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Organization of Mouse [roquois Homeobox Genes
in Two Clusters Suggests a Conserved Regulation
and Function in Vertebrate Development

Thomas Peters,’? Renate Dildrop,’? Katrin Ausmeier,'?> and Ulrich Riither'*

! Entwicklungs- und Molekularbiologie der Tiere, Heinrich-Heine-Universitéit, 40225 Diisseldorf, Germany

Iroquois proteins comprise a conserved family of homeodomain-containing transcription factors involved in
patterning and regionalization of embryonic tissues in both vertebrates and invertebrates. Earlier studies
identified four murine Iroquois (Irx) genes. Here we report the isolation of two additional members of the murine
gene family, Irx5 and Irxé. Phylogenetic analysis of the Irx gene family revealed distinct clades for fly and
vertebrate genes, and vertebrate members themselves were classified into three pairs of cognate genes. Mapping
of the murine Irx genes identified two gene clusters located on mouse chromosomes 8 and 13, respectively. Each
gene cluster is represented by three Irx genes whose relative positions within both clusters are strictly conserved.
Combined results from phylogenetic, linkage, and physical mapping studies provide evidence for the evolution
of two Irx gene clusters by duplication of a larger chromosomal region and dispersion to two chromosomal
locations. The maintenance of two cognate Irx gene clusters during vertebrate evolution suggests that their
genomic organization is important for the regulation, expression, and function of Irx genes during embryonic
development.

[The sequence data in this paper have been submitted to the EMBL Nucleotide Sequence Database under

accession nos. AJ271053, A)271054, AJ271055.]

A major force in evolution is clearly the duplication of
genes and their subsequent diversification. The dupli-
cated copies constitute well-defined gene families
whose members may be clustered together or dispersed
on different chromosomes (or a combination of both).
Almost all genes (including those that encode tran-
scription factors) are members of families, such as the
zinc finger, bHLH, or homeobox genes. With respect to
how these families are organized in the genome, dis-
persion of related members throughout different loca-
tions appears to be the more common situation, rather
than clustering. For example, zinc finger genes, al-
though existing as multiple discrete subfamilies, have,
as yet, never been found in a clustered organization.
Similarly, only a few of the genes that encode bHLH
transcription factors [e.g., E(spl) and achaete-scute gene
complexes in Drosophila) are clustered (Alonso and Ca-
brera 1988; Knust et al. 1992).

Our knowledge about gene families that are orga-
nized in clusters and that have been conserved in evo-
lution is limited. The best-characterized example of a
conserved gene cluster is presented by the Hox genes, a
discrete group of homeobox genes. Here, ~10 genes are
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duplicated in cis, and four such Hox clusters have been
characterized in mammals. The single ancestral cluster
that was common to flies and mammals became du-
plicated along the evolution of vertebrates (reviewed in
Finnerty and Martindale 1998).

The organization of genes in clusters raises the
question of the extent to which such genes are under
common control. In particular, how does the expres-
sion of a gene depend on its context (in cis), and what
are the consequences of cluster duplication when regu-
latory elements might be duplicated as well? In prin-
ciple, the expression profiles of duplicated genes (or
genes within duplicated clusters) may be identical or
similar to their ancestors unless evolution has selected
new expression identities. Indeed, a correlation be-
tween the clustered organization of transcription fac-
tors with their expression pattern has been shown, in
particular for those genes encoded in the four Hox clus-
ters mentioned above (reviewed in Krumlauf 1994).

Analysis of the Drosophila Iroquois (Irx) mutation
led to the identification of three tightly linked, highly
related homeodomain proteins that are encoded by the
Iroquois-complex (Iro-C) genes araucan (ara), caupolican
(caup), and mirror (mirr) (Gomez-Skarmeta et al. 1996;
McNeill et al. 1997). During Drosophila development
these genes are involved in sensory organ formation in
the lateral domain of the notum (Leyns et al. 1996;
Grillenzoni et al. 1998; Kehl et al. 1998) as well as in
the specification of body-wall and wing identity
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(Gomez-Skarmeta et al. 1996; Diez del Corral et al.
1999). In addition, Iro-C genes were shown to act as
dorsal selector genes in the Drosophila eye (Cavodeassi
etal. 1999). Recently, multiple homologs of Iro-C genes
have been isolated from distantly related vertebrate
groups such as fish, amphibia, chicken, mouse, and
man (Bosse et al. 1997; Bellefroid et al. 1998; G6émez-
Skarmeta et al. 1998; Bao et al. 1999; Funayama et al.
1999; Goriely et al. 1999; Lewis et al. 1999; Tan et al.
1999; Bruneau et al. 2000). Functional analyses of ver-
tebrate Irx genes are only beginning to appear. As in
Drosophila, Xenopus Irx genes control the expression of
proneural genes, whereas the chicken Irx4 gene regu-
lates the chamber-specific expression of myosin iso-
forms in the developing heart (Bellefroid et al. 1998;
Gomez-Skarmeta et al. 1998; Bao et al. 1999). Four Irx-
related genes, Irx1, Irx2, Irx3, and Irx4, have so far been
described in the mouse (Bosse et al. 1997; Bruneau et
al. 2000). Because of their distinct spatiotemporal ex-
pression during embryogenesis, these genes are be-
lieved to be involved in processes such as patterning of
the central nervous system and regionalization of the
otic vesicle, branchial epithelium, heart, and limbs
(Bosse et al. 1997; Bruneau et al. 2000).

Here we report the identification of two additional
members of the murine Irx gene family. Phylogenetic
analyses of these in the context of their vertebrate ho-
mologs and physical mapping of murine Irx genes pro-
vide a picture of evolution of the vertebrate gene fam-
ily in which an ancient three-gene cluster was dupli-
cated and dispersed to different chromosomal
locations.

