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Abstract: The human chromosomes 2, 7, 12 and 17 show
genomic homology around Hox gene clusters, is taken as
evidence that these paralogous gene families might have
arisen from a ancestral chromosomal segment through
genome duplication events. We have examined protein data
from vertebrate and invertebrate genomes to analyze the
phylogenetic history of multi-gene families with three or
more of their representatives linked to human Hox clusters.
Topology comparison based upon statistical significance
and information of chromosome location for these genes
examined have revealed many of linked genes co-
duplicated with Hox gene clusters. Most linked genes to Hox
clusters share the same evolutionary history and are
duplicated in concert with each other. We conclude that
gene families linked to Hox clusters may be suggestion of
ancient genome duplications.
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It have generally been realized that the evolution of
morphology of vertebrates is responsible for the modification
of the genes and/or regulatory elements that control their
development (Carroll et al., 2001). It have also been
suggested that extensive gene/genome duplications at the
origin of vertebrates results in widespread existence of gene
families in extant vertebrates. In fact, in the invertebrates so
far examined Hox genes of these are linked in a single
cluster with some exceptions. But, by the emergence of
higher vertebrates, the Hox gene cluster duplicated in either
two rounds of genome duplication or third tetraploidization,
resulting in the four or seven cluster state present in
tetrapods and teleosts, respectively (Amores et al., 1998;
Aparicio et al., 1997; McLysaght et al., 2002).
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Mammalian Hox genes are homologous to clustered
homeobox genes found in the Antennapedia and the
Bithorax complexes of Drosophila melanogaster (Duboule
and Dolle 1989; Graham et al., 1989). In both mouse and
human, Hox genes are organized into four clusters (termed
HOX A, B, C and D, each extending over 100 kb) that are
located on four different chromosomes (Ruddle et al., 1994;
Burglin 1994). Linked genes have been assigned up to 13
paralogous groups (as cognate groups 1-13) based on the
fact that Hox genes show more sequence similarity to
paralogous genes on other clusters than to genes linked on
the same cluster. A hypothesis of mammalian Hox gene
evolution suggested that the gene family arose through a
series of gene duplications resulting in 13 paralogous
groups linked in a cluster, followed by cluster duplication,
which generated the current four-cluster state (Kappen et
al., 1989; Schubert et a., 1993). Under this proposed model
of evolution, cognate groups present on different clusters
share a more recent common ancestor than genes within the
same cluster, thus accounting for the higher level of
sequence similarity observed among cognate groups on
different clusters than among genes on the same cluster.
The human chromosomes 2, 7, 12 and 17 show extensive
intra-genomic homology, containing duplicate, triplicate
and quadruplicate paralogous regions centered on the Hox
gene clusters. These are taken as evidence that these
paralogous gene families might have arisen from a single
chromosomal segment through whole or block chromosome
duplication events. The vertebrate genome likely has risen
through a series of genome duplications (Ohno, 1970)
which might be responsible for the increase in Hox cluster
number from one to four (Holland et al., 1994; Ruddle et
al., 1994). Reconstructing the history of the duplications
and its relation to vertebrate evolution has been problematic
due to the lack of informational sequence information from
more extended adjacent gene families to Hox clusters. In
this study, to see whether the four-fold paralogy seen on

