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Letter

Human Paralogs of KIAA0I87 Were Created
through Independent Pericentromeric-Directed
and Chromosome-Specific Duplication Mechanisms

Moira Crosier,'* Luigi Viggiano,® Jane Guy,' Doriana Misceo,? Robert Stones,’
Wenbin Wei,? Tom Hearn,'* Mario Ventura,'-? Nicoletta Archidiacono,?
Mariano Rocchi,? and Michael S. Jackson'-®

"The Institute of Human Genetics, The International Centre for Life, and the ?Department of Computer Science, University
of Newcastle Upon Tyne, Central Parkway, Newcastle Upon Tyne NET 3BZ, United Kingdom; *DAPEG, Sezione di Genetica,
Universita’ di Bari, 70126 Bari, Italy

KIAAO0187 is a gene of unknown function that maps to 10qll and has been subject to recent duplication events.
Here we analyze 18 human paralogs of this gene and show that paralogs of exons 14-23 were formed through
satellite-associated pericentromeric-directed duplication, whereas paralogs of exons 1-9 were created via
chromosome-specific satellite-independent duplications. In silico, Northern, and RT-PCR analyses indicate that
nine paralogs are transcribed, including four in which KIAA0I87 exons are spliced onto novel sequences. Despite
this, no new genes appear to have been created by these events. The chromosome 10 paralogs map to 10qll,
10922, 10g23.1, and 10q23.3, forming part of a complex family of chromosome-specific repeats that includes
GLUDI, Cathepsin L, and KIAAIO99 pseudogenes. Phylogenetic analyses and comparative FISH indicates that the
10923.1 and 10q23.3 repeats were created in 10qll and relocated by a paracentric inversion 13 to 27 Myr ago.
Furthermore, the most recent duplications, involving the KIAAI099 pseudogenes, have largely been confined to
10qll. These results indicate a simple model for the evolution of this repeat family, involving multiple rounds of
centromere-proximal duplication and dispersal through intrachromosomal rearrangement. However, more
complex events must be invoked to account for high sequence identity between some paralogs.

[The sequence data described in this paper have been submitted to the GenBank data library under accession

nos. AJ298152 through AJ298168.]

It is now clear from analyses of specific sequence families
(Trask et al. 1998, Eichler et al. 1997), chromosomal regions
(Flint et al. 1997, Jackson et al. 1999, Horvath et al. 2000), and
the draft human sequence (Bailey at al. 2001; Lander et al.
2001) that subtelomeric and pericentromeric regions of the
human genome are significantly enriched in duplicated se-
quences. In pericentromeric regions, the tandem or local du-
plication of DNA can lead directly (through dosage effects) or
indirectly (through subsequent microdeletion) to clinical
phenotypes, including velocardiofacial syndrome (Edelmann
et al. 1999) and Prader Willi/Angelman syndromes (Christian
et al. 1999). In addition, large tracts of sequence are fre-
quently transposed or translocated into pericentromeric loca-
tions and distributed between nonhomologous chromosomes
in a centromere-specific manner (Eichler et al. 1999). Many
sequences affected by the latter events are related to genes,
including adrenoleukodystrophy (Eichler et al. 1997), kera-

“Present address: Division of Human Genetics, Southampton Uni-
versity, The Duthie Building, Tremona Road, Southampton SO16
6YD, United Kingdom.

SThese authors contributed equally to this work.
¢Corresponding author.

E-MAIL mjackson@hgmp.mrc.ac.uk; FAX 44 191 241 8666.
Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.213702.

12:67-80 ©2002 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/01 $5.00; www.genome.org

tinocyte growth factor (Zimonjic et al. 1997), and neurofibro-
matosis type I (Regnier et al. 1997) genes.

The cytogenetic co-localization of highly mutable genes
of clinical importance and repeated rounds of sequence for-
mation and rearrangement has led to speculation that these
events may lead to the formation of new genes (Trask et al.
1998; Eichler 1999). Although tandem duplication per se is
clearly central to the expansion and diversification of large
gene families such as olfactory receptors and zinc finger
genes, pericentromeric regions are known to be rich in het-
erochromatin, which is incompatible with transcription
(Csink et al. 1997), making it unclear if the excess of dupli-
cated material in these regions is of evolutionary significance.
Detailed structural and transcriptional analyses of these re-
gions is, therefore, important if we are to understand both the
duplication mechanisms and their consequences.

We have previously analyzed ~1 Mb of genomic se-
quence-linking pericentromeric satellites in 10q11 to the RET
proto-oncogene (Guy et al. 2000) and found that interchro-
mosomal duplication events had been confined to the satel-
lite-rich proximal 250 kb of this sequence, which was devoid
of transcripts. In contrast, the distal 850 kb contained evi-
dence of multiple intrachromosomal duplication events in
addition to the presence of three known genes and five novel
transcripts. These results implied a model of pericentromeric
sequence organization on this chromosome arm consisting of
two distinct domains: (1) a proximal domain that is satellite
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rich, transcript poor, and prone to interchromosomal dupli-
cation; and (2) a distal domain that is satellite poor and prone
to intrachromosomal rearrangement. The identification of
similar interchromosomally duplicated, transcript-poor se-
quence tracts close to the centromere of chromosomes 22 and
21 (Ruault et al. 1999; Footz et al. 2001), which map proximal
to well-characterized intrachromosomal duplications (Orti et
al. 1998; Dunham et al. 1999; Edelmann et al. 1999), indicates
that this basic organization may be typical of many pericen-
tromeric regions within the human genome.

However, one gene in 10q11 is an apparent exception to
this two-domain model of sequence organization. KIAA0187
is a gene of unknown function with a putative transmem-
brane domain that shares 40% identity to the Saccharomyces
cerevisiae open reading frame (ORF) YPL217c at the protein
level. It also shares significant identity along its entire length
to mouse, rat, and nematode expressed sequence tags (ESTs;
http://www.ncbi.nlm.nih.gov/UniGene/), consistent with
functional conservation between diverse eukaryotes. The
gene lies within the distal 10q11 sequence domain, telomeric
of the intrachromosomally duplicated IFB12 and RSU1 pseu-
dogenes, and centromeric of the intrachromosomally dupli-
cated D10S141B locus (Guy et al. 2000). Despite its position,
two paralogous fragments of KIAA0O187 map to 22q11 (Dun-
ham et al. 1999): one proximal to the satellite 3 array on this
chromosome, the other linked to CAGGG and HSREP522 re-
peat sequences, which have been implicated in pericentro-
meric duplication events (Eichler et al. 1999). Furthermore,
analysis of monochromosomal somatic cell hybrids indicate
that additional paralogs of this gene are present on chromo-
somes 9, 12, 13, 14, 15, and 20 (Guy et al. 2000). Thus, unlike
surrounding sequences, KIAAO187 appears to have been in-
volved in interchromosomal duplication events, leading to a
widely dispersed family of human paralogs.

To understand why this gene is an apparent exception to
the physical separation of inter- and intrachromosomal du-
plications in 10q11 and to investigate the extent to which
paralog formation has generated biological novelty, we have
used the data within the human draft genomic sequence to
establish the structure, transcriptional activity, and evolu-
tionary history of human KIAA0187 paralogs. The results in-
dicate that the paralogs have been generated by two distinct
mechanisms, consistent with the two-domain model of peri-
centromeric organization in 10q11, and establish that a re-
cent intrachromosomal rearrangement has been central to
the dispersal of this gene family. However, no new genes ap-
pear to have been created by either dispersal mechanism, de-
spite evidence for extensive transcription of KIAA0187 para-
logs.

