was similarly constructed using oligonucleotide

primers 59338 (58-GGCCACAACTAGGTCTGTGTTATG) and

59339.

Fluorescence in situ Hybridization

Chromosome metaphase spreads were prepared from lym-

phoblastoid cell lines representative of five hominoid species

(H. sapiens, P. troglodytes, G. gorilla, P. pygmaeus, and H. lar)

and three cercopithecoids (M. fascicularis, P. cristatus, and P.

anubis). Probes were nick-translated with either biotin-16-

dUTP or digoxigenin-11-dUTP, and hybridized to chromo-

somal preparations as previously described (Lichter et al.

1990). A Zeiss Axioskop epifluorescence microscope with a

cooled charge-coupled device (CCD) camera was used to gen-

erate digital images. Hybridizations were performed in con-

junction with human whole-chromosome painting probes to

determine orthologous band intervals relative to the human

phylogenetic group assignments. As a test of FISH specificity,

reciprocal hybridizations were performed against human and

baboon metaphases using CAGGG repeat subclones from

each species.

Library Hybridization

Four chromosome-specific cosmid libraries (LL02NC02,

LA10NC02, LA15NC01, and LA16NC02) and four total-

genomic libraries (RPCI-11, CIT-HSP, RPCI-43, and RPCI-41)

were probed with a PCR-amplified insert of the CAGGG re-

peat subclone p196.3.12. Probes were radiolabeled and hy-

bridized as described previously (Eichler et al. 1997) with the

exception that the probe was blocked with Cot1 DNA for 1 hr

at 65°C prior to hybridization. Southern analysis was per-

formed using a monochromosomal somatic cell hybrid panel,

PstI-restricted DNA (ONCOR), per manufacturer’s suggested

protocol. Filters were washed with a solution of 0.05 M NaPO4,

0.5% SDS, and 1 mM EDTA solution using high-stringency

conditions: three washes, 45 min each at 65°C. Filters were

exposed overnight to autoradiographic film, and the positives

scored.
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PCR

PCR amplification reactions were performed in a final volume

of 20 µl containing 0.20 mM dNTPs (Pharmacia), 20 pmoles of

each primer, and 0.35 units of Taq polymerase in standard 1X

reaction buffer (Boehringer Mannheim). PCR conditions were

identical for all primers used in this study: an initial denatur-

ation of 5 min at 95°C, followed by 35 cycles of 30 sec at 95°C,

30 sec at 55°C, and a 45-sec extension at 72°C. A final exten-

sion of 5 min was performed at 72°C. Primer pair CAGGG-9

(58-AGGGCTGGGTCCAGGGCCAGAATC) and CAGGG-11

[58-CTTTCC(CT)TGGCCCTGAGCTGGCAG] corresponding

to a 394-bp conserved portion of the CAGGG repeat tract

(31383-31777, GenBank accession no. 41302) was used to am-

plify the corresponding sequence from both human and ba-

boon clones. Synthesized oligonucleotide primers used to

confirm the CAGGG paralogy boundaries are summarized in

table 3. Junctions were amplified and sequenced from both

clone and human control DNA templates. All cycling condi-

tions were optimized for use in a PE 9600 Thermocycler (Per-

kin-Elmer Applied Biosystems).

Sequencing

Amplified PCR products were directly sequenced using both

forward and reverse PCR primers and dichlororhodamine se-

quencing dye-terminator sequencing chemistry (Perkin-Elmer

Applied Biosystems). Reactions were performed per manufac-

turers protocol with the following modifications. Prior to se-

quencing, 8 µl of each PCR product were treated with 1.5

units of exonuclease I and 0.30 unit of shrimp alkaline phos-

phatase to remove excess-single strand DNA and deoxy-

nucleotide triphosphates. Reactions were incubated at 37°C

for 5 min and then heat inactivated at 72°C for 15 min. Cycle

sequencing reactions were performed in a total reaction vol-

ume of 10 µl: 4 µl (30–90 ng) of Exo/SAP treated product, 20

pmoles of sequencing primer, and 3 µl of dichlororhodamine

dye-terminator mix. All fluorescent traces were analyzed us-

ing the Applied Biosystems Model 377 DNA Sequencing Sys-

tem (Perkin-Elmer Applied Biosystems), and the quality of

sequence data was assessed with PHRED/PHRAP/CONSED

software (http://genome.wustl.edu).

Sequence Analysis

BLASTN sequence similarity searches were performed against

nr and htgs divisions of GenBank using as query, repeat-

masked CAGGG repeat sequence corresponding to coordi-

nates 29833–32504 from GenBank accession number 41302

(Eichler et al. 1997). Four significant hits (HSP value < e 1 25)

were identified: (AC002041, AC004527, D87003, and

AC002042). AC002041 was found to completely overlap with

the query sequence (HSU41302). The degree of sequence simi-

larity, however, is relatively low for an allelic variant (98.7%),

suggesting that this may represent a paralogous copy of this

sequence within 16p11.2. CLUSTAL W v.1.7 (gap opening

penalty, 10.0; gap extension penalty, 5.0) (Thompson et al.

