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ARTICLE
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We have identified a 26.5 kb gene-rich duplication shared by human Xg28 and 16p11.1. Complete comparative
sequence analysis of cosmids from both loci has revealed identical Xq28 and 16p11.1 genomic structures for both

the human creatine transporter gene (  SLC6A8) and five exons of the CDM gene ( DXS1357E). Overall nucleotide
similarity within the duplication was found to be 94.6%, suggesting that this interchromosomal duplication
occurred within recent evolutionary time (7—10 mya). Based on comparisons between genomic and cDNA
sequence, both the Xg28 creatine transporter and DXS1357E genes are transcriptionally active. Predicted
translation of exons and RT-PCR analysis reveal that chromosome 16 paralogs likely represent pseudogenes.
Comparative fluorescent in situ hybridization (FISH) analyses of chromosomes from various primates indicate
that this gene-rich segment has undergone several duplications. In gorilla and chimpanzee, multiple
pericentromeric localizations on a variety of chromosomes were found using probes from the duplicated region.

In other species, such as the orangutan and gibbon, FISH signals were only identified at the distal end of the X
chromosome, suggesting that the Xq28 locus represents the ancestral copy. Sequencing of the 16p11.1/Xq28
duplication breakpoints has revealed the presence of repetitive immunoglobulin-like CAGGG pentamer
sequences at or near the paralogy boundaries. The mobilization and dispersal of this gene-rich 27 kb element to

the pericentromeric regions of primate chromosomes defines an unprecedented form of recent genome evolution

and a novel mechanism for the generation of genetic diversity among closely related species.

INTRODUCTION of a single gene or an ancestral repertoire of genes has been the
likely mechanism for the generation of the observed tandem array
Duplications of genes involving the conservation of structure arsfructures. Some cross-species comparisons reveal that such
gene order have been observed both intrachromosomally agmbloduplications have occurred quite recently in human
interchromosomally in a variety of organisms—4). evolution {7); while others, such as the duplications involved in
Intrachromosomal paralogies are generally restricted to discrete archetypatox cluster organization, are much more ancient,
cytogenetic band locations. Recent investigations into thHeeing closely conserved among all vertebrate speLigs@).
genomic organization of several human gene clusters such as the contrast to intrachromosomal paralogies, duplications of
humanCEAgene family (carcinoembryonic antigerig) buman  genes between chromosomes are believed to be mechanistically
olfactory receptor clustef), theZNF (zinc finger) gene family and functionally distinct 1(1,12). Such duplications transfer
on human 19p127}, the pregnancy-specific glycoprotein genecognate genes to new genomic environments, with the possibility
family (5) and theMAGE(melanoma antigen gene) cluster on theio acquire novel combinations of long-raageacting regulatory
short arm of the X chromosont® (ndicate that endoduplication elements and ultimately new functional roles in the organism
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(13). The large paralogous segments betw8encerevisae novel mechanism for interchromosomal paralogy which may have
chromosomes Il and 1V involving the functioddRCandCOR  implications in generation of diversity of Na+Cl— dependent
gene clustersl], the two copies of the insulin-growth factor transporters and other multigene families of primates.

genes on human chromosomes 11 and4)26d the four copies

of the vertebrateHOX cluster are a few examples of ResuULTS

interchromosomal duplications which are presumed to have

acquired functional diversity. Identification of the Xg28-16p11.1 paralogy

One theory postulated to account for the occurrence ; . . ;
: : - Representative cosmids from various Xq28 contigs were mapped
interchromosomal paralogous genes has involved the duphcaﬂ@? Southern hybridization to X chromosome somatic-cell hybrid

of chromosome number associated with major chordal : ! . .
I T eletion panels and by FISH in order to determine the physical
speciation eventsl6-18). Tetraploidization followed by the Igcation of each set of contiguous cosmid clones. Cosmid clones

e e e bitorfl one o (desgnated X1) consisenty cemorstatc
P ' '%'f?gng hybridization signals corresponding to cytogenetic bands

fusions have been invoked to explain the large-scale paralogqy&zs and 16p11.1 by FISH (Fit). Screening of arrayed cDNA
gene organizations and the similarity in cytogenefic band'qﬂ)raries withpthese >éosmid(s identified two different placental
pattern observed between some human chromosomes, SUCRSYA ¢iones, p3AT1 and p96D7. Sequence analysis of the 1.9 kb
11p and 12p1(5,16,18-20). Three tetraploidization events are and 1.25 kiNotl inserts of p96D7 and p3A1 clones revealed that
believed to have occurred during the evolution of mammals fro e chAs corresponded to the ORF of the recently described
protochordate ancestor, with the latest occurring approximat man creatine transporter gene(SLQ6A3 (GenBank

250 mya (8). Interestingly, interspecific comparisons of 9€NE, ccession L31409: GenBank accession S743094) and the

organization and the estimation of the timing of dupIicatiortDM (DXS1357F :
; ; . gene (GenBank accession Z316%26).(The
events between tlee andp-globins @1), the two insulin growth first exon of the CDM gene had been previously mapped to a

factor gene families1¢,22) and theHOX gene clusters in location 450 bp proximal to the’' SUTR of the ALD
vertebrates4), all suggest that interchromosomal exchange ar, drenoleukodystrophy) gen@5(26), confirming the Xq28