RESULTS

Physical Organization of the KIAA0I87 Gene

Genomic sequence of the KIAA0187 gene and a cDNA con-
taining the complete ORF were available (accession Nos.
D80009 and AL02234; Nagese et al. 1996; Guy et al. 2000),
making it straightforward to establish the intron/exon orga-
nization (see Methods). Analysis of publicly available tran-
scripts identified two further ESTs (accession Nos. BE543163
and BE501103), which extended the cDNA by 26 bp and iden-
tified an additional 5’ exon (exon 1) within a CpG island ~1.5
kb upstream of the putative initiation codon. The gene, there-
fore, contains a minimum of 23 exons, which extend over ~50
kb of DNA in 10q11 (Fig. 1A).
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KIAA0187 Paralogs Fall Into Two Distinct Groups

Analysis of finished and high-throughput genomic sequence
(see Methods) identified a total of 16 independent human
paralogs (Fig. 1B). These vary in size from ~4.5 kb (AL450334)
to ~32 kb (AP000525/526) and can be divided into two physi-
cally distinct groups: Five overlapping paralogs, defined here
as proximal (AL135925, AL391137, AL136982, AC022400,
AL450334), each contain sequence related to three or more
proximal exons (1-9). None of these are linked to satellite
arrays. In contrast, 10 out of the remaining 11 paralogs, de-
fined here as distal, contain sequence related to two or more
distal exons (14-23). Seven of these distal paralogs terminate
within, or close to, a series of previously described satellite
arrays, which include the CAGGG repeat (Eichler et al. 1999).
In two cases, the second terminus is defined by a tract of
a-satellite >15 kb in length (AC026273 and AC016424). The
paralog within AP000525 and AP000526 is unique as it
contains sequences 3’ of the gene in addition to distal exons
(Fig. 1B).

Thirteen of the 16 paralogs have been integrated into the
draft human sequence map (Lander et al. 2001). However,
because of the difficulty of mapping clones that contain re-
cently duplicated DNA (Bailey et al. 2001), we independently
analyzed the map position of these clones using sequence
analysis and FISH (Table 1). With two exceptions (AC026273
and AC013411), all clones containing distal paralogs have
been integrated into pericentromeric contigs within the draft
human sequence (see legend to Table 1). Consistent with this,
they hybridize to multiple pericentromeric locations in FISH
analyses, and all hybridize to their draft map positions (Table
1, in bold). Furthermore, with the exception of AP000525/6,
all contain tracts of two or more tandem repeat sequences
with a known pericentromeric distribution (a-satellite, satel-
lite II, and the CAGGG repeat). These repeats account for
between 3.8% and 31.4% of each clone. In contrast, four of
the proximal paralogs can be mapped to 10ql1, 10922,
10922.2-g23, and 10q23, as they are present within clones
that contain genes previously mapped to these locations (De-
loukas et al. 1998). The FISH results are consistent with these
positions (Table 1, underlined and in bold), although several
clones give two hybridization signals on 10q, whereas one
(AL391137) hybridized to multiple locations within the hu-
man genome. The clone containing the fifth proximal para-
log (AL450334) is not within the University of California,
Santa Cruz, draft sequence but is currently integrated into a
Sanger Centre bacterial artificial chromosome contig that
maps to 10q11 (Bentley et al. 2001). The only tandemly re-
petitive sequences within these clones are microsatellites,
which account for <2% of each clone (Table 1). It is clear,
therefore, that the proximal and distal paralogs have both
distinct physical distributions and sequence contexts.

Proximal and Distal Paralogs Are Expressed

Two paralogs of KIAAO187 in 22q11 (AP000526.1 and
D87003.2) have associated ESTs, indicating that they are tran-
scribed (Dunham et al. 1999). To investigate expression fur-
ther, we performed an in silico analysis (see Methods), which
established that KIAAO187-related ESTs are derived from a
minimum of nine loci, two of which are not currently repre-
sented within genomic sequence (Fig. 2A). Although a large
number of transcripts from these loci contain intronic se-
quence, six loci have associated ESTs that are spliced, and four
include sequences unrelated to KIAA0187. One of these (Fig.
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Figure 1

Structure of the KIAA0187 gene and its human paralogs. (A) Schematic of KIAA0187 intron/exon organization. The size of each intron

is given in base pairs below the schematic. Nucleotide positions defining each exon are shown above the schematic, taking the A of the initiation
codon as position 1 because the transcription start site has not been defined. All splice sites conform to the GT-AG rule. Untranslated regions are
indicated in grey, and exon numbers are shown when resolution allows. (B) Physical structure of human paralogs. Solid horizontal lines indicate
the extent of paralogy relative to the KIAA0187 gene. Solid vertical bars are shown when the terminus of paralogy can be defined; arrows are shown
when it cannot be defined because of the incomplete nature of the sequence. Paralogous sequences that are contiguous within a single clone but are
physically separated within the KIAA0187 gene are indicated by a dashed line joining the domains of paralogy. The positions of satellite arrays are shown
if they are present within 1 kb of the terminus of paralogy. The chromosome 22 paralogs (ap000525/526 and d87003/d87018) have been characterized
previously (Dunham et al. 1999; Eichler et al. 1999; Guy et al. 2000). Physical scale in kilobases is shown relative to Guy et al. (2000).

2A, unassigned cluster 2) contains KIAA1087 exons spliced to
aquaporin-related sequence (data not shown). Northern
analyses (Fig. 2B) confirm that KIAA0187 is widely expressed,
producing an ~4-kb transcript in all adult tissues tested. Fur-
thermore, probes from exons 10 and 23 identify a muscle-
specific transcript ~1 kb in size, indicating that this gene is
alternatively spliced. An intron 19 probe identifies a weak
transcript of ~2.5 kb in size (presumed to be derived from the
D87003/018 paralog in 22q11 because of the large number of
ESTs from this locus), but no other transcripts could be de-
tected by this method. We therefore investigated transcrip-
tion by designing PCR primers specific for individual para-
logs. This approach is complicated by the high sequence iden-
tity between loci, but we were able to confirm that three
distinct transcripts (from 10q11, 10q22, and unassigned clus-
ter 2) are expressed at low levels in a wide variety of adult
tissues (Fig. 2C). This analysis also confirmed the heterogene-
ity of transcript structure implied by the EST data. For in-
stance, the AA677615 primers give products consistent with
exon 7 being spliced out in some transcripts and retained in

others, whereas the AI62619 primers give products consistent
with the 83-bp intron 16 being correctly spliced in some tran-
scripts and retained in others (multiple products indicated in
Fig. 2C). Despite this evidence of widespread transcription,
analysis of the coding potential of all paralogs identified
frameshift mutations or stop codons in all loci relative to the
functional gene. For example, AC026273 possesses a stop
codon in exons 16 and 20 (positions 2618 and 3155 of
d80009), AC022400 has a frameshift in exon 3 (position 303
of d80009), and the ESTs within unassigned cluster 2 (Fig. 2)
have a frameshift in exon 20 (position 3253 of d80009). This
strongly indicates that all paralogs of KIAA0187, including
AP000526.1, which has been previously defined as a putative
gene (Dunham et al. 1999), are pseudogene fragments.

