cetaceans would help distinguish between
causes of low mtDNA diversity that operate
maternally (such as cultural hitchhiking or
selection on the mtDNA genome) or nonma-
ternally (such as population bottlenecks).
The apparently greater role of cultural
inheritance among cetaceans compared with
nonhuman terrestrial mammals is likely ulti-
mately linked to environmental differences.
Compared with most terrestrial environ-
ments, the ocean can support large body siz-
es, has low travel costs and no barriers, con-
tains dispersed and patchy food, and trans-
mits sound very efficiently. The behavior and
social structure of cetaceans seem to have
evolved distinctive features in this setting.
These features include vocal learning, large
home ranges, lack of territoriality, and bisex-
ual group philopatry (7). Cultural transmis-
sion may be another such feature favored by
the environment of the matrilineal whales.
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Zebrafish hox Clusters and
Vertebrate Genome Evolution

Angel Amores, Allan Force, Yi-Lin Yan, Lucille Joly,
Chris Amemiya, Andreas Fritz, Robert K. Ho, James Langeland,
Victoria Prince, Yan-Ling Wang, Monte Westerfield, Marc Ekker,*
John H. Postlethwait* ¥

HOX genes specify cell fate in the anterior-posterior axis of animal embryos.
Invertebrate chordates have one HOX cluster, but mammals have four, sug-
gesting that cluster duplication facilitated the evolution of vertebrate body
plans. This report shows that zebrafish have seven hox clusters. Phylogenetic
analysis and genetic mapping suggest a chromosome doubling event, probably
by whole genome duplication, after the divergence of ray-finned and lobe-
finned fishes but before the teleost radiation. Thus, teleosts, the most species-
rich group of vertebrates, appear to have more copies of these developmental
regulatory genes than do mammals, despite less complexity in the anterior-

posterior axis.

HOX cluster genes encode DNA binding pro-
teins that specify fate along the anterior-pos-
terior axis of bilaterian animals (/). Remark-
ably, the order of HOX genes along the chro-
mosome reflects the order they act along the
body (2). Invertebrate chordates have one
HOX cluster and little axial diversity, but
tetrapods have four clusters and substantial
axial complexity (3). Tetrapod clusters arose
by duplications of an ancestral cluster con-
taining 13 genes (4). Although it is widely

assumed that vertebrates have four HOX clus-
ters, initial studies of teleost fish, the most
diverse group of vertebrates, revealed unex-
pected HOX genes (5—8). To understand this
problem, we isolated hox clusters from the
zebrafish Danio rerio.

To complement previous surveys of ze-
brafish sox gene fragments (7, 8), we identified
genomic DNAs in P1 artificial chromosomes
(PACs), using degenerate primers to amplify
homeoboxes (9). We then identified overlap-
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ping PACs in chromosome walks, inventoried
their hox gene content using redundant primers,
sequenced gene coding regions, and analyzed

the tetrapod HOXA cluster and no described
Hoxd cluster.
Comparative analysis of cluster content il-

luminates the history of HOX cluster duplica-
tion. The (AB)(CD) model (/3) suggests two
sequential duplications, giving a proto-4B clus-
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gene phylogenies (/0). These experiments iden-
tified seven hox clusters containing 40 of the 41
previously identified zebrafish sox genes, seven

A. evx 1312 11 10 T

87 65 43 21

Fig. 1. Organization of vertebrate HOX

PAC13H7 PAC24117 | PAC227P6 clusters. Each horizontal thick line rep-
new hox genes, one hox pseudogene, and evx] Dreaa - 2 u8— resents a cluster, designated by species
(Fig. 1). Although we tried to find all genes in abbreviation followed by cluster name.