RESULTS

Identification of Two Novel Members of the Murine
Irx Gene Family

The Irx gene family of homeobox-transcription factors
was originally described in Drosophila, consisting of
three clustered genes, ara, caup, and mirr (GOmez-
Skarmeta et al. 1996; McNeill et al. 1997). Vertebrate
homologs of these have been isolated from several spe-
cies (Bosse et al. 1997; Bellefroid et al. 1998; Gémez-
Skarmeta et al. 1998; Bao et al. 1999; Funayama et al.
1999; Goriely et al. 1999; Lewis et al. 1999; Tan et al.
1999; Bruneau et al. 2000). Until now, five cDNAs have
been identified in humans (IRX1, IRX2, IRX3, IRX4,
IRXS) and four cDNAs have been identified in mice
(Irx1, Irx2, Irx3, Irx4). This prompted us to perform a
database search to identify additional murine Irx ho-
mologs. We initially identified a set of four overlap-
ping mouse expressed sequence tags (ESTs) (represen-
tative EST entryW54596) whose cDNA sequences were
similar to the human IRX2 sequence, and a single
mouse EST (AA709522) that is similar to the human
IRX3 sequence.
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EST W54596

The conceptual translation of mouse EST W54596
yielded two short open reading frames of 63 and 55
amino acids in length that were similar (94% identity)
to the C-terminal part of the human IRX2 coding se-
quence translation. The cDNA clone corresponding to
EST W54596 was available through the I.M.A.G.E.
Consortium (Lennon et al. 1996) and the DNA se-
quence of the entire insert was determined, yielding a
single open reading frame of 410 codons (data not
shown). The analyzed clone did not represent a full-
length cDNA copy and because no cDNA clones ex-
tending into the 5’ direction were available, we iso-
lated the 5’ end of the transcribed sequence from ge-
nomic DNA. The correct linkage of sequences from
genomic and from cDNA origin in the composite full-
length sequence thereby generated was verified by re-
verse transcriptase-polymerase chain reaction (RT-
PCR) and subsequent sequencing of the amplified
product (data not shown). The composite cDNA se-
quence (1592 bp) contained an ATG start codon at po-
sition 25, a 1449-bp open reading frame, and a stop
codon at position 1474. The derived amino acid se-
quence yielded a putative protein of 483 amino acids
that was most similar (90% identity among 401 over-
lapping amino acids) to the protein translation of the
human IRX2 database entry (U90304). We have named
the mouse cDNA Irx5 (GenBank accession: AJ271053,
AJ271054).

The N-terminal 82 amino acids of the murine Irx5
protein did not match to the N-terminal 17 amino ac-
ids of the human IRX2 translation, but did well match
to other published Irx protein sequences. We noticed
that the position at which the two sequences start to
diverge coincides with an exon-intron boundary in
the genomic sequence of the mouse Irx5 gene (data not
shown), which may indicate that the N-terminal 17
amino acids encoded by the human IRX2 cDNA are
either intron derived or else that they result from an
alternatively spliced exon. The murine Irx5 gene was
independently isolated by two other groups (Bosse et
al. 2000; Cohen et al. 2000)

EST AA709522

The conceptual translation of the cDNA represented by
mouse EST AA709522 yielded a single open reading
frame of 33 amino acids with homology (66% identity)
with the translation of the N-terminal region encoded
by human cDNA IRX3. The mouse cDNA clone was
available through the .LM.A.G.E. Consortium (Lennon
et al. 1996) and the DNA sequence of the entire insert
was determined. The insert represented a 1750-bp
cDNA copy encoding a single, large open reading
frame that started at position 11 and terminated at
position 1324. The translational product of the en-
coded open reading frame yielded a protein of 438
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amino acids that was most similar (83% identity in 192
amino acids overlap) to the partial protein sequence
encoded by human c¢DNA clone IRX3 (U90305). The
mouse gene represented by EST AA709522 has been
named Irx6 (GenBank accession: AJ271055). The se-
quence of a recently described murine Irx gene, also
termed Irx6 (Cohen et al. 2000), corresponds to the
previously published sequence of mouse Irx2 (Bosse et
al. 1997).

The Irx gene family

Our initial database search and subsequent sequencing
resulted in the identification of cDNAs representing
two additional murine Irx-related genes (Irx5 and Irx6),
which, together with the four mouse cDNAs described
previously, constitute the murine family of Irx genes.
We next performed exhaustive database searches to
identify orthologs of the six murine “Irx gene” family
members across all vertebrate species. Representative
database entries (given as GenBank accession numbers)
that cover the entire set of entries found are summa-
rized in Figure 1. We subdivided these sequence entries
into six separate groups according to the amino acid
similarities of their respective coding sequences in
comparison to the six protein sequences identified in
mice. By this we were able to identify one additional
human gene (group 2, assembly: R50645-A1613079-
A1654035-A1831283), which, until now, has not been
described. Moreover, we were also able to generate se-
quence assemblies extending partial coding sequences
for several human and rodent genes, for which only
limited sequence information (mainly homeodomain)

existed previously. Finally, two sets of database entries
were identified from Fugu, encoding homologous se-
quences of the murine genes Irx5 (group 5, assembly:
AL003277-AL006325-AL003293-AL003273) and Irx3
(group 3, assembly: AL028548, AL028584).

To simplify the comparison of closely related cod-
ing sequences from different species we refer to these
sequences according to their group designation. By this
criterion, sequence assemblies representing human
genes IRX1 (group 3), IRX2 (group 35), IRX3 (group 6),
and IRXS (group 1) are now referred to as IRX3, IRXS,
IRX6, and IRX1, respectively.