Proximal and Distal Paralogs Have Been Created
at Different Times

The structure, position, and sequence context of the proximal
and distal paralogs indicate that they may have been dupli-
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Table 1. Sequence Features Within Clones Containing KIAA0187 Paralog
Clone %
(accession Paralog Long tandem Tandem Known genes Draft map
no.) classification repeats in clones repeats in clone(s) position FISH mapping
AC026273 distal Alpha Sat, CATTT, 31.4 — Not placed 1cen, 2cen, 9p12,
CAGGG 9912, 13cen,
16cen, 22cen
AC068279 distal GCTG, AluSx, 21.2 — 2q13 1qcen, 2cen, 2q13,
CATTT, CAGGG 9cen, 15911,
16p11
AC018696 distal AluSx, CAGC, Sat I, 18.4 — 2p13 n.d.
CATTT, CAGGG
AC024573 distal CATTT, CAGGG, 13.2 — 2p11 n.d.
CAGC, AluSx
AC016424 distal CAGGG, CATTT, 12.9 — 2p11 Tcen, 2cen, 7cen,
Alpha Sat 9p12, 9912,
13nor, 14cen,
16p11, 22q11+nor
cen
AC010098 distal CAGC, CATATT, AT 10.7 — 2p11 Tcen, 2cen, 16cen
complex, CAGGG
D87003/18 distal CAGGG, CATTT 9.7 — 22q11 n.d.
AC013411 distal CAGGG, CATTT 6.2 — 1 unplaced 1cen, 2cen, 13cen,
15cen, 16cen
AC018963 distal AluSx, CATTT, 4.7 — 15911.2 1911, 2cen, 9p12,
CAGGG 9912, 16q11,
15q11
AC036220 distal CAGGG, CATTT 3.8 — 16p12.3 Tcen, 2cen, 14cen,
16cen
AP000525/6 distal/proximal — 0.8 — 22q11 n.d.
AL450334 proximal — 0.0 — Not present 10q11, 10923
AL391137 proximal — 1.97 Annexin A8 109q11.2 2923, 6911, 8pter,
(Chr10: 8923, 10q11,
69-72cM) 12922, 16pter
AC022400 proximal — 0.44 Heparan 10g22.2 10911, 10q22
N-deacetylase
(97-98cM)
AL135925 proximal — 1.17 Lung surfactant 10g22.3 10911, 10q23.1
protein D
Chr10:
98-107cM)
AL136982 proximal — 0.57 GLUDI (Chr10: 10923.2 10q11, 10q23.3
114-199cM)

Paralog classification is based on exons present (see text for details). AluSx refers to a tandem array of up to 43 Alu elements, mostly of the
AluSg/x subfamily. The only tandem repeats in the proximal clones are di-, tri-, and tetranucleotide repeats. Genetic intervals defining gene
positions were taken from Deloukas et al. (1998). Current map positions for each clone are derived from the UCSC sequence (December 2000

build, http://genome.ucsc.edu/).

cated independently. To confirm this, we performed pairwise
and multiple alignments between paralogs (Fig. 3; Table 2).
The functional KIAA0187 gene shares 94.43% to 96.02% simi-
larity to the distal paralogs (Table 2). However, their diverse
structure means that only eight can be aligned over a distance
>1 kb. The maximum likelihood tree generated from this
alignment is shown in Figure 3A. The branch leading to
KIAA0187 is at least twice as long as any other terminal
branch. This is most compatible with the functional gene be-
ing the ancestral locus, especially as the intronic nature of the
aligned sequences makes selection unlikely. The distal gene
fragments therefore appear to have been derived from one
initial duplication event, whereas their structure (Fig. 1B) in-
dicates that this event involved the duplication of ~60 kb of
DNA extending from exon 14 to ~40 kb distal of KIAA0187.
The topology of the tree further indicates that this sequence
was originally duplicated into the pericentromeric region of
chromosomes 16 or 22, was duplicated intrachromosomally

70 Genome Research
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on chromosome 2, and underwent further duplication to
chromosomes 1 and 15. If we assume a neutral substitution
rate of 1.5 X 1077 t0 2.0 x 10~ ? per site per year (Miyamoto
et al. 1987; Sakoyama et al. 1987), the pairwise distances
(Table 2) indicates that the initial duplication of distal exons
occurred 13 to 17 Myr ago (0.052 substitutions/site), whereas
the most recent duplication (involving paralogs AC018696
and AC068279) occurred ~1.7 to 2.3 Myr ago (0.007 substitu-
tions/site).

In contrast to the distal paralogs, the proximal paralogs
only share 91.19% to 92.8% similarity to the functional gene
(Table 2). Furthermore, the topology of the phylogenetic tree
derived from proximal sequences is distinct from the tree of
distal paralogs (Fig. 3B), as all internal branches are short and
all terminal branches are of similar lengths. This makes it
impossible to infer the temporal order of paralog creation and
indicates that they were created in a relatively rapid burst of
duplication. Making the same assumptions concerning neu-


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Human Pericentromeric Sequence Evolution

*(ebawiolq) Joppe| dg-00| e s! Joyiew ayl “(SPoYIBIN 99s) stawid Hadsn ayl buisn payijdwe a1eidwal YNA2 HAJED e i sjpued e ul j013uod 3.
9y 'YNQ dlwouab jo bu g s1 } ‘[pued wonoq ayy uj "S53 juated ayj jo bu o | si spued sjppiw pue doy ayy ul [013u0d danisod 3suiy 3y (v 99S) §19//9VY UIym duanbas [aAou ay3 Joy
oy1dads si sawid as1aA31 3Y] (2/ppiy) “siawiid oml aY3 Jo UIBLIO d1UOX3/21UoIUl BY3 S| se ‘[aued ydea Jo Y| 9Y3 03 UMOYS S| SI9ISN|D 934y 3y} 40 d1y1dads siswid ubisap 03 pasn 153 ay3 Jo
Jaquinu uoissadde ay] ‘seasdued ‘ed pue ‘Aaupiy ‘Y LaAl ‘17 ‘bun| ‘n ‘eyusdeld ‘|4 ‘ulelq ‘g ‘4aeay ‘H :SMOJ|0) se a1e UMoys SYND YL ‘sbojeled /8 oyyiy O sasAjeue YyOd-1Y (D) ‘smoure
yum pajedipul ase sydudsuesy 3a1yy ay] "AjpAndadsas ‘g | uosjul pue £z pue ‘|z ‘0| ‘€ sUoxa Joj d1dads syuswbely yum pagold a1om g | uosul pue z3 pue ‘1z3 ‘013 ‘€3 palege) sjpued
'SUOXD /81 0VVIY Yim pagoid YNY +vAjod Jo s10jq uiayuoN (g) ‘seduanbas pajejai-unodonby ojuo padijds |z pue gg SUoxa uleiuod (g Jaisnjp paubisseun) zsy/0/VVY PUe ‘/ 106S/VY
‘60SES9IV S1S3 pue Quawa@ Njy ue ojuo padids /| pue 9| suoxa suieyuod (padeyd j0u) $6006M 1S3 ‘@dusnbas snowAuoue 01 padyds yroq ate (| 1bzz) ¥£95z/vv pue (L1bol)
S19//9VV S1S7 :2uab | |bo| ayy 03 pajejaiun aduanbas uleluod 153 IN0H “A}LIR|D J0) PIJUWO USIQ dARY Jey) S3INIONIIS Jejilis AISA Yim s1S3 0z~ Juasaisdal (| Lbzz ul 810/€00/8p wouy
€G/668e pue auab jeuonduNny 3yl WIS /| Z0re) JSIHSISe Ue Yim pajage] S1S3 10| JIWouab umous| ay) Jo Aue wouy paALIRp Jou ate Aay3 eyl bunedipul ‘(UMoys Jou ejep) saprosjdnu
anbiun xis aseys z 191snp paubisseun ul s1S3 XIs 8y} seasaym ‘bojesed djwouab Aue ul juasaid Jou e 1ey) SOPROSPNU UIASS aJeys | Ja3sn|d paubisseun ul s|S3 Inoj 3yl “(SPOYISIN 29S)
95uanbas djwouab Aue 03 paubisse Ajsnonbiguieun 3¢ Jou PINOD $]S$3 JO SISISN|D OM] “dIFRWBYIS Y} dAOJE UMOYS SNDO| SIY} WO} S| ST Y3IM duab [euoiipuny ayy Jo uoijeziuebio uosjul/uoxs
33 0} dARE|2] UMOYS SI S|ST Pale|l-/8 [ YY)y 4O 2In1dNIs YL /8 0VYIY O3 paieaJ (s1S3) sbey aduanbas passaidxa Jo ainpnas (v) /8 10vYIY o sisAjeue jeuondidsuel] g a4nbig