ancient events, occurring 300-500 million years ago. Thege.iion of the X1 cosmid contig within tB&N (biglycan) and
results lend further ~support to the argument thal;cap(L1 cell-adhesion molecule) interval (FIY.(27).
interchromosomal paralogies in these families represent ther, gjiminate the possibility that the cross-hybridization of the
remnants of early tetraploidization everis 18). X1 contig cosmids to 16p11.1-16p11.2 and Xq28 was due to
We report the identification and complete sequence analysis Of@ﬁ\meric genomic clones, the p3A1 and p96D7 cDNA inserts
interchromosomal paralogous region between human cytogengligye ysed as probes to screen a flow-sorted chromosome 16
bands Xq28 and 16p11.1. At least two genes, the creatine ranspofiehyeq cosmid library. A total of 15 cosmids were initially
(SLC6Ag and the CDMPXS1357fgene, have been involved in iqengified, the majority of which had been assembled by
this duplication event. Comparative sequence analysis of 26.5 kby) erprinting methods into a chromosome 16 contig, C29)7 (
paralogous DNA and 12.5 kb of flanking sequence indicates @hsmid Southern blots &fst andEcaR1 restriction digests of
overall nucleotide similarity of 94.6%, suggesting that thigepresentative X1 and C177 cosmids probed with p3Al and
duplication event has occurred relatively recently (7—10 mya) in “E%6D7 cDNA inserts confirmed that paralogs of both CDM and
hominoid lineage of evolution. Comparative fluoresdensitu  ihe creatine transporter gene were found on 16 and X
hybridization (FISH) analysis of orthologous 16p11.1 and Xq28 logihromosome derived cosmids (data not shown). Cosmids within
among the lesser and greater apes confirm that the duplications heygig c177 were mapped by Southern analysis of somatic cell
occurred relatively recently during the pongid/hominid lineage Qdyhyid deletion panels of chromosome 16 toGNa53CY192B
evolution and that the chromosome X paralogous gene-rich segmgiiéval, placing the contig between 16p11.1 and 16p11.2, as had
likely represents the ancestral template copy. Among gorillas agden predicted (Fid). Further screening of an STS derived from
chimpanzees, duplications of the Xq28 sequence have begfxmid c318A11 within contig C177 established overlap with
observed on muiltiple chromosomes which are non-syntenic ¢£pH megaYACs My895G9 and My953C10 and refined the
human chromosome 16. In each case, the targets of the duplicafigtation by FISH and prior mapping dag) of this contig to
events have been within the pericentromeric regions @fear the 16p11.1/16p11.2 Giemsa staining boundary. Finally,
chromosomes, suggesting a region-specific directed mechanismdar77 cosmids used as probes in FISH of human chromosome
the generations of these interchromosomal duplications. Sequepggtaphase  spreads  consistently hybridized to  both

determination of the breakpoints on human X28 and 16p11.1 hegp11.1-16p11.2 and Xq28 confirming the paralogy between
identified complicated interspersed CAGGG pentamer repeaffese two chromosomal cytogenetic bands.

located near or at the boundaries of interchromosomal paralogy. The
similarity of these repeats to immunoglobulin switch-likeT
recombination elements (CTGGG), the pericentromeric
site-specificity of duplications, the burst of intrachromosomaln order to estimate the size of duplication between 16p11.1 and
paralogies involving these genes in a short period of evolution aX@28, a cosmid contig of approximately 150 kb was developed
the maintenance of the transcriptionally active X locus suggest timbximal to the creatine transporter locus extending distally to the
recombinogenic processes such as replicative transposition hgv&JTR of theALD gene of Xg28 (Figl). In addition, various
been involved in the duplication, mobilization and integration of theDNA and genomic probes including pbgn900 (a 920 bp cDNA
Xg28 gene-rich segment to non-homologous regions of the primdtagment of the biglycan locus), TA19 (a genomic clone including
genome. The documentation of such a large (26.5 kb) transpositexons 6 and 7 oALD), c6 (a 3.5 kb genomic subclone which
which has occurred recently in the hominoid genome identifiesiacludes the first exon of creatine transporter gene) and H8 (a

he extent of synteny between 16p11.1 and Xq28
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Figure 1. Extent of paralogy between Xg28 and 16p11.1. Depicted are ideograms of chromosomes 16 and X and the organization of cosmid, cDNA and genc
subclones in 16p11.1 and Xg28 regions. Cosmids are represented by vertical bars; cDNA clones are shown as dashed vertical lines, and genomic subclones are
as solid vertical lines. The extent of paralogy between 16pl1l.1 and Xg28 was initially estimated by FISH. Shaded vertical bars indicate 16p11.1-Xq
crosshybridization, hatched bars indicate 2p11.1-Xq28 crosshybridization and open bars identify cosmids which hybridize only to cytogenetic band Xg28.
orientation of transcription of various genes in the Xg28 is shown by vertical fish hook arrows. Genomic distances are estimaisd fragetbon overlap between
cosmids, hybridization patterns of various cDNA clones and previously reported distances for the ALD region (26). The centromere-telomere orientation of the 16
paralogous region is not known. *No transcripts correspondisg@A8andDXS1357Ehave been identified.

2.5 kb cDNA fragment corresponding to exons 1-/AL.d) were  DXS1357EandSLC6A8genes. M13 subclones were sequenced
employed to facilitate in the identification and orientation ofusing dideoxy dye-primer cycle sequencing methods and
cosmids within and flanking this regiof6j. The position of assembled using XDAP software, reconstituting the 33 kb
these clones and a minimum tiling path of cosmids in the contgenomic insert of cosmid clone u56C4 (GenBank accession
is summarized in Figurk Using representative cosmids of theU36341). Comparative sequence analysis between u56C4 and
region, FISH of human metaphase chromosome spreads was ysediously published cDNA sequence of 8i€C6A8GenBank