The alignment of protein sequences from 23 ver-
tebrate Irx genes, the three Drosophila genes described
previously, and the single homolog identified in Cae-
norhabditis elegans is shown in Figure 2. Figure 2A dis-
plays part of the N-terminal region and the homeodo-
main. The 64 residues containing the homeodomain
(positions 189-252) are highly conserved among the
various vertebrate proteins (>89% identity), as are the
three Drosophila proteins when compared to the set of
vertebrate proteins (>91% identity). The homeodo-
main derived from C. elegans gene C36F7.1 is consid-
erably less conserved (73%-77% identity) when com-
pared to fly and vertebrate members. The overall con-
servation of amino acid residues in the N-terminal
domain of the Irx proteins (positions 1-188) was found
to be highest for vertebrate sequences assigned to the
same group (averaged value for sequences within a
given group >82% identity; range, 71%-94%; data not
shown). When comparing N-terminal domains of ver-
tebrate and fly amino acid sequences, conservation

Group Mouse Human Rat Chicken Xenopus Zebrafish,
Fugu
1 AW227409 AI193273
Irxl ¥15002 IRXS U90307 AR964460 Irol AJ001834
AW230496 AI565799
AI597351 AT193794
AR060558 AI871044
AA537433
2 AT154442 R50645
Irx2 ¥15000| AT613079 Irx2 AJ237599 Iro2 AJ001835
AI508269 AI654035
AA798304 AI831283
3 AI308059 AI547411
Irx3 ¥15001 IRX1 U90308| AI030203 Irx3 AF157620 Iro3 AF027175| Ziro3  AF124094,
AI217994 AR996973 (Fugu) AL028548
AA969519 AL028584
4 AI703877
Irxd AF124732 IRX4 AF124733 AI602190 Irx4 AF091504
5 AJ271053 R46202 (Fugu)  AL003277
IrxS  AJ271054 IRX2 U90304 AW252100 AL006325
AL003293
AL003273
6 Irx6  AJ271055 IRX3 90305
AC009165

Figure 1 Vertebrate coding sequences (GenBank accession nos) retrieved from the database define six groups of closely related Iroquois
genes. Sequence assemblies of partial cDNAs (or of exon-containing genomic DNA) representing the same gene are boxed together.
Database entries and names of published cDNAs are shown in boldface, all other entries are derived from database searches described
in this article. Sequence entries for homologous genes present in Drosophila and Caenorhabditis elegans are: caupolican (X95178), araucan

(X95179), mirror (U95021), and C36F7.1 (Z81045).
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HUM IRX5 D---BTP-[IMA----------- G S LGR{EERIA A P SEiPfRg-------------- DP)SYRKNATRPINTIN\TLKAWLNEHRKNPYPTK(
RAT IRXS (B RYD - - -HTP-[MA----------- GSLGH{H)RYA A PP S PPLe- - - - - - - - - - - - - DPISYRKNATRPINTE\T LKAWLNEHRKNPYPTK(
MUS IRXS [EPRYD - - -HTP-[MA----------- GSLGR{HERYA A PPl SPYPpgel - - - - == - - - - - - - - DPISYRKNATRPINTINT LKAWLNEHRKNPYPTK(
FUG IRX5 -ER@YD---HTI-[EMA----------- GSIRPYH)RYA T PR TR PR - - - - ---------- D PpRAREIN AE RIS TEN T L K A WEINEET R]
HUM IRX2 JRYDA - -BTT-[dMT----------- GAISP{HPRYGSAAYPREILN-------------~ DPISYRKNATRUMTINTLKAWLNEH
MUS IRX2 [[FRRYDT - -BHTT-[gMT - - - - - - - - - - - GAISP{EPMIGSAAYPPELN-------------- DPISYRKNATRPINTI\TLKAWLNEHRKNPYPTK(
CHK IRX2 [(FIRYDA - -BTT-[dMT----------- GAISP{EPRYGSPAYPPEILN-------------- DPISYRKNATRPINTINT LKAWLFJEEHRKNPYPTK(
XEN IRX2 [ FBRYDA - -BAA-[dNT----------- GALSP{EEMMGSAAYPPEILN-------------- DPISYRKNATREENTENTLKAWL[JEHRKNPYPTK{
HUM IRX3 /2 Ob§FL - -[F]s PV OEIPAAAFJAF -PHPHP [g-------------- DPEREKNATRESTSTLKAWLNEHRKNPYPTK(
MUS IRX3 AQL--ESP‘IQ PATAMNAF - PEP HPE\FPYERY - - - -[ ARG rlel- - - - - - - - - - - - - DPEREKNATRESTSTLKAWLNEHRKNPYPTK(
CHK IRX3 I\ar-pPEEERAPPSRY- - - -[I PPl - - - -~ - - - - - - - - DPERIIKNATRESTSTLKAWLNEHRKNPYPTK(
XEN IRX3 Ofjp¥ - -EFs P[gVQEl----KAF-SHPHDP P D PEIR}IKNATRESTSTLKAWLNEHRKNPYPTK(
ZEF IRX3 A QFSIL - -p3us Pl v Ofl - PGF-AHHHP BD PR RIIKNATRESTSTLKAWLEEHRKNPYPTK(
HUM IRX1 Op$aL - -pSuN Plelv - )it P ATFAAHTAP BDPERIIKNATRESTSTLKAWLNEHRKNPYPTK(
RAT IRX1 of@AL - - PN Pldv - Eii P INTFAAHTTPE BDP[ER)IKNATRESTSTLKAWLNEHRKNPYPTK(
MUS IRX1 L--pINpldy -Eip IN\TFAAETTH B0 P[gREKNATRESTSTLKAWLNEHRKNPYPTK(Q
XEN IRX1 ofgaAL - -pN Plgv - i P INTFAAETTPGRRERY - - - - [ PR D Pl R)IKNATRESTETLKAWLNEHRKNPYPTKQ
HUM IRX6 NPQR@AF - - EAA[ESFT----SGLA- - QP GERSSRYE R TP RLRYE - - - - - RYG-AVELSGAGLERTPEEE: TLER SR IESA3-3:3:3.3 5285 3 Jc
MUS IRX6 NPQF--AASFA----PSLT--QPBTTD ----- SRR S P REFNIRRKNATRES TSPILKAWLEJEERKNPYPTKG
HUM IRX4 NE-FDs--l3GS[ESAF----GGLAP - AANSSSIE P APRLRYPMD - - - - - RYG-TMD- - SGTEER PN TLESHINEA 013333 52X Je
MUS IRX4 -FRs--plGTlessh- - - -IGLPPTAAALSSSRYE P APAS[RYPMD- - - - - RYG-TVD--SGTERII P ST
RAT IRX4 -ppls - -plG Tes sh- - - -J\cL PP TA A ALSSSRYE P TINIRY LMD - - - - - RYG-TVD--SGTEEII L ST
CHK IRX4 ----El\GIsp--a A‘IYPYLQYQ‘I ----- RYG-AMD- -GG TREII P31
DRO CAUP SNGI--TSPSTBMSAWTSASLQSTTGSDPTAA -------- YGPNYDL- - AARRRS PN S8Ry
DRO ARA SNERYGL - -J§TGAGPEMGAWTSAGLQP T TGRRYSP{DPPMSAF{GGLLVSNSSYGASYDL - - AARRBS PN S B4Ly Al
DROMIRR ANPAGIDLEENLVAG------- ASWPYPSMPYHERYDAAFAGH{P¥N-- - - - SYG--MDL-NGALEES PSR- TLIEL SR IN 58 5:3:1
CEL C36F7.1 = [@IlfADL--KPEMLLG------- GGPGPMPMFFS-DAHRLYHPPfgL------------- [D[E$FFINA TR FNATEWI L KE W LEEJHR KN P Y P KN