ANIMAL CELLS AND SYSTEMS Vol. 12 No. 4

261



Sunwoo Kim, Gila Jung, Jaehyoun Lee, Hayoung Park, and Chang-Bae Kim

=t
a

a1

91 ¢ Homo sapiens HOXBS Xenopus tropicatis IGFEP4
105 your7 Tekifugy rubripes IGFBP4
100" Pan trogiodytes HOXBS B Tetraodon nigroviics IGFBRS
Mus musculus HOXBS Gelt s IGFBPS
& - Hsa17
97} Rattus nonegicus HOXB9 Hsal? 1 Bos taurus IGFBP4
Xenopus topicalis HOXBY Homo sepiens (GFBRA
71y Mus muscuius IGFBP4
Danio rerio HOXB% 83} 93¢ Rattes norvegicus IGFEPS
001 r Salma salar HOXBYaa g9 Mus musculus IGFEP1
B8 % Salmo salar HOXBIab Rattus nonegicus IGFBPY
R Bos teusus IGFBPY
He(z@mtu; ﬂan:g; :0)%9 Homo sapiens IGFBP1 Hea7
apio &
s pio anubis " Galtus gaius‘tsfam
Wus musculus HOXAS Hsa7 Yeropus tropicalis IGFBP1
e Ho s HOXAS Danio rerio IGFBPY
g5[) oMo Sapiens Tekifugu aripes IGFBRT
%1 Pan trogiodytes HOXAS 101 Takifugu rubripes IGFBR2
10— Homo sapiens HOXDS Tetraodon tigroveidis IGFBPZ
Mus musculus HOXDE Derio reric IGFBPE
) Gallus gallus IGFBP2
Xenopus faevis HOXDY 115 Mus musculus IGFBP2 Hsaz2
Heterodontus francisci HOXDS Retttus nonagicus IGFBPZ
Tekifugu rubripes HOXD9a Bos laus IGFBP2
o . Hsa?2 Homo sapiens IGFEP
Astatotilapia burtoni HOXDSa 951 Macaca mulatia IGFBP2
Oryzias latipes HOXDS 100y Mus muscuius IGEBPS
Danio rerio HOXDa Rattus norsegicus IGFBP6 Hsal2
Saimo satar HOYDEb Homo sapiens IGFBPS
o saiat 2 g~ Mus museulus IGFBP3
Salmo salar HOXDSaa Rattus norwgicus IGFBPS
97 Oncothynchus mykiss HOXD9a 8os taurs IGFBP3
. . Homo sapisns IGFBPY
Takifugu rubripes HOXCOa
% ] 1ugu pes Gallus gatlus IGFBPE Hsa7
Oryzias latipes HOXCS Danio reriv IGFEPS
p Homo sapiens HOXCS Takifugu rubripes IGFBP3
Pan trogiodytes HOXCY Hsal2 1001 Tatraodon pigroviridis IGFBF3
1 - Vakitugnt rubiripes IGFBPS
100} Mus musculus HOXCY J{__—Emwm nigsandis IGFBRS
Capra hircus HOXCY Danio redio IGFBPS
Drosophila Abd-B 7 Aanopus tiopicalis IGFBPS
= Homo sapiens IGFBPS Hsa2
pneee——] 5| Bos taurus 1GFBPS
92 Mus musculus IGFBPS
75! Rattus nonegicus IGFBPS
Orosophila £G13830-PA
o
Homo sapiens NFE2L1
351 Homo sapiens ZNFNTAY 92} Pan troglodytes NFE2LT
it Macaca mulatta ZNFR1A1 D B|l pongo abetii NFEZL1
#us musculus ZNFNTAT 32 mus musculus NFE2L
Rattus nonegicus ZNFNIAT Bos taurus NFE2L1 Hsal?
Gallus galtus NFE2L1
Bos taurus ZNFVIAY Saimo salar NFE2LY
Canis fomifiaris ZNFN1AY Hsa7 1% Astatotilapia burtoni NFE2L1
Gallus gallus ZNFN1AY 98 Takifugu nibripes NFE2L1
Yenopus tropicalis ZNFN1AT ki Danio rerio NFE2L1
Danio rerio ZNFN1AS Mus musculus NFE2LS
ST 805 taurus NFE2LS
Tetraodon nigroridis ZNFNTA1 LBy
. 52 Macaca mulatta NFE2L3 Hsa?
98| Takifugu rubripes ZNFN1AY . o] 1 Homo sapiens NFE2L3
471 Mus musculus ZNFNIA3 931 Pan troglodytes NFE2L3
Rattus noregicus ZNFN1AZ Danio rerio NFE2L2
531 Bos taurus ZNFNTAS Hsat7? Takifugu wubripes NFE2L2
icalis NF
a5} Canis famias ZNFN1AY Yonapus fropicals NFE2L2
. Gallus galius NFE2L2
Homo sjapte.ﬂs ZNFNIAS ® 100 Mus musculus NFE2L2 Hsa2
Yenopus tropicalis ZNFN1A2 % Rattus neregicus NFE2L2
gy Homo sapiens ZNFN1AZ Homo sapiens NFE2LZ
551 | Macaca mutatta NFN1A2 Hea? Bos taurus NFEALZ
%} Mus musculus ZNENIAZ Equus cabalius NFE2L2
) % Takifugs rubripes NFE2
74! Rattus nonegicus ZNFN1A2 00 [—'{ N bustton! NFE2
Xenopus tropicalis INFNTA4 Datiio rerio NFE2
Home sapiens ZNFN1A4 Yon Xenopus tropicalis NFE2
Bos taurus ZNFN1A4 = Bos taurus NFEZ2 Hsa12
8 Ganis familiaris ZNFNIA Hsa12 Rattus nonegicus NFE2
00 Mus musculus NFE2
Mus musculus ZNFN1A4
43i 1 Ponge abelit NFE2
8! Raftus nonegicus ZNFNTAG a3} Homo sapiens NFE2
purpuratus XP 760674 35t Pan troglodytes NFE2
et