to assay the extent of paralogy between X and 16 FigISH  accession L31409) and tB&XS1357Egene (GenBank Z31696)
analysis indicates that the duplicated region between X and 1Gévealed greater than 99.8% nucleotide similarity, resulting in
relatively small, approximately 30 kb, and that it does not includeentical predicted amino-acid composition. These data indicate
the X chromosomBGNandALD genes. Interestingly, a second that the Xq28 genes likely represent the transcriptionally active
domain of paralogy was identified distal to the X-16 duplicatetbci for publishedDXS1357Eand SLC6A8transcripts. The
region. Using intron/exon genomic clones (TA14) &id>  organization of the creatine transporter gene (4.3 kb transcript)
cDNA fragments as probes, FISH analysis indicates that a paral@®) is compact. It consists of 13 exons spanning 8.5 kb of
of the adrenoleukodystrophy gene likely exists at cytogenetigenomic DNA (Fig2 and Tablel). Alignment of the putative
band 2p11.1-2p11.2%,26) (Fig.1). amino-acid sequence of the creatine transporter with the gene’s
physical structure reveals a modular exon organization, with one
exon for every transmembrane domain over the first eight exons.
In an area where compaction of intron/exon structure is greatest
(exons 8-10; average intron size 50 bp), the modular organization
A shotgun M13 library was prepared from an Xg28 cosmidhpreaks down with transmembrane protein domains spanning
u56c¢4, which cross-hybridized strongly to both 16pl11.1 aniditron/exon boundaries (Figand Tablel). TheDXS1357Eene
Xg28 and which contained substantial portions of the putativie located in close proximity (5 kb) to t C6A8gene and is

The Xg28 CDM and creatine transporter loci are
transcriptionally active
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Figure 2. Sequence of cosmids ¢329B6 and u56C4. The complete sequence of cosmid u56C4 (33 023 bp insert; X chromosome) and ¢329B6 (32 505 bp i
chromosome 16) is depicted. %GC content was calculated in 100 bp windows using GeneWorks software (v. 2.1.1). The physical structure of the creatine trans
gene SLC6AJ and CDM PXS1357fEgenes are shown, and compared to cognate sequences on the 16p11.1 cosmid. Exons are depicted as filled boxes and |
are symbolised as stippled boxes. The position and identity of repetitive elements was determined using the PYTHIA program (75) and are indicated as empty
in the sequence. Vertical bars define the boundaries of paralogy between 16p11.1 and Xg28. Note the duplication does not include the entire coding portion of the
gene. The position of CAGGG repeats at both tméndary of 56C4 and thé lBoundary of 329b6 are depicted as hatched boxes.

Table 1.Intron/exon boundaries Comparative sequence analysis of the 16p11.1-Xq28
[ Txensintron | Iatcow # | Ietcort lengtli | COLoan. Sece | Bwan 8 duplication
&g

megay  |CEEMGrogag |1seres 1 1538 A ST 2 A second cosmid clone from the chromosome 16 library, c329B6,

GARNIGEONT | TRkrom 2 we FECAQ/ETTG (3 was sequenced in its entirety (32.5 kb) (GenBank accession
q
e ol e ek e cadl s e #U41302) and compared to the paralogous sequence of u56C4
GARMIgreca |Imcrom 4 334 coDARSRINTC [ 6 k A
CTCMGighpag |Inkron § BE EeragloTars | 6 (GenBank accession #U36341). Bestfit alignment of the two
AR | Dt o T e ucrua] BN sequences reveals that the duplication between 16p11.1 and Xq28
T ] 1] . . . . . .

ﬂﬁﬁm iﬁﬁ B ::,: .;m:mmmi P involves 26.5 kb of genomic DNA, including the entire creatine
CTERTIEEay |Inceoa 8 m cocag/aoan | 10 transporter $LC6A and five exons of th®XS1357Egene
T et | (Fig.2). A total of 76 insertions/deletions (indels) and 1122
CTRMGSgmag |Inkron 12 T bgmagfonoTs |93 transitions/transversions were observed within the 26.5 kb region

T [ T g T ] B T T T R of overlap, resulting in an overall similarity of 94.6% between the
TAGTTSctbga |Inkron 3 Az Eboae  TTTGE : two paralogous sequences (TableA significantly greaterp(
m"‘;g:jf?w“ ::;ﬂ o S i iy W <0.0001Z=7.2) per cent similarity was observed for the putative

coding portions of the 16-X paralogous genes when compared to
the overall similarity of the sequences (94.6% vs. 97.1%,
DXS1357Eene are shown. The length of each intron is indicated, revealin respectively) (Table). .Since the chrpmosome 16. truncated
acompacgenomic organizatiorﬂijgGA& DXS1357&xons are numbered ng$1357Egene was likely non-functional at the time of the
as if the remaining 400 bp of the gene were contained in a single exon. ~ duplication event between these two chromosomes, we compared
the divergence rate between putative coding segments (CDS) of
the DXS1357Eand SLC6A8genes between X and 16. The
transcribed with opposite polarity. Five exons ofxS1357E  divergence rate fdXS1357ECDS exons is significantly greater
gene were sequenced corresponding to positions 474 to 1318m&0.05;Z = 1.68) than the divergence rate #C6A8coding
theDXS1357Hranscript (Fig2 and Tablel). Based on previous exons. In addition, no indels were observed within the CDS of the
mapping and sequencing of the first exon oXK&1357Eene, chromosome 16 paralogo@®t C6A8gene (Fig.2). Predicted
we estimate that the gene spaBR8 kb of sequence. amino-acid composition of the 16-creatine transporter paralog,

Sequences at the intron/exon boundaries of the B4ZHA8and part of the
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Table 2.Per cent nucleotide similarity between various portions of the
16p11.1-Xg28 duplication

Table 3. Summary of comparative FISH analysis
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The overall % similarity for 26.5 kb of paralogous sequence was calculatec|"=# Fremssar | Xq idomanic N ecomdc =
as 94.6% (;ee Material_s and Methods). % nucleotidg similari_ty aswell as thl e smrier | 2 isomens X sekormasic:
number of indels and single bp changes among various genic and non-gen :memwrrml i
portions are compared. The percent similarity of the coding exons of the “m_r ",,;_.:x.,r.l
19p11.1-Xg28LC6Aene is significantly greater than that of the compared

CDS of theDXS1357Eyene p<0.05). The SUTR of theSLC6A8yene show

greater nucleotide divergence than non—genic DNA. The FISH chromosomal assignments of the u56C4 and 329b6 probes for each

species are summarized. Roman numberals indicate phylogenetic groups,
which define syntenic chromosomal portions among these primate species.
All non-Xq28 signals were located within the pericentromeric region of each

however, does indicate the presence of a ‘premature’ stop codepromosome.