218 240 B
HUM IRXS5 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWRPRN prPP--PPPRAVLARSRILEERENIIEEIL SERVKDGGGGN
RAT IRXS EKIMLAIITEMTLTQVSTWFANARRRLKKENKMTWRPRN
MUS IRXS EKIMLAIITKRMTLTQVSTWFANARRRLKKENKMTWRPRN PPPPPPPPREAVLARIILIERSYI IENESEKVKDGGGGS
FUG IRXS5 EKIMLAIITEIMTL TEIVS TWF AEJAEIR RESIKE NEFIT whyP REJ j4P S X XS BILIEBANX I XEEISXXCXSSXDXS
HUM IRX2 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWEIPRN GSRTSPGARPHASESIILUEPNEI IFR I -FLKQPSMGPG
MUS IRX2 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWEP RE] GSRTSPGARPIIA SESRILUEBRSA I PEE] - P LKQPSLGPG
CHK IRX2 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWEIPRN GGRASPGPETHEA SESIILUEPFRI T PE I - P LKSQNLGQG
XEN IRX2 EKIMLAIITKMTLTQVSTWFANARRRLEKKENKMTWEPRN DNGMSSSSQTIASESRILLERRNA 1S E]-PEKEPNLGS V
HUM IRX3 EKIMLAIITKMTLTQVSTWFANARRREFKKENKMTWEP RE
MUS IRX3 EKIMLAIITKEMTLTQVSTWFANARRRLKKENKMTWE(P RE] PCAPAPAPS SAL Q[SFSLEIRNEINIEIPENPRRSPPGA
CHK IRX3 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWEP RE
XEN IRX3 EKRIMLAIITEMTLTQVSTWFANARRRLKKENKMTWEP RE] PSPPQENNMP VA EIFSEUEISNEFEIT PENPRNSP -NT
ZEF IRX3 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTwWiP RE] NSPPSENNGPSAPL SR SLERHSLIEIT SENPRKSPLMN
HUM IRX1 EKRIMLAIITKEMTLTQVSTWFANARRRLKKENK[]T wleFYRE] xxxxxxLQGARHEGL S SNERNN Z IS PiGAPRASPPP
RAT IRX1 EKIMLAIITKMTLTQVSTWFANARRRLKKENK)(T w{ePIRE]
MUS IRX1 EKIMLAIITKMTLTQVSTWFANARRRLKKENK)(T W{ePARE] GAAAVGLQGARE SIS VERTSEEYEIPEGAPKASPP P
XEN IRX1 EKIMLAIITKMTLTQVSTWFANARRRLKKENK|T W[SIRE] GG-QGNIQVPEBSP-GALKESPPP
HUM IRX6 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWEYPEIN GSPRLTMEYPCLERSIRPQEPFNELFEIA SAVEGAPPARP
MUS IRX6 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWEIPJIN GGPTMILHEYPSGHESIRPAEPHNELWNAASAVESAPSTPP
HUM IRX4 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTW}IPRN GFVPAGASAGLEARSIRIEBSALFEIAAAAAATSLSQT
MUS IRX4 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTW}IPRN TFAQAGAPENLE TEQRpQIEPPNEPJENAAAA - - TALSQT
RAT IRX4
CHK IRX4 EKIMLAIITKMTLTQVSTWFANARRRLKKENKMTW)IPRN CFPQ-GQ-] xpstz.a LN------- QA
DRO CAUP EKIMLAIITKEMTLTQVSTWFANARRRLKKENKMTWjIP PLSRDCG KPKIWS.A ACKTPPPTAAYLG
DRO ARA EKRIMLAIITKEMTLTQVSTWFANARRRLKRKENKMTW)AP QLGRDCG ATIS R SEEFHADINVGCKTPPP - -AYMG

DRO MIRR
CEL C36F7.1

EKIMLAIITEMTLTQVSTWFANARRRLEKEKENKMTW}JPRN
PKGM LA TEIMTLTQVSTWFANARRRLKRKENKMT WE PRIN

QQNSLQTAVGGTADH S-KpEsS--KDSSSG
SPIPNDDSESEKRHIDVTSDD PSSKKDSPPS

Figure 2 Alignment of vertebrate and invertebrate Iroquois protein sequences. Amino acid sequences were deduced from DNA
sequences as summarized in Fig. 1, and designation of sequences is according to grouping of sequences therein. (A) Alignment of part
of the N-terminal domain and the homeodomain (alignment positions 189-252). (B) Alignment of part of the C-terminal region encoding
the conserved IRO box. Amino acids that are identical in more than half of the sequences are indicated by a solid box, and similar amino
acids are indicated by a shaded box. ‘X’ denotes positions where the corresponding amino acids could not be identified from the DNA
sequences; ‘—' denotes positions where gaps have been introduced into the alignment; ‘x’ denotes gaps in the actual sequence
assemblies. The complete alignment containing the entire N-terminal region and the homeodomain (1-256) is available from the authors

on request.

ranges between 20% and; 33% identity (41%-73%
when only Drosophila sequences are considered). The
overall sequence identity of both fly and vertebrate
sequences compared to that of the nematode (C36F7.1)
was <20%.