Fig. 1. Phylogenetic relationships of four gene families showing four members examined in this study. A, HOX9 gene; B, IGFBP; C, ZNFN1A; D,
NFE2. Numbers on branches represent bootstrap values (based on 1,000 replications) supporting the branching patterns. Scale bar shows

amino acid substitution per site.
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Fig. 2. Phylogenetic relationships of the gene families. A, DLX; B, IGF2BP; C, SLC4A.
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Fig. 3. Phylogenetic relationships of the gene families. A, SMARCD; B, OSBPL; C, RAR.

human Hox-bearing chromosomes is an outcome of
genome duplications, we employed the phylogeny and
positional information to know the consistencies among the
phylogenies of 16 linked gene families including the Hox
clusters and genome duplications.

MATERIALS AND METHODS

We have employed the currently available set of protein
data for a wide variety of vertebrate and invertebrate
genomes to analyze the phylogenetic history of 16 multi-

gene families with three or more of their representatives
linked to human Hox clusters. Protein sequences of human
Hox linked gene families obtained from NCBI with
BLAST and Ensembl database version 43. Protein domains
in each sequence were identified by searches against the
Pfam database and aligned using the Windows version of
Clustal X 1.81. The phylogenetic relationships were
reconstructed by Neighbor-Joining (NJ) method (Saitou
and Nei, 1987) using MEGA program. JTT (Jones-Taylor-
Thornton) matrix was used for calculation of genetics
distance. Complete-deletion option was used. For statistical
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Table 1. Summary of the analysis of gene families examined in this study

A Phylogenetic Analysis for Hox Linked Gene Families of Vertebrates

Gene Family Name

Chromosomal Position Information

Hsa2

Hsa7/3*

Topology

Consistency with
Genome Duplica-

. Hsa12 Hsa17 tions
HOX HOXD9 HOXA9 HOXC9 HOXB9 (7 ,17)2)12) Yes
c
Collagen o) COL1A2 COL2A1 COL1A1 ((1217)7)2)
DLX2 DLX5 - DLX3
DLX BLX1 DLXa i DLX4 (T AT2),(2,7)17) Yes
ERBB ERBB4 EGFR ERBB3 ERBB2 (7.17),(2,12)
GLI GLI2 GLI3 GLI1 - ((2,7)12)
HH IHH SHH DHH - (2,7012)
IGF2BP IGF2BP2 IGF2BP3 - IGF2BP1 ((717)2) Yes
IGFBP2 IGFBP1 IGFBP6 IGFBP4
IGFBP \GFBPS \GFBP3 b i ((7.17)2),((2,7)12) Yes
INHBC
INHB INHBB INHBA INHBE - ((2,712)
ITGB ITGB6 ITGB8/ITGB5* ITGB7 ITCB3 ((8.17)2)12)
ITGB4
NFE2 NFE2L2 NFE2L3 NFE2 NFE2L1 ((7,17)2)12) Yes
OSBPL OSBPL6 OSBPL3 - OSBPL7 2,717 Yes
RAR - RARB* RARG RARA ((3,17)12) Yes
SLC4A3
SLC4A SLC4A5 SLC4A2 SLC4A8 SLC4A1 (@,717) Yes
SLC4A10
SMARCD - SMARCD3 SMARCD1 SMARCD2 (7,12)17) Yes
SP SP3 SP4/8 SP2 {(212)717)
ZNFN1A ZNFN1A2 ZNFN1A1 ZNFN1A4 ZNFN1A3 ((7,17)2)12) Yes

Abbreviations for gene families: ERBB, ERBB receptor protein tyrosine kinase; GLI, GLI zinc-finger protein; HH, Hedgehog; IGF2BP, IGF-2 mRNA binding
protein; IGFBP, Insulin like growth factor binding protein; INHB, Inhibin; ITGB, Integrin beta; NFE2, Nuclear factor erythroid 2; OSBPL, Oxystrol binding pro-
teins; RAR, Retinoic acid receptors; SLC4A, Anion exchanger family; SMARCD, SWI/SNF-related, matrix-associated, actin-dependent regulators of chro-
matin; SP, Sp1 ¢2h2-type zinc-finger protein family; ZNFN1A, Zinc finger protein, subfamily 1A.

significance for branching pattern bootstrap was used based
on 1,000 replications. The information of chromosomal
location for gene families examined in this study obtained
from the Sundstrom et al. (2008).