in exon 4 (Trpge>>Ambefga). Sequence analysis of PCR

amplified and subcloned products from three unrelated individ-

uals confirmed the presence of this premature stop codon in

chromosome 16 cosmid. tIBEpllcatlons are localized to the pericentromeric

regions of primate chromosomes

In order to assess the origin of the duplication event, comparative
FISH analysis using both u56C4 (chromosome X cosmid) and
c329B6 (chromosome 16 cosmid) as probes was performed on
. ] ) ) . metaphase chromosome spreads from various primate species
Figure 3 depicts the sequence immediately flanking theyjith the exception of gibbon, signals from both probes
boundaries of the 16p11.1 and Xq28 paralogy domain. CAGG&-localized within each species (TaklEig.4). While the Xq28

or inverted CCCTG repeats were located near or within all fowignals were generally punctate, those generated on the other
breakpoints (Fig3a,b). The 3flanking region (relative to the chromosomes were much more intense and broader in form
transcriptional orientation of the Xq2BLC6A8gene) of the among all species. In the chimpanzee, ¢329B6 and u56C4
16p11.1 domain, in particular, shows a complex arrangement @hybridized to the syntenic region of Xq28. In addition, signals
CAGGG pentamer repeats. A total of 141 direct CAGGGuere observed in the pericentromeric region of chimpanzee
|nter5persed repeats were observed in 3.1 kb flanklng the 16p1é.h1:omosomes 19 and 12, which are syntenic to human
duplicated portion, resulting in a density of one repeat every 22romosomes 7 and 2p (TaBle In the gorilla, the duplication

bp (Fig. 3b). Several higher-order repeat structures were als&/entappears to have occurred multiple times, resulting in signals
observed within the repeat region, all involving the CAGGGyntenic to human chromosomes X, 7, 2p, 13, 15, 16 and 18. With
pentamer. For example, 19 CAGGG doublets (CAG@Svell  the exception of the Xq28 locus, all signals were observed within
as several hexamer doublets including (CAGGSC) the first cytogenetic band from the centromere @igSouthern
(ACAGGGp, (GCAGGG) and (CCAGGR were found in this  analysis using p96D7S[{C6A8cDNA fragment) and p3Al
region. The most complicated higher-order repeat structuiexS1357EDNA fragment) on genomic zooblots from various
identified was a 38-mer which, once again, included two pentamfimates confirmed that the duplication in the gorilla and
CAGGG motifs located at either end of the repeat (se8&mfor  chimpanzee had included the creatine transporter and CDM
ConsenSUS.). CAGGG repeats were also found dl:StrlbUteq thrOL@@heS, resu]ting in mu|t|p|e Cross_hybridizing bands and
the B flanking region of the Xg28 paralogy domain, albeit muchncreased intensity of hybridization on some restriction fragments
less frequently (1 CAGGG/CCCTG repeat every 124 bp). Ifyata not shown). In contrast to human, gorilla and chimpanzee,
contrast to the 16p11.1 flank, many of the repeats are invertegsH ysing c329B6 and u56C4 on orangutan metaphase spreads
(CCCTG) Hundreds of |mperfeCt repeats (l.e. those which dlﬂ:@howed Signa|s 0n|y on the distal end of X Chromosome,
by one bp from the CAGGG/CCCTG consensus) were observgflggesting that the Xq28 represents the ancestral template copy.
on both the &nd 3 flanks of the Xq28 and 16p11.1, respectively.Gibbon was the only species which demonstrated differential
With the exception of a few imperfect (CAGGG) repeats locategatterns of chromosome hybridization with the two probes. The
near or within the breakpoints (F&g), the reciprocal flanks (the ¢329B6 probe hybridized uniquely to gibbon pericentromeric
5' region flanking the 16pl11.1 breakpoint and theregjion regions chromosomes 8, 15 and 17 (syntenic to human
flanking the Xq28 boundary) are virtually devoid of these repeghromosomes 22, 15 and 14). Both the u56C4 and the c329B6

structures. It may be noteworthy that theo@akpoint of Xq28 probe, once again, hybridized to the distal end of the X
occurs within the cluster of dire&tu repeats (Fig2). chromosome.

Breakpoints of 16p11.1-Xq28 paralogy contain
CAGGG interspersed repeats
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We have surveyed by FISH distantly related groups of the humarthologous sequence comparisons. Perhaps more appropriate
population (Mbuti Pygmy, Israeli Caucasian, Brazilian Karitianamneasures of the rate of divergence within the 16p11.1-Xg28
Melanesian Nasoi and Auca Indian) in order to assess potenfiaralogy domain can be made from comparisons @@-tiebin
polymorphic variability in the location of the duplication. All five gene and its paralogous pseudogenes. These estimates o
individuals showed strong hybridization of the u56C4 probe tdivergence which range as high as<1B0-9 would predict that

both 16p11.1 and Xg28. The c329B6 probe hybridized intensdlye 16p11.1 and Xq28 sequences may have separated as recent!
to 16p11.1 and more weakly to Xg28 (data not shown). Thess 4 mya. Comparisons of paralogous gene segments located in
results indicate that the 16p11.1 and Xg28 duplication has beemdem (globin gene cluster), once again, may not be entirely
fixed in the human population for at least 200 000 yeargquivalent to interchromosomal parologies, due to the potential
Interestingly, hybridization of c329B6 to 2p11.1 was observed fior sequence homogenization by unequal crossing over or gene

a few individuals (Caucasian, Karitiana and Pygmy). conversion 11,12). The sequence characterization of a recent
duplication of genes between Xg28 and 16p11.1, thus, should
X028 locus represents the ancestral template provide researchers with a unique opportunity to study the rates

of divergence of DNA between non-homologous chromosomes
The consistent cohybridization of 56¢4 and c329B6 probes to thgthin the same species.