Within the protein region located toward the C-
terminal from the homeodomain (data not shown) the
conservation of amino acid sequences is considerably
lower than it is in the N-terminal part (>56% identity
for vertebrate sequences within a given group, range,
40%-70%). There is, however, a small protein domain
of 13 amino acids that was previously identified as IRO
box (Birglin 1997), which has been conserved in all
sequences analyzed including sequences of both verte-
brate and invertebrate origin (Figure 2B).

Molecular Phylogeny of Irx genes

Phylogenetic analyses were performed to assess the
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evolutionary relationships among the Irx gene family
by defining orthologous genes (derived from a specia-
tion event) as well as paralogous genes (derived from a
duplication event). Gene trees were constructed using
the neighbor-joining method (Saitou and Nei 1987)
including representative genes from the six vertebrate
groups, the three genes from Drosophila and the single
gene present in C. elegans. The nematode gene
(C36F7.1) was treated as an outgroup to provide a root
for the analyses. The necessary assumption that this
gene is outside of the insect-vertebrate group was
based on homeodomain amino acid identities (see
above). The gene tree shown in Figure 3 was con-
structed from the homeodomain along with part of the
N-terminal region (positions 128-256 of the alignment
shown in Fig. 2A), covering the region for which the
largest set of sequence entries had been retrieved by us
from the GenBank database.
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Figure 3 Phylogenetic analysis of Iroquois family members. The
neighbor-joining tree was calculated from Kimura distances, with
scale bars indicating the percentage (x 1/100) of sequence di-
vergence. Numbers above branches indicate the number of times
(%) the branch was found in 200 bootstrap replicates. Bootstrap
values at short external branches (<2% divergence) are not indi-
cated. The gene tree was inferred from the amino acid alignment
in Fig. 2A (positions 128-256), analyzing a set of 21 vertebrate
genes, 3 genes from Drosophila and the Caenorhabditis elegans
gene C36F7.1, which was used as the outgroup. Incomplete se-
quences (chicken Irx3, rat Irx4) have not been considered. Brack-
ets at the right highlight the clustering of vertebrate genes into
six orthologous groups.

The Irx gene phylogeny reveals several notable as-
pects. First, the six previously defined groups of verte-
brate genes form distinct, monophyletic clades in the
phylogenetic analysis, indicating that the correspond-
ing genes represent orthologs that evolved from a
single ancestral gene. Each of these groups contains a
human and a rodent member. In addition to the mam-
malian homologs, five of these groups contain genes
from more distant vertebrate species. Second, the three
Drosophila genes, caup, ara, and mirr cluster outside the
vertebrate Irx genes, forming a separate group. The data
most probably indicate that the duplications that led
to the three genes in Drosophila and the duplications
that led to the six genes identified in vertebrates were
independent events. Third, in addition to the six or-
thologous groups, the vertebrate genes fall into three
larger clades, one of which is characterized by Irx5 and
Irx2, another one by Irx3 and Irx1, and the third one by
Irx6 and Irx4. The highly related genes within each of
these larger clades have evolved apart from a common
ancestral gene through a duplication event, thus form-
ing cognate (paralogous) gene pairs.

The same clustering of vertebrate genes (six or-

thologous groups and three cognate groups), and the
clustering of the three Drosophila genes into a separate
group was obtained when phylogenetic analyses of
representative full-length (or nearly full-length) se-
quences (positions 1-256) were performed (data not
shown).

Arrangement of Mouse Irx Genes in Two Gene
Clusters

To investigate the physical location of Irx genes in
the mouse genome, we took advantage of the fact
that a YAC-based physical map covering ~92% of
the mouse genome was recently described by the
Whitehead Institute/Massachusetts Institute of Tech-
nology Center for Genome Research (WI/MIT CGR;
Nusbaum et al. 1999). Thus polymerase chain reaction
(PCR) screening of the same YAC library (Haldi et al.
1996) used for physical map construction allowed
identification of Irx-positive YACs assigned to the in-
tegrated genetic and physical map (WI/MIT CGR data-
base).

Our search for genomic clones containing mu-
rine Irx genes led to the identification of several
YAC clones positive for Irx1, Irx2, and Irx4 (Fig. 4A).
The finding that IrxI and Irx2 both map to YAC
clone 87-C-5 already revealed a tight linkage of these
genes. Consultation of the WI/MIT CGR database
provided detailed mapping information for YAC
clones 87-C-5, 357-B-3 and 396-A-2, which are all
located in YAC contig WC-321 at centimorgan posi-
tion 25 on chromosome 13. In addition, database in-
formation for contig WC-321 indicated a physical
overlap of YAC clones 87-C-5 and 357-B-3 confirming
the tight linkage of IrxI and Irx2. Most importantly,
this database information demonstrated a physical
overlap of YAC clones 357-B-3 and 396-A-2 connecting
Irx2 and Irx4, respectively. Thus Irx1, Irx2, and Irx4 are
tightly linked in this linear order on mouse chromo-
some 13.