RESULTS AND DISCUSSSION

To perform independent testing of the hypothesis which
supports four-fold paralogy regions in the human Hox-
bearing chromosomes might be remnants of genome
duplication, we conducted a phylogenetic analysis of gene
families with representatives linked to three or four of the
human Hox clusters. Gene families with paralogues linked
to less than three Hox clusters have been left out because
their occurrence is consistent with several alternative
explanatory scenarios. Given the phylogenetic data, we
sought to determine which genes could have duplicated
simultaneously. For this test we reconstructed the
phylogeny of vertebrate Hox clusters by the analysis of
cognate group 9 (Fig. 1A). According to the resulting
topology by neighbor-joining phylogenetic analyses with

16 gene families, we found that 12 families examined show
a phylogeny that is concerted with the Hox cluster
duplications based upon the Hox paralogous group 9 (Figs.
1-3; Table 1). Among these, 9 gene families are compatible
with genome duplications with Hox.

The topology of Hox duplication shows the simultaneous
duplication of members of four gene families, i.e. Hox,
NFE2, and ZNFN1A, IGFBP which are represented with
four cognate groups (Fig. 1B-D). Consistent with the
compatibility in their tree topologies, each of the relevant
genes is closely linked with the Hox cluster. This implies
that the Hox linked genes share the similar evolutionary
history as the Hox clusters and have arisen through the
same duplication events that led to the Hox clusters. In the
IGFBP the local duplication event could have occurred in
early vertebrate evolution, while the gene pair was duplicated
as a unit, most likely concomitantly with Hox. Two of
IGFBP duplicates seem to have been lost before the
separation of the branch leading to the mammals and the
branch leading to the teleosts. This explanation is for the
human genome with IGFBP gene pairs on chromosomes 2
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and 7 and single genes on chromosomes 12 and 17.

The evolutionary pattern of six gene families with three
members, DLX, IGF2BP, SLC4A, SMARCD, OSBPL and
RAR is consistent with a quadruplication in early vertebrate
evolution (Figs. 2, 3; Table 1). The phylogeny of the DLX
well supports that DLX family underwent a local duplication
before the chromosome duplications (Sumiyama et al.,
2003). It can be established that DLX1, 4 and 6 form one
series of paralogs and that DLX 2, 3 and 5 form another.
Origination of IGF2BP by duplications before the vertebrate
radiation has been suggested (Nielsen et al., 2002) and the
present data supports the duplications. Even if SLC4A,
SMARCD, OSBPL have three members in human
chromosomes 2, 7 and 17, their trees support the genome
duplications.

These gene families show that local duplications occur
frequently and thereby complicate reconstruction of gene
family histories that involve both local and chromosome
duplications. Abbasi and Grzeschik (2007) proposed that
gene families linked to Hox have duplicated independently
with small chromosomal fragments and translocated to the
present chromosomal locations. This suggestion is not
compatible with the large scale researches dealing with
large duplicated gene regions of vertebrate genomes (Dehal
and Boore, 2005; Nakatani et al., 2007; Kuraku et al.,
2009). Moreover the tree topology is further complicated
by unequal evolutionary rates, gene conversion and loss of
genes after duplication as shown in mammalian and teleost
Hox genes (Powers and Amemiya, 2004; Hoegg and
Meyer, 2005).

Because sequence based phylogenetic analyses and
chromosome positions constitute two quite different types
of information, they can be combined to deduce schemes in
a more reliable way. The combined use of two types of
information makes it possible to define old and new
duplications, identify translocations of genes. Particularly
gene families with very short sequences and highly
conserved or rapidly diverging sequences, can be resolved
by considering chromosomal position (Olinski et al., 2006;
Larsson et al., 2008; Sundstrom et al., 2008).

We conclude that many more unrelated and expanded
gene families to Hox gene clusters composing of the co-
duplicated chromosomal regions may be suggestion of
ancient genome duplications during chordate evolution.
This supports expansion of two/three rounds of genome
duplication harmonious to duplication of Hox gene clusters
even if there have been many events related to gene losses
obscuring duplication events.
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