1994) and Miropeats software (Parsons 1995) were used to

determine the extent of the CAGGG repeat structure. The

composition of the four CAGGG repeat elements was very

similar, consisting of a CAGGG repeat flank, a spacer region,

and a cluster of telomeric repeats. It was, therefore, possible to

effectively align all four the CAGGG repeat elements (the dif-

ferences in length were largely due to deletions or insertions

in the basic organization). Once these were aligned, points of

transition from CAGGG repeat element to non-CAGGG re-

peat sequence could be easily identified. These flanking seg-

ments were then individually searched for the presence of

duplicated sequence. Repeat-masked versions (http://ftp/

genome/washington.edu/cgi-bin/RepeatMasker) of sequences

flanking each of the repeats were systematically searched for

the presence of duplicated segments. Two criteria were used

when identifying tentative regions of paralogy: (1) The se-

quence shows >89% and <98% nucleotide identity to previ-

ously sequenced regions of >400 bp (with the additional re-

quirement of a nonprocessed exon/intron structure when

screening dbEST), and (2) mapping data exists to place the

paralogous sequence in a another nonhomologous chromo-

somal location. Pairwise genomic sequence alignments were

performed with GAP optimal alignment software (http://

genome.cs.mitu/edu/align /align.html). Sim4 software, which

optimizes alignment based on known structural properties of

exon/intron structure, was used for cDNA to genomic com-

parisons. Percent similarity (Fig. 2) was calculated as L (num-

ber of matched bases) / L + number of gaps 2 100%. Stan-

dard error was estimated as the square root of the binomial

distribution. The number of substitutions per 100 bp and its

associated variance was determined using Kimura’s two-

parameter method (Kimura 1980). Deletions and insertions

were excluded in this analysis.

Table 3. Duplication Junction PCR Oligonucleotides

Pair Name Sequence Accession no. Coordinate Size (bp)

1 2H8-7 CTGAGTAGAAGCATCTAGGGGGTC D87003 37268-291 246
2H8-8 GGCAGAAAAGGAGCAAGGATTTAC D87003 37514-491

2 2H8-13 TAACA(AG)GCACTTACAATTCAAGGC D87003* 27301-324 245
2H8-14 GACCCTGCCCCTGGTTTTTCTC D87003* 27546-525

3 180G2-11 TCCTCAAATAAACGGGTACAGAAG AC002402 58541-564 240
180G2-12 TCCCAGAAAGTGTTAGCATTACAG AC002402 58781-758

4 17E1-5 GCAATGGACCTGCCTTGGTCCTGC AC002041 172739-762 481
17E1-7 AAAGCATGTGGAGGCTGGGCGTGG AC002041 173220-197

5 17E1BP-1 CCATGGGGCCTGCTGGATACTCAC AC002041 168320-343 457
17E1BP-2 CCCTGTACAGTGCTACCAACCAG AC002041 168777-755

6 21NF-47 AGTACGCTTCAAAAATCTTGGCAC AC004527 47957-980 613
21NF-48 TACGATAGCCCTGACCCTGACTTG AC004527 48570-547

7 21NF-3 CATGATAAGGATGCCCACTGTCAC AC004527 53659-682 472
21NF-4 CCTTCTTTAAGGTGCGAACGGAGG AC004527 54131-108
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Molecular Clock

Published rates of nucleotide substitution among pseudo-

genic sequences vary dramatically. Estimates ranging from

12.6 2 1019 substitutions per site per year for a-globin pseu-

dogenes to 1.0 2 1019 substitutions per site per year for

h-globin sequences have been reported (Miyata and Yasunaga

1981; Miyamoto et al. 1987). Based on available data for two

of the duplications in this study (the creatine transporter and

neurofibromatosis loci), we estimated the rate of nucleotide

substitution to be 2.2 2 1019 substitutions per site per year.

For example, molecular and cytogenetic data indicate that

duplications of the creatine transporter locus occurred during

the hominid line of evolution after the separation of orangu-

tan from the greater apes. Using generally accepted estimates

for the divergence of these two lineages (11.9 mya) and the

number of substitutions per 100 bp (4.43 5 0.13 ) we calcu-

lated a substitution rate (r = K / 2T) of 2.2 2 1019 substitu-

tions per site per year. Similarly, Regnier et al. showed that no

duplications of the NF1 locus could be identified among Old

World Monkeys with the first evidence of duplication being

found among the gibbon (25.3 mya). Using a value of K as

10.92 (Table 2), we calculate a substitution rate of 2.1 2 1019.

Because these values estimate the maximum divergence (the

duplications occurred probably after these dates), our esti-

mates are conservative and provide a lower boundary of the

true rate of nucleotide substitution. The timing of all other

duplication events (T = K / 2r) were calibrated using this mo-

lecular clock that is slightly higher than the silent substitution

rate (1.5 2 1019) (Li 1997).
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