: . Bissmu, 1 (B TZ) SZEpgdn
o g W x paulisEeu)
m - W ; L1uenul-gyuoxy) BT Tk, B sor]ds TR
. CTOLTHY | g1k 11bT) GLTBIOIN |
| anyds (Auuoy] NG
s CEOG0EER o
> P .J..N. Tibar -|I.I.....-.._....-H...u.-llu.l...“ aouanhas [PACN 1
: - ﬁ_mm.w.h__aﬁ — T 2013 poSEsea) ! A Lrowenuy
; LLIFY )\l/\ - ...'/\13_&@.:.. “ HMOXT
ot . ' ! T o) ookTEmee T
(i1 8 H | '
{Fusagui-guexy) m
SOTETM _.-.--..i-..|..-.-.-|..I-|-..|..- |
i ;cehTEREL |
S SESROEER b s1roLsp | : wm.mm aﬁ_
o e e WOEUZELE fithes
s SEEELIRE |

U | FEROLZIR ) el T
. S o0 o LORSEE
_l.. QELFMISE e ol UTEL )™

+ - +eNVIMIdAH M) _ e

|
| oCE LI (paverd you]) £LZOTIOR | L LT L = 1 auh LE TRENEE
! e 1288 e TR 18IS
— | DEELOG™ BT [E¥

—PSEL
— T
; — 't ¢

— 5L

| TS sica (MY LRTOVYIN I/\-/\I/\J\ Falerseq
g = ey

dnTW A W W W HITHK M - ))\lw o )\]wwmo_..mmm )\).\)\)\
— G )\/)\lmmﬁmmna
e R R = m. -I....I...u....||||.|||||||.|||§m_m_¢_§ ey .#W

Genome Research 71
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

Crosier et al.

A B

AL391137

KIAAO1I87 (10} 10g11

AC036220 (16)

ALI136982
1023
DET003 (22)
ACU26273 (2)

AC024573 (2)

AL068279 (2)
ACO18696 (15)

ACO13411 (1)
KIAA0IST

— 0.005 substitutions/site 10411

Figure 3 Phylogenetic analysis of KIAA0187 paralogs. The scale for branch lengths is
shown, and nodes with >50% bootstrap support are indicated. (A) Maximum-

— 0.01 substitutions/site

of KIAA0187 and KIAA1099 sequences being re-

versed (Fig. 4C). The GLUDI1 sequences are again

more highly diverged than the KIAAI1099 se-

quences, a pattern that is also apparent within the

Aoz comparison of the 10g22 and 10q23.3 clusters
10022 (Fig. 4D), in which structural similarities are least
pronounced. Collectively, these comparisons in-

dicate that the different pseudogenes within the

clusters have shared their most recent common

ancestors at different times. If we make the same

ALtss assumptions concerning neutral mutation rates as
23

before, the data indicate that the GLUDI1 se-
quences diverged ~30 to 40 Myr ago (pairwise dis-
tances of 0.096, 0.105, and 0.119); the KIAA0187
sequences, ~17 to 23 Myr ago (pairwise distances
of 0.068, 0.069, and 0.068); and the KIAA1099 se-
quences, ~2.8 to 10 Myr ago (pairwise distances of
0.011, 0.028, and 0.032). This provides strong evi-
dence that the linked pseudogenes in each cluster
were formed by independent duplication events.

likelihood tree of distal paralogs. Derived from an 1892-bp alignment spanning posi-

tions 694294-696183 of the 10q11 sequence (Guy et al. 2000), which contains no
exonic sequence. The chromosomal assignment for each clone is shown in brackets.
(B) Maximum-likelihood tree of proximal paralogs. Derived from a 1909-bp alignment
spanning positions 666815-668710 of the 10q11 sequence (Guy et al. 2000), which
contains 235 bp of exonic sequence. The map position on chromosome 10 is shown

for each sequence.

tral substitution rates, we estimate that this process began ~21
to 28 Myr ago (0.083 substitutions/site) and ended 14 to 18
Myr ago (0.055 substitutions/site; Table 2). Although accurate
estimates for the timing of these duplication events will re-
quire independent calibration of the neutral mutation rate
within this sequence family, the results presented here clearly
indicate that in addition to having distinct sequence contexts
and genomic distributions, the proximal paralogs were created
before the distal paralogs with little or no temporal overlap.

Proximal Paralogs Are Linked to Other
Independently Duplicated Pseudogenes

To obtain more information on the formation of the proximal
paralogs, we investigated the sequence context of one paralog
present within finished sequence in detail (AC0391137). A
BLASTN analysis identified nonprocessed GLUD1 and Cathep-
sin L pseudogenes and processed KIAA1099 pseudogenes
within this clone and within clones containing other
KIAA0187 paralogs on chromosome 10 (Fig. 4A). This indi-
cated that the KIAA0187 paralogs map within previously un-
characterized chromosome-specific pseudogene clusters. To
investigate the structure of these and to establish if each clus-
ter was formed by a single duplication event, sequence rela-
tionships between three clones in which the linear order of
pseudogenes has been established (al391137, ac022400, and
al136982) were analyzed further (Fig. 4B-D). The pseudo-
genes, which span 50 to 70 kb in all clones, are in the same
order in AL391137 (10q11) and AC022400 (10q22), although
a 10-kb region containing the KIAA1099 pseudogene is in
different orientations in the two clones (Fig. 4B). Strikingly,
the sequence divergence between the two pseudogene clusters
decreases in a linear fashion from 0.096 at one end of the
cluster (GLUD1 pseudogenes) to 0.011 at the other (KIAA1099
pseudogenes). In contrast, although the orientation of se-
quences within the 10923.3 cluster is the same as that in the
10q11 cluster, the linear order is different, with the position

72 Genome Research
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Most KIAAI099 Duplications Have Occurred
in 10qll

The most recent duplications in these pseudogene
clusters have involved sequences flanking the
KIAA1099 paralogs. To investigate the dynamics
of these, a phylogenetic tree of these sequences
was constructed (Fig. 4E). The tree contains two principle
clades. The two sequences within the smaller clade (AL117339
and AL031601) lie within a previously identified duplication
of ~250 kb between 10p11 and 10q11 (Jackson et al. 1999),
and the branch lengths are consistent with previous estimates
for the timing of this event (25 to 30 Myr ago; Hearn 2000). In
contrast, both the terminal and internal branches within the
large clade are short (<0.012 substitutions/site for terminal
branches, <0.007 for internal branches; data not shown), in-
dicating that these paralogs shared a single common ancestor
6.3 to 8.3 Myr ago (data not shown). Finally, all the clones in
this analysis map within ordered contigs, allowing their gross
distribution to be established (Fig. 4F). Most map to a single
cluster that spans three small contigs (3001-3003) within a
4-Mb region of 10q11 (Bentley et al. 2001), indicating that
most KIAA1099 duplications have been tandem or local
events.