Similarly, YAC clones positive for Irx3, Irx5, and
Irx6 were identified (Fig. 4B). Among those, YAC clones
116-F-4, 352-H-11, 388-A-10, and 419-B-6 have been
considered by the WI/MIT CGR database and were
found to map to YAC contigs WC-1037 and WC-1038,
at centimorgan position 43 on chromosome 8. The
tight linkage of Irx5 and Irx6 was uncovered by analysis
of YAC clones 270-C-10 and 388-A-10 containing both
Irx genes. Likewise, the tight linkage of Irx3 and Irx5
was shown by the mapping of both genes to YAC clone
352-H-11. In addition, we assayed for the presence of
genomic markers known to be located in this region
(Fig. 4B), independently confirming the clustered or-
ganization of these genes. Thus Irx3, Irx5, and Irx6 are
tightly linked in this linear order on mouse chromo-
some 8.
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Figure 4 Schematic representation of the physical linkage of murine Irx genes in two clusters on mouse chromosomes 13 (A) and 8 (B).
The top half of the figure shows the generation of YAC contigs based on polymerase-chain-reaction (PCR)-screening of the large MIT
mouse YAC library (WI/MIT 820). Squares indicate the relative positions of murine Irx genes. Single YAC clones are represented as
horizontal lines. The name of each clone is indicated. The bottom half represents database information for individual YAC clones provided
by the Whitehead Institute/MIT Center for Genome Research (WI/MIT CGR). Underneath individual genomic marker (sequence-tagged
sites; open circles) assigned to YAC clones considered by WI/MIT CGR database are shown. Genomic markers D8Mit147, D8Mit309 and
20.MMHAP88FRG8.seq were also tested by PCR. Details on each marker/YAC clone are available on the World Wide Web site at the

WI/MIT CGR (http://carbon.wi.mit.edu:8000/cgi-bin/mouse/index).

Iroquois Gene Cluster Duplication By a Large-Scale
Chromosomal Duplication

Our linkage data revealed a clustered organization of
Irx genes in the mouse genome. Interestingly, each of
the three genes linked in one of the two identified Irx
clusters could be assigned to one of the three cognate
gene pairs defined by our phylogenetic analysis. The
relative position of cognate genes within each of the
two clusters is strikingly conserved. This arrangement
is intriguing in that it suggests that the two clusters are
the result of a single duplication event, revealed by our
phylogenetic analysis to have occurred before the di-
vergence of the major vertebrate lineages.

To test whether the chromosomal locations of Irx
genes were conserved between vertebrate species, we
screened the National Center for Biotechnology Infor-
mation (NCBI) GeneMap ‘99 for mapping information
on human IRX genes. These database analyses revealed
that human IRX3 (stSG10226) is positioned on chro-
mosome 16q12, whereas (cognate) IRX1 (D5S678,
stSG51099) was found to map to chromosome 5p15.3.
Both chromosomal locations correspond to the loca-
tion of the two mouse gene clusters on chromosomes 8
(43cM) and 13 (25cM). In addition, BAC clones con-
taining the IRX6 gene were identified by screening the
NCBI database (HTGS division). These BAC clones also
contain genomic marker D16S3032, which maps to
chromosomal region 16q12 on the sequence-tagged
site (STS)-based map of the human genome (WI/MIT
CGR; Dib et al. 1996). Human IRX4 (cognate with
IRX6) has recently been mapped to chromosome
5p15.3 (Bruneau et al. 2000). Although genomic loca-
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tions of human IRX2 and IRXS have not been deter-
mined so far, it is likely that the clustered organization
of IRX genes is maintained in humans.

If duplication and dispersion of an ancestral Irx
cluster occurred en bloc, other genes closely linked to
the original Irx cluster should have been duplicated as
well. To investigate this, we screened the NCBI data-
base (Online Mendelian Inheritance in Man (OMIM),
GeneMap 1999) for additional pairs of paralogous
genes located in vicinity of human IRX clusters. Analy-
sis of the IRX1/IRX4 region on chromosome 5p15.3
identified several genes (e.g., ADCY2, SLC6A3) whose
paralogs (e.g., ADCY7, SLC6A2) were found to map
nearby IRX3/IRX6 on chromosome 16q12-ql13 (data
not shown). The genomic distribution pattern of these
genes is consistent with the view that the ancient du-
plication entailed a large chromosomal region contain-
ing additional genes.

DISCUSSION

Irx Genes Are Members of an Ancient Gene Family

Our database search for Irx-related genes led to the
identification of two additional members of this family
of transcriptional regulators, mouse Irx5 and mouse
Irx6, which, along with the four previously identified
mouse genes, constitute the murine Irx gene family. In
addition, we have identified one new member (now
termed IRX2) from the human family, which, together
with the five previously identified human genes, also
consists of at least six individual genes. At present, ho-
mologs from five of the six mammalian family mem-
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bers have been identified in other vertebrate groups,
including genes from amphibia, birds, and fish. To-
gether with the three IRO-C genes previously identified
in Drosophila and the single homolog identified in C.
elegans, Irx genes form a well-conserved, ancient gene
family that can be traced back to a metazoan ancestor
that is common to vertebrates, flies, and nematodes.
This is revealed by homeodomain amino acid identi-
ties (>73%) within the Irx gene family, as compared to
identities of <56% to members of other homeodomain
gene families present in the database (data not shown).
In addition, all members of the Irx family are charac-
terized by the highly conserved IRO box, which was
found to be unique for this family of homeodomain
proteins (Biirglin 1997).

Evolution of Vertebrate Irx Genes by

Cluster Duplication

Our phylogenetic analyses demonstrated that verte-
brate Irx genes cluster into six orthologous groups. In
addition, each two of these orthologous groups form a
set of cognate gene pairs. Thus we conclude that Irx1
and Irx3 evolved apart from a common ancestral gene
through a duplication event, as well as Irx2/Irx5 and
Irx4/Irx6, which represent a second and a third pair of
cognate genes. Because our physical mapping analyses
revealed the linkage of Irx3, Irx5, and Irx6, and the
linkage of Irx1, Irx2, and Irx4 (discussed below), the
data suggest that the three duplications (generating
pairs of cognate genes) are the result of a single event.
The timing of that duplication event can be estimated
to have occurred in a common ancestor of the verte-
brate lineage, before the divergence of fish, amphibia,
birds, and mammals, most probably in the course of a
genome-wide duplication that is believed to have oc-
curred early in the evolution of vertebrates (reviewed
in Skrabanek and Wolfe 1998; Aparicio 2000). Exem-
plified with the case of the clustered organization of
the Hox genes (mammals possess four Hox complexes),
at least two such rounds of genome duplication prob-
ably coincided with the appearance of vertebrates. This
raises the possibility that previous genome duplica-
tions resulted in additional Irx three-gene clusters that
were subsequently lost (Ruddle et al. 1994; Aparicio
2000). Possibly, future investigations of Irx gene orga-
nization in agnathans or elasmobranchs will shed light
on this topic.