distal end of the X chromosome may be taken as strong evidence

that the Xq28 region represents the ancestral locus of the COMnctionality of the chromosome 16 paralogous gene

and creatine transporter genes. To determine if this region dsgments

syntenic in a more distantly related organism, a panel of murine ) ] ) ]

YACs extending from thBgnto G6pdlocus (1L062 kb) 29) was Inte;restlngly, the rate of dlv_ergence is not uniform throughout the
hybridized with human cDNA probes p96D7 and p3A1. Both thentire 16p11.1-Xq28 duplicated region (TaB)e The coding
creatine transporter and CDM probes hybridized to YAT3H6 ~ segments of 16p1131 C6A8exons are more highly conserved
and C176B1] placing both genes in the same 185 kb intervdhan the intronic or intergenic sequence (97.1 % vs. 94.4%; Table
betweerBgnandL1cam at a location at least 100 kb distal to the2). The predicted amino acid sequence of the 16p11.1 creatine
mouseBgn locus. The position of the genes, thus, is highljransporter paralog, however, identifies a premature stop codon
conserved between man and mouse on the X chromosome. Ofjthin exon 4 (compare position 8633 of GenBank accession
bands cognate to the Xg28 fragments were observed upH41302 with position 1224 of paralogous Xq28 cDNA,
hybridization of the creatine transporter cDNA (p96D7) to mousgenBank accession L31409). This suggests that the 16p11.1
genomic Southerns, indicating that other duplications of thigeatine transporter is non-functional or that it encodes a

region in the mouse are unlikely. truncated four trans-membrane domain protein. RT-PCR assays
specific for the chromosome B6C6A&ranscript have failed to
DISCUSSION identify expression from various tissue sources (brain,

hippocampus, retina, liver, intestine, lymphoblastoid, fibroblast
and melanoma; data not shown). Interestingly the normal stop
- ) codon of the Xq28LC6A8&ranscript is absent in the paralogous

Origin of the 16p11.1-Xq28 paralogy 16p11.1 sequence (TGA>>GGA) (compare position 12824
We have identified and characterized an evolutionarily recent a@enBank accession #U36341 with position 11753 GenBank
proliferative duplication event involving a gene-rich region ofaccession #U41302).
Xg28 and the pericentromeric regions of primate chromosomeslin contrast to theSLC6A8gene, the 16p11.DXS1357E
The overall similarity between the human 16p11.1 and Xg28oding’ sequences have diverged much more rapidly (95.1%
regions over 26.5 kb of paralogous sequence is 94.6% (Jable similarity) and have incurred mutations which alter the putative
Based on estimates of mutation rate for silent site substitutiotianslational reading frame of the protein (when compared to the
(30,31) and for intronic sequence8Zf (5 x 1097 x 109 X028 sequence). Since the paralogy domain breaks within an
mutations per site per year), we calculate that the 16p11.1 antton of the chromosome 1IBXS1357Esequence (Figg,3),
Xg28 may have diverged as recently as 7-10 mya. Most estimagdfectively truncating the gene, it is likely that the 16p11.1
of nucleotide divergence between ancestrally related sequend@XS1357Bparalog was a non-functional pseudogene at the time
however, have been determined by comparisons of orthologooishe duplication event. This may explain why the divergence of
sequences and the time of species separation predicted frBiS1357E0ding exons (4.9%) is greater than the coding exons
paleontological lines of evidenc0-33). Among orthologous of the SLC6A8gene (2.9%)In toto, our investigations suggest
gene sequences (including introns and some intergenic segmetita} although thédXS1357Egene has been a non-processed
(33), selection pressure may be operative, limiting the rate ¢fromoter-less) pseudogene since the time of its divergence, the
mutation. The recent transfer of genetic material to neWwigh conservation of the coding exons of the 16p$LT6A8
chromosomal positions and the different (or lack of) selectiosuggest that it may have had a functional role at some time during
pressure which it may experience is clearly distinct fronmominoid evolution.

Figure 3. CAGGG repeats at the Xq28-16p11.1 breakpoiajsApproximately 70 bp of sequence flanking either side of the identified boundaries of the
Xg28-16p11.1 duplication is shown. CAGGG and inverted CCCTG sequence motifs are indicated in boxes with arrows defining the orientation of the sequence rel
to Xg28 CRT transcription. Pentamer sequences differing by a single bp are underlined. Vertical bars define the biBakipeidistripbution of perfect CAGGG

and CCCTG sequences flanking thé&&undary of Xq28 u56C4 (1.8 kb) and thé&undary of 16p11.1 ¢329b6 (3.1 kb) is depicted. CAGGG pentamers occur at

a density of once every 124 bp at thbdundary of Xq28 and at a density of once every 22.5 bp atlibar®lary of 16p11.1. The occurrences of CAGGG doublets

and other hexamer doublet derivatives are also indicajdebiir 48-mers were identified within the 16p11.1lék. The sequences were aligned using PILEUP
(GCG software package) and a concensus was generated.
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Pericentromeric-directed mechanism for the
duplication of the Xq28 region

Figure 4.Comparative FISH analysis of primate chromosomes. Fluorésscent

situ hybridization of cosmid u56C4 is shown for metaphase chromosomal
preparations ofa) human, ) gorilla (G. gorilla) and €) orangutan R.
pygmaeus Hybridization signal to the distal end of the X chromosome is
indicated in each case by an arrow. The other chromosomal assignments are
summarized in Table 3. Identical FISH localizations were obtained from the
chromosome 16 cosmid probe, c329B6 (data not shown).