Dispersal of 10q Paralogs Has Involved

a 10q11:10g23 Inversion

The high sequence identities between pseudogenes in 10q11,
10922, and 10g23.3 indicate either that chromosomal rear-
rangement has disrupted locally duplicated sequences or that
more complex processes such as chromosome-specific trans-
positional duplication or gene conversion have occurred. In
an effort to distinguish between these possibilities, clones
containing four of the KIAA0187 paralogs (from 10qll,
10922, 10g23.1, and 10923.3; Table 2) were used for compara-
tive FISH analyses (Fig. SA). The clone containing the 10q11
paralog (AL391137) hybridizes to 10q11 or Xql1 in all pri-
mate species analyzed (X is the ortholog of human chromo-
some 10 in great apes). The clone containing the 10q22 para-
log (AC022400) hybridizes to both 10q11 and 10g22 in hu-
man and to Xq11 and Xq13 in PPY and gives two centromere
proximal signals in MMU. The clones containing the 10q23
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Table 2. Pairwise Distances Betweeen KIAA0187 paralog

A. KIAA0187—Distal paralog (1892 bp)

1 2 3 4 5
AC068279 =
AC026273 0.022 —
AC024573 0.012 0.019 —
D87003/18 0.020 0.019 0.016 —
0.022 —

AC036220 0.026 0.025 0.023
AC010098 0.015 0.021 0.013 0.019 0.025
AC018696 0.007 0.023 0.011 0.021 0.028
ACO013411 0.026 0.032 0.024 0.030 0.036
KIAA0187 0.042 0.041 0.040 0.038 0.043
B. KIAA0187—Proximal paralog (1909 bp)
% sim. to

1 2 3 4 KIAA0187
AL136982 — 92.80
AL135925 0.058 — 91.19
AC022400 0.063 0.055 — 92.54
AL391137 0.069 0.059 0.058 — 92.81
KIAA0187 0.077 0.070 0.073 0.082 —

% sim. to Alignment
6 7 8 KIAA0187 length (bp)
95.42 6300
95.95 18061
95.48 6308
96.02 16610
95.90 26239
— 94.98 10801
0.015 — — 95.30 11140
0.018 0.026 94.43 3609
0.040 0.041 0.052 — —
Alignment
length (bp)
18254
5787
14876
9930

Kimura 2 parameter distances between the functional KIAAO7187 gene and 11 paralogs are shown, calculated over the sequence ranges
employed in the phylogenetic analyses (Fig. 4). The % similarity of each paralog to KIAA0187 is also shown. These are calculated over the full
alignment length with the exception of AC013411 where unfinished sequence prevents a complete alignment. The % similarity shared
between KIAA0187 and the paralogs with a physical structure that precluded inclusion in the multiple alignments (with alignment lengths) are
as follows: AL450334, 92.68% (4451 bp); AC018963, 95.42% (14891 bp); AC016424, 95.60% (12106 bp); and AP000525/6, 91.25% (31819

bp).

paralogs (AL135925 and AL136982) hybridize to 10g23.1 and
10g23.3, respectively, in human in addition to giving a 10q11
signal. However, the 10923 signals are not observed in the
PPY, MMU, and CJA hybridizations. This indicates that the
ancestral position of the sequences within these clones (in-
cluding the GLUD1 and Lung Surfactant protein D genes) was
10q11-q13 and that the current position of the paralogs in
10922 and 10g23 has involved intrachromosomal sequence
movement.

To establish if this movement has been associated with
intrachromosomal rearrangement, clones flanking the 10q22
and 10g23 paralogs in AC022400 and AL136982 were used in
a series of cohybridization experiments. The physical location
of these clones relative to the paralog clusters is shown in
Figure 5B, and the hybridization results are shown in Figure 5,
C through F. In human (HSA) and chimpanzee (PTR) clones
flanking the 10q23.3 paralog cluster (AL360226 and
AL138767), each give hybridization signals in 10923 that
overlap to produce a yellow signal, consistent with their map
positions. However, in orangutan (PPY) and macaque (MFA),
AL138767 produces a signal in 10g23 (phylogenetically Xq23
in PPY) but AL360226 hybridizes to 10q11 (Xqll in PPY),
consistent with paracentric inversion on the lineage leading
to human (Fig. 5C). To corroborate this conclusion, we ana-
lyzed the relative order of clones AL356009 and AL356095,
which map between the putative breakpoints of the inver-
sion. Both produce discrete hybridization signals in human
(Fig. 5C), consistent with their position on chromosome 10
(Fig. 5B). However, in MFA they map closer to the centromere
and their order is reversed, consistent with a 10q11:10q23
paracentric inversion. The distal breakpoint of this inversion
is localized between AL136982, which is within the inversion,
and AL138767 (Fig. SA-C). Further mapping of bacterial arti-
ficial chromosomes from the 10q11-q21 region localized the
proximal breakpoint of this inversion to between AL441885

(which lies within the 10q11 cluster of KIAA1099 paralogs)
and ac024073 (Fig. SD).

An equivalent analysis using clones flanking the 10q22
pseudogene cluster (AL356009 and AL357037) failed to find
evidence of significant intrachromosomal rearrangements
(Fig. S5F), as flanking probes map to 10q13-109q22 in all pri-
mates analyzed. However, the fact that the signals clearly
overlap in HSA and PTR but are discrete in MFA does indicate
that some local rearrangement may also have affected this
region of 10q.

Duplication of KIAA0I87 Paralogs Predated the
10ql1:10g23 Inversion

Based on current estimates of the neutral substitution rate in
primates (Miyamoto et al. 1987, Sakoyama et al. 1987), our
phylogenetic analysis indicates that duplication of KIAA0187
paralogs on 10q began 21 to 28 Myr ago. If this is so, it would
mean that they were created in 10q11, before the 10q11:
10923 inversion that occurred after the divergence of oran-
gutan from other great apes (Fig. 5C). Because this conclusion
is central to our understanding of how these sequences have
dispersed, we probed a Southern blot of EcoRI-digested mam-
malian DNAs with exon 3 of KIAA0187 (Fig. 6). A single weak
hybridizing band is observed in mouse (arrowed), pilot whale,
and slender loris (a pro-simian), whereas four to seven discrete
hybridizing fragments are observed in one New World mon-
key (marmoset), two Old World monkeys (macaque and ba-
boon), orangutan, gorilla, and human. This supports the con-
clusion that the duplication of proximal KIAA0187 exons be-
gan before the divergence of Old World primate and apes and
indicates that it may have occurred before the divergence of
Old and New World primates ~40 Myr ago (Goodman 1999).
These results therefore provide direct evidence that the
KIAA0187 paralogs in 10923.1 and 10g23.3 were created in
10q11 before the 10q11:10923 inversion.
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DISCUSSION

We have analyzed the structure, transcription, and evolution
of KIAA0187-related loci within the human draft sequence to
establish why this gene is an apparent exception to the two-
domain model of pericentromeric organization previously es-
tablished for the 10q11 region (Guy et al. 2000). Using criteria
for inclusion in the analyses that are likely to underestimate
the true number of loci within draft sequence data (see Meth-
ods), we have identified a minimum of 18 human loci related
to the KIAA0187 gene. Of these, 16 can be classified into one
of two distinct groups (which we define as proximal or distal)
based on structure, chromosomal position, and proximity to
tandemly repeated DNA. The remaining two are only repre-
sented by ESTs, indicating that further human KIAA0187
paralogs may remain to be identified and cannot be classified
accurately, although their structure implies that they belong
to the distal group.