Considering the relationships of vertebrate and in-
vertebrate Irx genes, the phylogenetic analyses showed
that the three Drosophila genes cluster outside the ma-
jor vertebrate clade. The Irx genes in the fly have been
shown to be physically linked (Gomez-Skarmeta et al.
1996; McNeill et al. 1997; Netter et al. 1998), thus the
three genes most likely have evolved by two local du-
plication events. The very same scenario can be envi-
sioned for the evolution of the single, primordial three-

gene cluster that is ancestral to the two three-gene clus-
ters that are present in vertebrates. Our phylogenetic
analyses examining Irx genes from present-day organ-
isms suggest that the different three-gene clusters (pre-
sent in flies and vertebrates) evolved independent from
one another. Yet we cannot exclude the possibility that
mechanisms implied for the concerted evolution of
multigene gene families (such as unequal crossing-over
and gene conversion) operated on either one of these
three-gene clusters, causing the duplicated genes in
each linkage group to become progressively more ho-
mogenized.

Physical mapping studies uncovered the clustered
organization of murine Irx genes on mouse chromo-
somes 8 and 13. Moreover, our mapping studies also
revealed that the relative position of cognate genes
within both clusters is strictly conserved. The presence
of such paralogous gene clusters can be best explained
by an en masse duplication, either of the entire ge-
nome, or of a regionally restricted subset of the ge-
nome (Holland and Garcia-Fernandez 1996; Skrabanek
and Wolfe 1998). The evolution of Hox gene clusters is
probably one of the best-studied examples represent-
ing paralogous gene clusters. Several studies revealed
that duplication of Hox gene clusters included nearby
developmentally important genes such as members of
the Distal-less, Integrin, Paired box, and Wingless gene
families (Ruddle et al. 1994; Holland and Garcia-
Fernandez 1996; Stock et al. 1996). Likewise, an en
masse duplication of several genes was responsible for
the creation of two T-box gene clusters on mouse chro-
mosomes 5 and 11 (Agulnik et al. 1996; Ruvinsky and
Silver 1997). Analysis of gene loci located near human
IRX gene clusters on human chromosomes 5 and 16
resulted in the identification of additional pairs of
paralogous genes. Thus the existence of cognate Irx
gene clusters can be most likely attributed to a single
duplication event encompassing a larger genomic re-
gion. Whether the linkage of genes to the Irx clusters is
a structural remnant of the ancestral linkage pattern or
serves an important biological function remains elusive.

Consequences of Clustered Organization

The linkage of Irx genes was demonstrated by their
location on overlapping YAC clones identified by
screening a large insert mouse YAC library (with an
average insert size of 820 kb; Haldi et al. 1996). The fact
that no more than two Irx genes were found to be lo-
cated on a single YAC clone suggests that complete
(three-gene) clusters cover several hundred kilobases of
genomic sequences. However, transcriptional units of
Irx genes appear to be encoded by <20 kb of genomic
sequences (data not shown). Yet the clustered organi-
zation and the linear order of Irx genes has been con-
served in the course of evolution, suggesting a selective
advantage to this genomic arrangement.
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Indeed, a correlation between the clustered orga-
nization of transcription factors and their coordinated
expression has been shown for the members of the Hox
gene clusters. Each of the four mammalian Hox gene
clusters consists of ~10 transcriptional units that are
tightly packed within 150 kb of genomic DNA (Krum-
lauf 1994). During mammalian embryonic develop-
ment, Hox genes are activated in a spatiotemporal se-
quence that reflects their clustered organization. In ad-
dition, trans-paralogous Hox genes from different
clusters show similar expression patterns consistent
with their evolutionary relationships. Recent studies
demonstrated that various cis-regulatory mechanisms
are involved in the coordination of Hox gene expres-
sion. These include promoter competition or enhancer
sharing occurring between nearby located Hox genes
(for review, see Mann 1997; Duboule 1998) as well as
the control of colinear activation of Hox genes by a
global enhancer element located upstream of the HoxD
complex (Kondo and Duboule 1999). Whether inter-
genic regions of Irx clusters harbor cis-regulatory ele-
ments that are essential for Irx gene expression remains
to be investigated.

The vertebrate Irx family currently comprises six
individual members. Expression analyses of four of the
murine members demonstrated discrete spatially and
temporally restricted patterns during embryogenesis
(Bosse et al. 1997, 2000; Bruneau et al. 2000; Cohen et
al. 2000). Thus, the presence of distinct cis-regulatory
elements may account for specificity differences be-
tween members of different Irx gene clusters. However,
based on the extreme conservation of their (DNA-
binding) homeodomains, individual Irx proteins might
recognize identical or similar DNA motifs and thus in-
duce the very same or similar genetic programs. Regu-
lation of gene expression is generally mediated by pro-
tein complexes, thereby modulating the specificity of
DNA recognition. Irx proteins harbor a conserved mo-
tif downstream from the homeodomain, the IRO box.
It will be interesting to determine if the IRO box is
involved in the recruitment of cofactors that contrib-
ute to the specificity of Irx function.

Irx Nomenclature

The relationships among vertebrate Irx genes suggested
here would be best represented by changes to the no-
menclature. Simplification could be attained by adjust-
ing the nomenclature of vertebrate Irx genes to the
name of their mouse orthologs (see Fig. 1). Considering
the genomic organization of vertebrate Irx genes, a new
system analogous to that in use for the Hox gene clus-
ters might be useful. Thus the two complexes might be
named IrxA and IrxB. An identical alphabetic designa-
tion might be assigned to cis-paralogous Irx genes fol-
lowed by a numeric identifier for each gene to indicate
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trans-paralogous (cognate) Irx genes. Reflecting the lin-
ear order and the evolutionary relationships of verte-
brate Irx genes, nomenclature of Irx1, Irx2, and Irx4 on
mouse chromosome 13 might be changed to Irxal,
Irxa2, and Irxa3, and Irx3, Irx5, and [rx6 on mouse
chromosome 8 might be changed to Irxb1, Irxb2, and
Irxb3. Consequently, human orthologs on chromo-
some 5pl15.3 (IRXS5, IRX (EST assembly R50645-
AI831283), and IRX4) might be changed to IRXAI,
IRXA2, and IRXA3, and human orthologs on chromo-
some 16q12 (IRX1, IRX2, and IRX3) might be changed
to IRXB1, IRXB2, and IRXB3.