only to the distal end of the X chromosome (TaBje In
conjunction with mapping data in the mouse which places the
murine creatine transporter locus in BgnandL1caminterval

of the X chromosome, these data suggest that the Xg28 locus
represents the ancestral template copy of the duplications. FISH
of gorilla, human and chimpanzee chromosomes indicate that the
duplication event occurred multiple times. In each species,
signals are consistently observed on the distal end of the X
chromosome and at the pericentromeric regions of various
chromosomes (Tabl@; Fig. 4). Surprisingly, none of the
pericentromeric locations in the chimpanzee (phylogenetic
groups llp and VII)84) are syntenic to human 16p11.1 (Tad)le
Gorilla chromosome metaphase spreads, in contrast, show
pericentromeric signals including synteny to human 16p11.1
(phylogenetic group XVI), chimpanzee syntenic groups, llp and
VII, as well as gorilla-specific pericentromeric duplications
(Table3). It is possible that the arrangement of duplications in
Gorilla represents the ancestral state of the pongid/hominid
evolutionary line. This would suggest that a burst of duplications
occurred over a short period of time, transposing copies of the
Xg28 CDM-creatine transporter sequence to various
pericentromeric positions. Evolutionary lineages, such as those

Comparative FISH analysis of primate chromosomes confirfeading to humans and chimpanzees subsequently may have los
that the duplication event is likely to have occurred after theopies of the duplicated genes on various chromosomes leading
separation of the orangutan from the human hominoid line ¢ a restriction of paralogy to 16p11.1 in humans (XVI synteny
evolution (10-19 mya) but prior to the trichotomy of thegroup) and llp and VII in chimpanzee (TaBle Alternatively,
human-gorilla-chimpanzee clade (4-5 mya). For example, oluplication and mobilization of the Xq28 sequence may involve
gibbon and orangutan, both 16p11.1 and Xg28 probes colocalize-going replicative and non-replicative transposition events,
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resulting in various pericentromeric locations (syntenic andunctions of the 16p11.1-Xg28 paralogy domain
non-syntenic) among the different species. Our survey of humanggest that duplications may be mediated by
diversity in which all different ethnic groups showed signals atecombination

16p11.1 and Xg28 indicates that duplication and mobilization
events of the Xg28 sequence have remained quiescent for the W@t
200 000 years of human evoluti@b36).

A second domain of paralogy was identified in our FIS
analysis of the BGNALD interval of Xg28. Cosmids
encompassing the portion of theDXS1357Egene as well as
substantial portions of theALD gene were shown to
cross-hybridize to cytogenetic bands Xq28 and 2p11.1 1Fig.
Using probes derived exclusively froMLD cDNA, we
demonstrated by FISH that it is likely that paralog(s) oAtt2
gene exist near the pericentromeric region of the short arm
chromosome 2. These results confirm molecular analysis whi

predicted that an additional copy of the adrenoleukodystroplyy o, 4 plications and deletions, has been implicated in the

gene existed in the human genoni)( The gene-cluster eioiogy of various human genetic diseas&s45). Although
spanning from the creatine transporter gene 10 e mechanism by which these events occurs is largely unknown
adrenoleukodystrophy gene of Xq28, thus, appears to have begs 'y a5 heen proposed that the sequence homology between
actively involved in pericentromeric duplications. Itis intriguing repeats facilitates illegitimate recombination events, resulting
that the 2p11.1 cytogenetic band location ofAh® paralogy in disruption of gene structure and concomitant gene dysfunction

domain coincides with the syntenic pericentromeric location Q [16). The inverted clusters afure .
o . . . peats at either end of the Xq28
SLCB6ABDXS1357Eross-hybridization observed in Ch'mpanzeeoreakpoints may, similarly, provide the sequence homology

and gorilla (phylogenetic group llp). One possible explanation : ; P . :
that the entire Xq28 creatine tranqurter/adrenoleukodys_trop ?Eg:rientzzr;ockt?rrénrgotggrz(gqlZrECtz)rri%Ii(r?:;irg)tﬁ tlcr)] gl:csuer.prommny (Fig.
region was duplicated by mechanisms such as replicativéysihin 15 bp of all four breakpoints of the 16p11.1-Xq28

transpositiofn to thg sho(rjt :ra]rm of dchrlom%sor;:e 2 inllthe €alaralogy domain, we observed the presence of both perfect and
ancestor of pongids and hominids. In the human lineage,;d,efect CAGGG (or inverted CCCTG) sequence motifs (Fig.

subsequent round of non-replicative transposition may ha\fa%). These motifs are particularly enriched in the region proximal

mobilized and directed the creatine transporter-CDM portion @ "o = junction of the Xq28 sequence. CAGGG or CCCTG

16p1l.l, leaving theALD copy at 2pll.l. Further \.,its gecur with a density of once every 124 bp (B
characterization of the 2p11.1 paralogy domain of humans a oughout the 2 kb regiorEybetween theAEchluster F;n(d h{n%e

primates will be necessary to critically evaluate this model. Xq28 B paralogy boundary (Fig3). A much more dense

(1 CAGGG every 22.5 bp) and complicated organization of
CAGGG sequences (Fig) is observed at the Boundary of the
) . 16p11.1 paralogy region. Many higher order structures including
éﬁpﬁi;i;igplll a hotspot for interchromosomal pentamer and hexamer doublets of the type (CAGGG)

P (CAGGGC)Y, (ACAGGGY, etc. were observed in this region.