KIAA0187: A Structurally Heterogeneous Expressed
Pseudogene Family
Numerous human genes have been duplicated into and be-
tween pericentromeric locations, but there have been few
cases in which transcription of derivative loci has been con-
firmed and characterized in detail. A notable exception is the
creatine transporter gene in 16ql1 (Eichler et al. 1996), al-
though transcription of this gene is confined to testis (Iyer et
al. 1996). As a result, the widespread expression of the distal
KIAA0187 paralogs, which are tightly linked to satellite se-
quences, is unusual. Transcripts from AC026273 are of par-
ticular interest as they are derived from a ~10-kb paralog sand-
wiched between satellite 3 sequences and >35 kb of a-satellite.
Although surprising, this is consistent with the observations
that a transgene placed between centromeric and telomeric
satellites can be efficiently expressed, albeit from a heterolo-
gous promoter (Bayne et al. 1994), and provides evidence that
satellite-rich regions are not totally devoid of transcriptional
activity. Furthermore, the identification of hybrid transcripts,
including one containing aquaporin-related sequences, pro-
vided further evidence that the juxtaposition of duplications
from different genes has the potential to contribute to exon
shuffling, a process that has occurred extensively during eu-
karyotic evolution (Patthy 1999). However, the only distal
KIAA0187 paralog in which expression has been confirmed by
Northern hybridization is >5 Mb telomeric of pericentromeric
satellite on chromosome 22 (Dunham et al. 1999). The high
expression of this locus relative to other paralogs can there-
fore be rationalized in terms of a more open chromatin envi-
ronment.

Expression of the proximal paralogs is less surprising,
given their interstitial positions and the fact that several of

the Cathepsin L pseudogenes on 10q (CSTLL2 and CSTLL3) are
also expressed (Bryce et al. 1994). Despite this, we can find no
clear evidence to indicate that any of these transcripts are
expressed at a high level or have the potential to encode novel
proteins. However, in the absence of appropriate model sys-
tems, it will be difficult to categorically rule out a function for
these transcripts. Numerous expressed pseudogene families
created during primate evolution have now been identified
on other chromosomes, including the GGT1 pseudogenes in
22q11 (Dunham et al. 1999), the HERC-2 pseudogenes in
15q11 (Ji et al. 2000b), and p47-phox and GTF21 pseudogenes
in 7q11 (DeSilva et al. 1999), indicating that these are a com-
mon feature of our genome. Recent analysis of the fate of gene
duplications in eukaryotes indicates a surprisingly high gene
duplication rate of ~0.02 duplications/locus per Myr, but a
relatively short half-life for duplicated genes of only ~7.3 Myr
(Lynch and Conery 2000). With a mammalian gene number
of ~30,000 (Lander et al. 2001), the identification of a large
number of gene-related transcripts in a transient state of de-
cay is therefore not surprising.

Distal and Proximal Paralogs: Subfamilies Created
by Two Distinct Processes
It is clear from our analyses that the KIAA0187 paralogs have
been created by two mechanisms during primate evolution.
The phylogenetic analysis, FISH data, and linkage to pericen-
tromeric repeats are all consistent with the distal paralogs
being created via pericentromeric-directed duplication (Ei-
chler et al. 1997). The termination of these paralogs at both
CAGGG repeats and a-satellite provided further evidence that
these repeats are involved in the duplication mechanism
(Regnier et al. 1997; Eichler et al. 1999). Furthermore, the
evolutionary relationship between the distal paralogs con-
forms to the two-step model of pericentromeric-directed du-
plication (Eichler et al. 1997; Horvath et al. 2000), as there is
no evidence of recurrent duplication of the functional gene.
Similar dynamics have been documented for adrenoleukodys-
trophy (Xq28; Eichler et al. 1997) and neurofibromatosis type
I (17q11; Luitjen et al. 2000). Critically, the identification of
only one interchromosomal duplication event involving the
functional KIAA0187 gene does not seriously undermine the
validity of the two-domain model of pericentromeric organi-
zation for 10ql1, which would predict, based on the
KIAA0187 gene being ~500 kb distal of pericentromeric satel-
lites in 10q11, that it should be prone to intrachromosomal
duplication as opposed to interchromosomal duplication
(Guy et al. 2000).

In contrast, and consistent with the two-domain model,
the proximal paralogs have been created by exclusively intra-
chromosomal events and are closely linked to other pseudo-

Figure 4 Analysis of pseudogene clusters containing KIAA0187 paralogs. (A) Human genomic blast hits to AL391137. The position of all
independent human clones with >90% sequence identity to AL391137 over >2 kb are shown relative to RepeatMasked AL391137 sequence (hit
1 is the self-comparison). The positions of gene-related sequences within AL391137 are indicated above, with the scale in kilobases indicated
below. Numbers refer to the clones shown in F. The GLUDT-related sequences identified include the functional GLUDT gene (within hit 8) and two
nonprocessed pseudogene fragments, one of which (GLUDP3 within hit 4) has been previously mapped to 10g22 (Deloukas et al. 1993). The
Cathepsin L-related sequences include two pseudogenes, CTSLLT and CTSLLT-2 (within hits 10 and 1, respectively), which have been mapped
previously to 10q (Bryce et al. 1994). (B-D) Dot matrix analyses of 10q pseudogene clusters. The positions of gene-related sequences are shown
for each clone. Kimura 2 parameter distances for each individual region of high identity are indicated. The highly diverged match in C
(K2P = 0.245) is owing to a cluster of Alu elements and is assumed to be coincidental. (E) Maximum-likelihood tree of KIAAT099 paralogs generated
from a 10952-bp alignment spanning nucleotides 55178-59761 of AL391137. The scale (in substitutions/site) for the branch lengths is shown.
All branchpoints have >95% bootstrap support with a single exception (asterisk), which has 81% support. (F) Distribution of sequences related to
AL391137 on chromosome 10. The position of each clone identified in the BLAST analysis within Sanger Centre contigs (Bentley et al. 2001) is
shown. Cytogenetic locations (established by FISH; Table 1) are also shown.
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Figure 5 Comparative analysis of primates. Species used are as follows: hsa, human; PTR, chimpanzee; PPY, orangutan; MMU, rhesus monkey;
MFA, crab-eating macaque; and CJA, common marmoset. Individual chromosomes (HSA 10 or syntenic equivalent) rather than complete
metaphase spreads are shown for clarity. The species origin of each pair of chromosomes is indicated at the top of each panel. The identity of the
probes used in C and F is indicated by the color of the accession number to the left of each panel. For the relative position of probes used in A,
see Table 1. For the relative position of probes used in C-F, see B. (A) Comparative mapping of clones containing proximal KIAA0187 paralogs. A
clone containing the functional KIAA0187 gene hybridizes specifically to 10q11 in all four species. A signal is observed close to the telomere of the
long arm in CJA using AL135925, indicating further lineage-specific dispersal of sequences in this clone. (B) Relative position of clones used in
analyses of rearrangement. The position of each clone within Sanger Centre contigs 16 and 17 are shown in blue. The position of 10q11, 10922,
and 10g23.3 paralog clusters are shown in yellow. Contigs 16 and 17 extend from 10q11 to 10q25, with a single gap in 10g23.3. (Bentley et al.
2001). (C) Comparative analysis of clones flanking the 10g23.3 paralog cluster. (D) Delineation of proximal inversion breakpoint. (E) Comparative

analysis of clones flanking the 10q22 paralog cluster.

genes, including GLUD1, KIAA1099, and Cathepsin L-related
sequences. The functional GLUD1 gene was assigned to 1023
in 1989 (Jung et al. 1989), and although at least five human
paralogs exist, the only nonprocessed paralogs identified to
date map to 10q (Deloukas et al. 1993; present study). The
active Cathepsin L gene maps to 9q21-22 (Fan et al. 1989), but
again, all pseudogenes identified to date map to 10q (Bryce et
al. 1994; present study), and sequence analysis indicates that
these have been created following a single duplication of the
active gene from chromosome 9 to 10 ~40 to 50 Myr ago
(Bryce et al. 1994). Furthermore, although the functional
KIAA1099 gene maps to 2q24 (Unigene cluster Hs159377), all
chromosome 10 paralogs of this gene are processed, indicat-
ing that the chromosome 10 paralogs have been formed sub-
sequent to an RNA-mediated transposition event from chro-
mosome 2 to 10. Collectively, therefore, these pseudogenes
represent a previously uncharacterized chromosome-specific
repeat family.