METHODS

Cloning of Murine Irx5 5'End

The S’end of murine Irx5 cDNA was obtained by Nhel/Notl
restriction fragmentation of a PAC clone positive for IrxS5.
Cloned fragments were analyzed by sequencing, performing
virtual alignments of deduced amino acid sequences to mem-
bers of the Irx2/Irx5 subgroup. One genomic clone was iden-
tified containing putative N-terminal sequences of Irx5. To
evaluate whether the identified sequence was a genuine part
of the Irx5 cDNA we performed RT-PCR analysis using primer
Irx5-F30 (5'-ATGTCCTACCCGCAGCTACTTG-3") and
P05951-B1 (5'-CATGATCTTCTCTCCCTTGGTGG-3") origi-
nating from both the genomic clone and the EST clone
W54596, respectively. RT-PCR analysis of RNA isolated from
whole mouse embryos at E11.5 resulted in the amplification
of a 440-bp PCR fragment. Sequencing confirmed the accu-
racy of the PCR product. PCR amplification using primers
Irx5-F30 and P05951-B1 was carried out at 94°C for 30 sec,
57°C for 45 sec, 72°C for 30 sec, for 30 cycles, followed by a 7-
min extension at 72°C.

Database Searches and Phylogenetic Analyses

The identification of additional Irx family members was per-
formed by database searches using protein sequences derived
from published Irx genes. Open reading frames were retrieved
by TBLASTN (Altschul et al. 1990) searches against the six-
frame translations of the GenBank database (NR, dbest, GSS,
and HTGS divisions). Sequence assemblies generated from
overlapping sequences and gapped assemblies were both
guided along the coding frames of full-length sequences re-
ported previously (including manual corrections for frame-
shifts in several of the primary sequence entries).

Alignment of protein sequences was performed using the
CLUSTALW server (http://www.ebi.ac.uk) (and the JALVIEW
sequence editor) provided by the EMBL-European Bioinfor-
matics Institute (EBI). Phylogenetic analyses were performed
using the PHYLIP server (http://bioweb.pasteur.fr) at the Pas-
teur Institute. Gene trees were calculated from Kimura (1980)
distances employing the neighbor-joining algorithm (Saitou
and Nei 1987).

Physical mapping information for identified YAC clones
containing Irx genes was obtained from the database of the
Whitehead Institute for Biomedical Research/MIT Center for
Genome Research (WI/MIT CGR) (Nusbaum et al. 1999).
Mapping information for human IRX, ADCY2/7, and
SLC6A2/3 genes was obtained from the NCBI database (Gene-
Map 99, OMIM GeneMap).
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Isolation of Irx Positive YACs

Combinatorial DNA pools of the large insert MIT mouse YAC
library (WI/MIT 820) used for the construction of the WI/MIT
CGR YAC-based physical map of the mouse genome (Cope-
land et al. 1993; Dietrich et al. 1994, 1996; Nusbaum et al.
1999) were screened by PCR to identify YAC clones positive
for individual Irx genes. PCR primers specific for individual
murine Irx sequences were as follows: Irx1: Irx1-F750 (5'-
CATAGGCAAGTTTTCCAACTGGAC-3’), Irx1-B1000 (5'-
GCGACTTTAACTGTTGTGGGGG-3"); Irx2: Irx2-F2050
(5'-GTTTGGGGCTCATTTTTACTGGAG-3’), Irx2-B2150 (5'-
GGACGTTTATTTCACTGGCTCTTC-3'); Irx3: Irx3-F1 (5'-
CCCTATCCAATGTGCTTTCATCAG-3"), Irx3-B1 (5'-
GGCTGTCCTTCAGCTCATACTGAG-3"); Irx4: Irx4-F1
(5'-GCACGCCACGAACTCAATTC-3"), Irx4-B1 (5'-
AGATGCCTCAGAACCATAGGTCAC-3'); Irx5: P05951-F1
(5'-TCACCCTTATGCAGCACCTCTG-3'), P05951-B1 (5'-
CATGATCTTCTCTCCCTTGGTGG-3"); Irx6: Irx6-F1530
(5'-TCAGACTTGGAGGAGAGAAGGTGG-3'), Irx6-B1700 (5'-
GACAGTCCTTGGAGACCATTTCAG-3’). Amplification con-
ditions were 94°C for 30 sec, 55° -58°C for 45 sec, 72°C for
30 sec, for 35 cycles, followed by a 7-min extension at 72°C.
The three-dimensional pooling scheme of the YAC library
allowed the unambiguous identification of individual
YAC clones positive for a given gene by only two rounds of
PCR screening. For final marker content mapping, YAC
DNAs were prepared from 10-mL overnight cultures using
standard protocols. The YAC library was initially described
by Haldi et al. (1996). YAC clones were reported to have an
average insert size of 820 kb. DNA pools of the YAC library
and identified YAC clones were provided by the Resource
Center/Primary Database of the German Human Genome
Project (Library No. 917). Identified YAC clones were as fol-
lows: WIBRy917G07228 (228-G-7), WIBRy917C0587 (87-C-
5), WIBRy917B03357 (357-B-3), WIBRy917A02396 (396-A-2),
WIBRy917F0391D2 (91-F-3), WIBRy917F06339 (339-F-6),
WIBRy917H08228D1 (228-H-8), WIBRy917H11352D2
(352-H-11), WIBRy917B06419D2 (419-B-6), WIBRy917-
A10388D2 (388-A-10), WIBRy917F04116D2 (116-F-4),
WIBRy917C10270D2 (270-C-10).
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