In contrast to the 'Sboundary region of Xg28, no inverted

Two other interchromosomal duplications have previously beeBCCTG motifs were found distal to the 16p11.IJbBundary
described involving the 16p11.1-16p11.2 cytogenetic intervalkig. 3a,b). The CAGGG sequence motifs present at or near the
namely, a duplication of thejsegments of the immunoglobulin 6p11.1-Xg28 paralogy junctions bear a striking resemblance to
heavy chain locus from cytogenetic band 14g32.3 to 16[&2).2 ( interspersed and direct CTGGG repeats found in association with
and the identification of a >15 kb paralogy domain betweemany of the immunoglobulin heavy-chain switch recombination
6p25-pter and 16p11.1 involving the minisatellite load#S29  regions 47-50). Switch recombination regions are responsible
(38). There are striking similarities between these duplicatiorfer the deletion of § genes of immunoglobulins vis-a-vis
and the Xg28-16pl1.1 paralogy domain. All three exampleteletion circle intermediatesi,52) resulting in the placement of
involve the mobilization of a substantial portion of genomitheavy chain VDJ segments in proximity to ‘new’ constant regions
sequence (15-30 kb) relatively recently (1-10 mya) to th@®8). These recombination-mediated events are responsible for
16p11.1-16p1l1.2 cytogenetic interval. In each case, tlmcreasing the diversity of immunoglobulin genes in
transposition has involved the exchange of genetic materiBHymphocytes by altering the antigenic clearance properties of
between subtelomeric and pericentromeric loci. In addition, titee antibody. In addition to their similarity to recombination
subtelomeric paralogs (Msegments on 14q32.BNF21Slon  switch pentamers, there are several other lines of evidence which
6p25-pter; SLC6ABDXS1357Eregion on Xg28) have been suggest that CAGGG motifs at the 16p11.1-X(28 region may be
deemed antecedef/(38). Interestingly, when such events havehotspots for recombination: CAGGG motifs are similar to the
involved the transposition of genes, the 16p11.1-p11.2 paralgg®karyotic chi element (GCTGGTGG) and minisatellite core
have generally been found to be transcriptionally silért ( consensus sequences which strongly promote recombination and
These data, as well as the general intrachromosomal instabilitygeine conversiorbB,54); CAGGAGG sequences are frequently
this region 89,40), suggest that the 16p11.1-11.2 region may bfound at the translocation breakpointsof2 andc-mycgenes
particularly prone to undergo macromutational events resulting (85); (CAGGG), and (CAGG) repeats at mouse logis6-hm
local chromosomal duplications. andHm-2 respectively are extremely variable exhibiting high

have identified and characterized the sequence at the
junctions of the 16p11.1 and Xq28 paralogy domain. The 3
unction (centromere to telomere orientation) of the Xg28 region
is located within a cluster of three head-to-Adil repeats (Figs
2 and3a). A second cluster &lu repeats was observed 2 kb
proximal to the 5junction of the Xg28 region arranged in
opposite orientation to th&lu breakpoint cluster (Fig2). No
other Alu repeats were observed in nearly 28 kb of genomic
dit:tance between these two clusters, suggesting a non-random
tribution ofAlurepeats in the creatine transporter-CDM region
1). Rearrangement @flu clusters, resulting in the formation of
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Figure 5. Possible mechanisms for the duplication of the Xq28 CDM-creatine transporter sequence to the pericentromeric regions of chromosomes. Two pos:
models for the Xq28-pericentromeric duplication are proposed. Both mechanisms assume that CAGGG pentamer repeats are hyper-recombinogenic, that the
CTR-CDM region represents the ancestral copy and that duplication involves the formation of a circular episomal intermediates (see Discussion). The positior
orientation ofAlu repeats in the Xq28 region are indicated by horizontal arrows, the DRSIE57fEand creatine transporter gen8EC6A8 are symbolized as
crosshatched boxes and the CAGGG pentamer repeat regions are depicted as filled boxes. The first model invokes the formation of a large intrachromosomal t
loop, facilitated by the alignment of invertafl repeats, and deletion of the Xq28 CDM-creatine transporter region. The episomal intermediate integrates vis-a-vi
CAGGG repeats present at 16p11.1 and other autosomes. Segregation of the deleted chromosome and selection removes the chromosome from subsequent ge
(i.e. only the non-deleted X chromosome survives germline transmission). The second model is similar with the exception that the Xg28 region is not lost, b
duplicated by gene conversion during replication. The displaced strand instead of being degraded forms a circular intermediate by recombination at the CA(
repeats. In this model, breakage withinAhecluster is fortuitous, possibly due to weak homology of CAGGG repeats (see Fig. 3).

rates of somatic and germline mutation$6,%7); chromosomes 4 and 7 in this species (T8pl&The CAGGG
CAGGGCAGGG doublets are reminiscent of G4 DNA whichrepetitive structure (of the chromosome 16 probe) may be
form unique interstrand and intra-strand DNA structures whictesponsible for this hybridization pattern, suggesting that these
are believed to promote meiotic pairing and exchab§es().  structures may exist at the pericentromeres prior to the integration
Overall, these findings and the observation that CAGGG motifsf SLC6ABDXS1357Eparalogous sequence.

are located near or at all four breakpoints, strongly argue that th&wo hypothetical models are proposed to account for the
recombinogenic properties of these sequences may have b&ansposition of creatine transporter-CDM Xq28 sequence to
responsible for the duplication and/or the integration of sequencE8p11.1 pericentromeric region (Fa. Both models assume that
near the pericentromeric regions of chromosomes. It SAGGG motifs are highly recombinogenic and that a smiaf (
noteworthy that comparative FISH analysis of gibbon has shoviab) episomal intermediate acts as the carrier of the sequence. The
that sequences other than 8leC6ABDXS1357Eparalogy are formation of such circular structures is attractive for two reasons.
responsible for hybridization of the pericentromeric regions dfirst of all the CAGGG motifs bear a striking resemblance to
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CTGGG pentamers found in association with switclSephadex columns, respectively. All hybridizations were performed
recombination. Switch recombination elements have been shoavernight at 65C in a rotisserie oven. Filters were washed three
to promote the formation of circular deletion products with mangimes for 30 min each at 86 with 0.05 M NaP@ 0.5% SDS and

of the recombinant breakpoints occurring near the CTGGG mofif mM EDTA solution and exposed to autoradiographic film. A
(48,51,52). Secondly, the integration of episomal intermediatsecond flow-sorted chromosome 16-derived cosmid library
(possibly through CAGGG homology) would account for thLA16NC02) was obtained from the Los Alamos National
inverted organization of the 16p11.1 paralog relative to thieaboratory 63). Three filters consisting of 4032 arrayed clones
CAGGG superstructure on chromosome 16. An alternate modelhich had been pre-selected during the course of developing a
not presented, may involve trans-chromosomal exchangpbysical map of chromosome 16 were screened with both cDNA
between 16p11.1 and Xg28, possibly mediated bgnd genomic clones. Total cosmid DNA was used as probe to screen
non-homologous pairing during meiosis. Such events, howeven array of PCR-amplified clonal inserts from human placental and
would be expected to preferentially result in translocationsieart cDNA libraries in order to isolate corresponding cDNA
Although no Xg28-16p11.1 translocations have been reportetbnes ¢4).