Chromosome-specific low-copy-number repeats have
now been identified on a large number of chromosomes, in-
cluding chromosomes 15 (Ji et al. 2000b; Pujana et al. 2001),
16 (Loftus et al. 1999), and 22 (Dunham et al. 1999). All have
multiple copies within centromere-proximal cytogenetic lo-
cations. Our analysis of the KIAA1099 pseudogenes is note-
worthy in that it identifies a focus of recent local duplication

76 Genome Research
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within an ~4-Mb centromere-proximal region (Bentley et al.
2001) <2.5 Mb telomeric of centromeric satellites (Guy et al.
2000), similar to the organizational pattern observed on other
chromosomes. Given the large number of clinical phenotypes
associated with microdeletion or duplication mediated by
low-copy repeats on other chromosomes (for review, see Ji et
al. 2000a), it follows that the repeats described here must be
considered good candidates for involvement in the rare dele-
tions that have been reported for the 10q11-q23 region (for
review, see Deloukas et al. 2000).

The 10923 Pseudogenes Were Created in 10qll

and Dispersed by Intrachromosomal Rearrangement
Several chromosome-specific repeat families have a complex
organization, including the chromosome 16 low copy repeats
(LCRs) (Loftus et al. 1999) and the LCR1S5 repeats, which are
distributed over at least four major cytogenetic locations be-
tween 15q11 and 15926 (Pujana et al. 2001). However, the
10q clusters characterized here are unusual because although
each pseudogene family appears to have been created in a
relatively short evolutionary time period, different pseudo-
genes within an individual cluster were created indepen-
dently. Specifically, although sequence duplications appear to
have occurred as recently as 3 Myr ago (KIAA1099 events),
adjacent sequences have been duplicated ~25 to 30 Myr and
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Figure 6 Zoo blot of mammalian and primate species. DNAs were
digested with EcoRI and probed with a PCR product specific for exon
3 of KIAA0187 (see Methods) The weak band of hybridization in
mouse is indicated with an arrow. Size of marker fragments are given
in kilobase pairs.

30 to 40 Myr ago (KIAA0187 and GLUD1 events, respectively),
indicating that the same physical regions have been subject to
repeated bursts of duplication. Given the distributed nature of
these pseudogene clusters, the obvious question is how has
this occurred? Our Southern analyses indicate that the
KIAA0187 paralogs were duplicated before the 10q11:10923
inversion identified by our FISH analyses. We can therefore
conclude that the KIAA0187 sequences now present in
10g23.1 and 10g23.3 in human were created in 10q11. Fur-
thermore, because the active GLUDI gene was also moved
from 10q11 to 10g23.3 by this inversion, and our alignments
indicate that the GLUD1 duplications predate the KIAA0187
duplications, we can also conclude that the GLUD1 pseudo-
gene present in 10q11 was the result of a local duplication
event that occurred when the functional gene also mapped to
10q11. This, together with the more recent burst of KIAA1099
duplication in 10q11 identified by our phylogenetic analysis,
indicates that 10q11 has been a focus for continual local du-
plication events for at least the last 30 to 40 Myr.

A Model for the Spread of Chromosome-Specific
Repeats on 10q

Collectively, these results allow us to consider a simple model

for the evolution of dispersed chromosome-specific repeats
on 10q involving local centromere-proximal duplication fol-
lowed by dispersal through intrachromosomal rearrange-
ment. This model is attractive for a number of reasons. First,
it is generally consistent with the distribution of foci of recent
intrachromosomal duplication within the human genome. In
addition to the centromere-proximal duplications associated
with clinical phenotypes (cited above), there are numerous
examples of large centromere-proximal tandem duplications
identified as de novo variants within asymptomatic individu-
als (Barber et al. 1998, 1999; Ritchie et al. 1998). This centro-
mere bias has recently been confirmed within the human
draft sequence, in which there is a 2.7-fold enrichment of
intrachromosomally duplicated sequence within 2 Mb of hu-
man centromeres that is not observed within subtelomeric
regions (Bailey et al. 2001). The misalignment between cen-
tromeric satellite arrays, which are approximately two orders
of magnitude larger than telomeric arrays and are known to
show extensive length polymorphism (Warburton and
Willard 1996, Guy et al. 2000), also provides a plausible ex-
planation for much higher levels of duplication close to cen-
tromeres. Reduced meiotic recombination in these regions
(Jackson et al. 1996, Lander et al. 2001) may also contribute to
a higher retention frequency of duplications once they are
formed. Finally, although large syntenic blocks exist between
widely diverged species, a low-resolution genetic map of ba-
boon has identified changes in marker order relative to hu-
man on 15 out of 22 autosomes, including one change con-
sistent with the inversion described here (Rogers et al. 2000),
whereas comparative analyses between §. cerevisiae and Can-
dida abicans (Seoighe et al. 2000) and between Fugu and man
(McLysaght et al. 2000) uncovered unexpectedly high fre-
quencies of intrachromosomal rearrangement. This implies
that cryptic intrachromosomal rearrangements are suffi-
ciently common in diverse eukaryotic lineages to rapidly dis-
perse locally duplicated sequences, irrespective of whether the
duplicated DNA is mechanistically involved in the rearrange-
ment process as indicated by recent analyses of man/mouse
syntenic breaks on human chromosome 19 (Dehal et al.
2001).

Despite the appeal of this model, it would predict a
10g11:10g22 inversion within the last 3 Myr of human evo-
lution to account for the very high sequence identity between
the KIAA1099 paralogs in AL391137 (10q11) and AC022400
(10g22). We can find no evidence for such events using
probes flanking the 10q22 paralog cluster. We are therefore
forced to hypothesize either a larger number of cytogeneti-
cally cryptic paracentric inversions in the 10q11-10g22 region
to explain the relocation of the 10q22 cluster, or the action of
more complex processes such as gene conversion or chromo-
some-specific duplicative transposition. The latter, although
unusual, appears to be the more plausible explanation for
several reasons. First, sequences related to the proximal exons
of KIAA0187 are present in marmoset (a New World monkey)
in addition to Old World monkeys and apes, indicating that
the proximal duplications may have occurred >40 Myr ago,
considerably earlier than predicted by the sequence data un-
der an assumption of neutrality (21 to 28 Myr ago). This could
be caused by an unusually low neutral substitution rate in
these paralogs, independent amplification of KIAA0187 exons
in marmoset, or selection acting on the sequence, although
the latter appears unlikely given the degenerate nature of the
loci and the fact that the sequence used for the proximal
alignment was 88% noncoding. However, it is noteworthy
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that similar discrepancies between the estimated timing of
duplications obtained by low-resolution comparative FISH
and those obtained from sequence data have been observed in
analyses of the LCR22 repeats (Shaikh et al. 2001), the repeats
responsible for Williams syndrome (DeSilva et al. 1999), and
the large pericentromeric duplication on chromosome 21
(Orti et al. 1998). This raises the further possibility that se-
quence exchange (or conversion) over megabase distances be-
tween existing domains of paralogy may be common within
chromosome-specific repeats. These complications make it
clear that although we can conclude that intrachromosomal
rearrangement has been central to the dispersal of the 10q
pseudogene clusters characterized here, it will be necessary to
perform detailed comparative mapping and sequencing in
other primate species if we are to fully understand the evolu-
tionary dynamics of the KIAA0187 sequence family in par-
ticular and chromosome-specific repeats in general.

METHODS

In Silico Analysis of KIAA0OI87 Paralogs

Human paralogs of KIAA0187 were identified by querying the
nonreduncant and high-throughput genomic divisions of
EMBL using BLASTN (Altschul et al. 1990). This identified 24
genomic entries that shared >80% sequence identity to the
query sequence over a region of >3.0 kb. Graphical overviews
of the extent of sequence identity between clones were ob-
tained using NIX (Williams et al. 1998). To prevent the inclu-
sion of overlapping sequences, any clones sharing >99.0%
identity over >1 kb were excluded from subsequent analyses
(AC025039, AC025268, AC037447, AP001214, AC022934,
AP001229, AC024972, and AC023099). It is possible that
these represent further paralogs of the gene. The 16 remaining
paralogs were aligned to the functional gene (accession No.
AL022344) using GenomeDotter, an in-house Dot matrix
program that plots the output of RepeatMasker (A.F.A. Smit
and P. Green, unpubl.), and Blast_2 sequences (Tatusova
and Madden 1999). Eleven paralogs were within unfinished
sequence. Eight of these were each contained within indi-
vidual assembly fragments, allowing their structure to be de-
fined, whereas the remaining three (ac013411, ac010098, and
ac036220) were sufficiently complete to allow partial charac-
terization (see Fig.1B). Long tandem repeats were identified
using Tandem Repeat Finder (Benson 1999) The percent
identity of each paralog to the KIAA0187 genomic sequence
was determined using BESTFIT (Genetics Computer Group
1991). When appropriate, Kimura 2 parameter distances be-
tween paralogs were established using Alignscorer (Hor-
vath et al. 2000), following alignment using Align (http://
genome.cs.mtu.edu/align/align.html).

In Silico Analysis of KIAAOI87-Related ESTs

To determine the intron/exon organization of KIAA0187, the
cDNA (accession No. D80009) and overlapping ESTs
(BE543163 and BES01103) were aligned to nucleotides
650001-750000 of the sequence presented by Guy et al.
(2000) using est_genome (available through the UK HGMP
Resource Centre). Transcripts related to KIAA0187 are present
in three Unigene clusters: Hs.10848, Hs.231614, and
Hs.288876. Additional ESTs were identified by using the
cDNA to query the EST division of EMBL using BLASTN. The
basic internal structure of each was established using NIX.
Additional sequence data was derived from some clones to
provide further details of their internal structure (accession
Nos. AJ298152 through AJ298168). Because most ESTs only
span 1-4 exons, they were binned into groups based on their
structure for subalignment. Each group was then aligned with
the cDNA and KIAA0187-related genomic sequence using
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Megalign (DNAstar). In-house software (Alignsearch) was
then used to extract and display nucleotide positions that
differed between all sequences within these alignments, al-
lowing ESTs to be assigned to specific genomic loci based on
diagnostic nucleotide positions.

EST Sequencing

Sequence data was generated from individual ESTs by ampli-
fying plasmids in appropriate selective media using standard
techniques (Sambrook et al. 1989) before isolating DNA using
Qiagen purification kits (Qiagen) according to manufacturer
instructions. Approximately 100 ng of template was used for
each sequencing reaction, and all sequencing reactions were
performed using an ABI PRISM BigDye cycle sequencing kit
according to manufacturer instructions (PE Applied Biosys-
tems) and were analyzed using an ABI377 (PE Applied Biosys-
tems).

Northern Hybridization

Probes were generated by PCR and purified using a QiaQuick
PCR purification kit (Qiagen). Primer pairs used are as follows
(5'-3"): exon 3F/3R, gcatcatattccagtggttg and atctcagtcaacttct
gcegg; exon 10F/10R, gatgccaaaggaggaaaaacaaa and actctgge
aattagctggtgaca; exon 21F/21R, tgtcttcatgcgaacttggtat and
gagtccttgttcgyctttagtc; exon 23F/23R, agcggcacctgcacaataaaga
and tgaggcaggcagaggaaagtaaga; and intron 19F/19R, gtttgag
cagcatttattga and ccctacaggtacagcaagat.

Probes were labelled with «3*?P-dCTP via random
hexamer priming. Northern blots (Clontech) were prehybrid-
ized for 1 h at 65°C in ExpressHyb solution (Clontech) con-
taining 0.1 mg/mL denatured sheared salmon sperm DNA
and were hybridized for 2 h at 65°C in the same solution.
Filters were washed according to manufacturer instructions
and exposed to Kodak XAR X-ray film for 1 to 7 d at —70°C
with an intensifying screen. Radioactivity was allowed to de-
cay naturally between successive hybridizations.

RT-PCR Analyses

Panels of cDNAs derived from adult tissues (Clontech) were
analyzed according to manufacturer recommendations. In ad-
dition to the standard controls, primers specific for exon 10
of the KIAA0187 gene were analyzed and found to amplify
cDNA from all tissues. The following primer pairs specific for
ESTs from paralogous loci were used: exon3F/intron4R
(from W23168), gcatcatattccagtggttg and cggggtaaaataacctat
cac; exon7F/AA677R (from AA677615), gatggaagatttgacaaacc
and tccatggaaaagtcagaggtg; and exonl6F/intron17R (from
Al627619), gerttgagattgaaaatgttcc and actccaaaccacctecctgct.

Phylogenetic Analyses

PAUP version 4.0b8 (Sinauer Associates) was used to construct
maximum-likelihood trees using an exhaustive search
method under an HKY85 model of molecular evolution (Ha-
segawa et al. 1985). Estimates of the y-distribution of among-
site rate variation and the proportion of invariant sites were
then obtained for each maximum-likelihood tree and one
round of Tree Bisection and Reconnection branch swapping
was performed. For each tree, 1000 replicates of a neighbour
joining bootstrap using the maximum-likelihood settings ob-
tained by the above procedure were also performed. Inser-
tions and deletions were considered missing data and ex-
cluded from all analyses. Trees were also constructed using
maximum parsimony, and comparable topologies were ob-
tained in all cases (data not shown). Because many of the
alignments included sequences that are currently in finishing,
the nucleotide positions used for each alignment are only
defined relative to one finished European Molecular Biology
Laboratory entry (see figure legends).
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Fluorescence In Situ Hybridization

Metaphase spreads were obtained from human and primate
cell lines and hybridized in situ with probes labeled with bio-
tin by nick translation as described by Lichter et al. (1990),
with minor modifications described by Antonacci et al.
(1995). Digital images were obtained using a Leica DMRXA
epifluorescence microscope equipped with a cooled CCD
camera (Princetown Instruments). Flourescence signals were
recorded separately as grey scale images, and pseudocolouring
and merging of images was performed using Adobe Photo-
Shop software.
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