(possibly due to non-viability), translocations between 16p11.1-2

and 2p11.1-2 (the second domain of paralogy identified in thisngsical mapping of cosmid clones

study) have been observed in cases of spontaneous childhood ) o
acute lymphoblastic leukemi@l). Individual cosmid clones were labelled and hybridized to

Southern blots of chromosome 16 and X chromosome somatic
cell hybrid deletion panels as described previosly6,66). In

order to further refine the map location of chromosome 16
We have described a novel interchromosomal paralogy involvirpsmid, Southern blots of restriction digest panels of YAC clones
26.5 kb of gene-rich sequence between Xg28 and 16p11.1. Guhich had been STS mapped to the 16p11.1-16p11.2 interval
data indicate that this paralogy has arisen quite recently in humaare probed. Due to the reported proximity of the Xq28 CDM
evolution (7-10 mya) and have likely involved duplications ofthgene to the ALD (adrenoleukodystrophy) gene26],

Xq28 ‘master’ sequence to the pericentromeric regions @rrespondinghL.D cDNA (H8, 2.6 kbEcdR1 insert; exons 1-9)
chromosomes, possibly through recombinogenesis of CAGG&hd genomic (TA19; 3.8 Kiad subclone of cosmid Qc11H12;
sequence motifs. These data suggest that processes other thams 6 to 7) clones, as well as cDNA clones p96D7 and p3AL,
tetraploidization (followed by reestablishment of the disomigvere employed to confirm ti#d.D-BGN(biglycan) map interval
state) may be involved in the expansion of gene families in thecation and to extend the cosmid physical map in this region
primate genome. The rapid proliferation of other mammaliafFig. 1). A Southern blot oEcdR1 restriction digests of five
‘cluster’ multigene families which are dispersed near thewrine YAC clones (D19H6, C176B11, D741C3, B7S6, and
telomeres and centromeres of chromosomes such as the ZN®64F2) £9) was probed with p96D7 and p3A1 to confirm the
(zinc finger) gene family7) and the olfactory receptor cluster comparative map location of tf@dmand creatine transporter
(62) may be mediated by similar bursts of transposition of shogenes to th8gr/L1caminterval of mouse.

stretches of genomic DNA. Such genome plasticity would

facilitate gene diversity, dramatically increasing the adaptiveibrary construction

potential of an organism. The proliferation of the mammalian o _

Na+ Cl- dependent transporter gene fam”y’ of wBicB6ASs ShOtgun |Ibrat:IeS from two cosmids u56C4 (a 33.023 kb X
a member, may be regarded in this light. The conservation of ggffomosome insert) and ¢329B6 (32.505 kb chromosome 16
structure and their diverse function of this 12 membrane spannifgert) were prepared in the Mi3delta vect6r) (using
domain gene family in amino-acid, neurotoxin, neurotransmittepr€viously described protocoled). Libraries were constructed
osmolyte and ion transport, may have involved duplication ar¢fing an adaptor-based approach that increases the number of
dispersal from an ancestral template copy. The pericentromer@ndom clones by driving the blunt-ended ligation step with the
directed transposition of the creatine transporters may providé@dition of excess adaptdi7. The average insert size of M13

clue to the mechanism mediating such evolutionary diversity §fones was approximately 1.5 kb. M13 clones were picked to
vertebrate genomes. inoculate 5 ml cultures and allowed to grow for no more than 7

h with vigorous shaking and aeration. Single stranded DNA was
prepared using a PEG precipitation followed by GFC filter
MATERIALS AND METHODS capture §9). The quantity and quality of DNA isolated was
Library hybridization corjfi_rmed by gel electrophoresis on 1% agarose with ethidium
staining.
An arrayed X-chromosome library, (LLOXNCO1l ‘U’), was g
obtained from Lawrence Livermore National Laboratory consistin
of 25 000 clones. Clones were grown insaftarray format on 16
nylon membrane filters at a density of 1536 clones per filter. FilteBye primer sequencing was performed using a Biomek 1000
were prehybridized for 1 h at 85 with 0.25 M NaP@ 0.25 M  workstation (Beckman Instruments Inc.), PE 9600 thermocycler
NaCl, 5% SDS, 10% PEG and 1 mM EDTA; and blocked with 2(Perkin Elmer Cetus) and reagents provided by Applied Biosys-
pg/ml herring sperm DNA. Random hexamer-generated aridms {0). A modified asymmetric PCR protocdll(72) was
end-labelled probes were prepared using manufacturetised in the directed reverse sequencing phase of the project.
specifications (Pharmacia; NEB) and hybridizations wer&equencing reaction products were analysed on a ABI 373A
performed as described. End-labelled oligonucleotide and randdNA Sequencer (Applied Biosystems). The collected data was
hexamer-generated probes were purified through G-25 and G#nmed using Seqprep software (MBCR, Department of Cell

Summary

gequence assembly
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Biology, BCM) and transferred to a UNIX platform for assemblyLaboratory Gene Library Project sponsored by the US Depart-
and editing using XDAP software’3). Sequence map gaps ment of Energy. This research was supported by US Dept. of
(SMGs) and the known exon structure from 56C4 (Taple Energy grant (94ER61830) to DLN, and by grants from
assisted in confirming assembly of the sequence reads frawtH/NCHGR (HG00210 to DLN and HG00823 to RAG).
cosmid c329B6.
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