. . " PACE1G10 |PAG107MS PAC31B14 € N Toll
each cluster, it is possible that additional genes b b__ Species designations are as follows: ze-
or pseudogenes exist that do not amplify with s » - brafish (Dre), black squares; Fugu (Fru),
our primers FuA  -EHE— 4—.'.'.'.'."_._ gray squares; mouse (Mmu), pale gray
o . FuD —fll— squares. Parts (A) to (D) display HOX
Phylogenetic analysis of sequence data 0 f diff ies. Cl
(11) assigned zebrafish genes to one of 13 MU= | ::;Sg:;inzggj frlorin:}?et: ;l?icrlzst aruaslgegrs
paralogy groups. Groups 4 and 9 appear in B. PAC227H1 PAQ254017 group 13) to the 3’ end (paralogpy groug
each mammalian cluster and in four zebrafish  Dreba ——— _ 1), with the even-skipped homologs of
clusters, so we joined the nucleotide sequenc- PAC225M6 | PAC120L2 PAC227H9)| the evx family at the 5" end of the
es of these groups, removed nonalignable  Drebb c;ugsters. CLones frgm the l:]AC g'brf"i"'%'
sequence, and constructed a phylogenetic FruB Elus)tea:'reThse Enwonwr? c%ﬁe?]?cof ::d:apfc
tree. The results showed (Fig. 2A) that each ~ MmuB —{— is représented by black or gray squares
of these four clusters is orthologous to one of (genes) and open squares (pseudo-
. C. PACT72A6
the four mammalian clusters. Hence, the du- Dreca —] genes). The orphan hox genes hoxx4,
plication events that produced the four mam- EASEN a1z hoxx9, and hoxy6 (7, 8) are synony-
malian clusters occurred before the diver- PACITE! mous with hoxa4a, hoxa9a, and hoxcéb.
. Dre cb Chromosome walks show that genes
gence of ray-finned and lobe-finned lineages f lv though he h
oo 20 milion yeas st 13 ety shogi o rpreent e e
. L Mmu C r
Further analysis revealed the origin of the m hoxbb clusters.
other three zebrafish /ox clusters. The group 6 D. PAC46C4 PACSEOQ‘
tree showed that zebrafish has two orthologs of Dre da BB
mammalian HOXB6, called hoxb6a and  MmuD —T {1
hoxb6b (Fig. 2B). The group 5 nucleotide tree
confirmed duplicate hoxb clusters (Fig. 2C). . . .
Likewise, zebrafish has two orthologs of A Dre hoxa4a, a9a Fig. 2}-1 Phylogenetic anag'stl)s-
mammalian HOXC6, called hoxc6a and 678 Hsa HOXA4, A9 (:I)m-; € tﬁﬁ;ecggf):qiciﬁe se)f
hoxc6b (Fig. 2B). To investigate HOXA clus- - Mmqu%ngz(ng’ bda Jquencges of group 4 and 9
ters:, we joined and aligned the homeodo- 85 Mmu Ho;(c4, c9 genes shows that zebrafish
mains of groups 9, 11, and 13, which allows Dre hoxc4a, c9a (Dre) has orthologs of each
comparison with the pufferfish Fugu (for 723469 Hsa HOXD4, D9 human (Hsa) and mouse
which only the amino acid sequence of the Dre ho%a, doa (Mmu) HOX cluster. (B) The
homeobox is available). This tree (Fig. 2D) B. Hsa HOXA6 ' group § tree shows that ze-

shows that zebrafish has two clusters ortholo-
gous to the mammalian HOXA cluster. These
data suggest that all sox clusters duplicated in
the lineage that led to zebrafish after it di-
verged from the lineage that led to tetrapods,
with subsequent loss of one /oxd cluster. The
divergent Fugu Hoxd cluster (5) branches
with high bootstrap value (965) with the
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Nvi Hoxc6
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brafish has two copies of
mammalian HOXB and HOXC
clusters. Furthermore, Fugu
(Fru) Hoxcé is closely related
to just one of the zebrafish
genes, suggesting that dupli-
cation occurred before the
divergence of Fugu and ze-
brafish lineages. This tree is
rooted on the lamprey (Petro-

HOXA clusters of other vertebrates (Fig. 2D). Pma hox-6 Dre hoxc6b___ myzon marinus, Pma) hox-6w
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ter and a proto-CD cluster after the first event.
The alternative (D(A(BC))) model (/4) sug-
gests three duplications, the first producing the
D and proto-ABC clusters, the second giving
the 4 and proto-BC clusters, and the third pro-
viding the B and C clusters. Cladistic analysis
of cluster content favors the (AB)(CD) model
(Fig. 3). For example, loss of group 12 is a
shared derived characteristic of teleost and tet-
rapod HOXA and HOXB clusters, and loss of
groups 2 and 7 unites HOXC and HOXD clus-
ters. This model minimizes the number of con-
vergent gene losses and is also independently
supported by sequence analysis (Fig. 2C).
Superimposed on shared gene loss is lin-
eage-specific loss. For example, fish have lost

A. Ancestral state

B. Ancient agnathan
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genes present in mammals (hoxa6, hoxa7,
hoxdl, and hoxdS8). Reciprocally, mammals
have lost paralogs present in teleosts
(hoxb10a and evel). We conclude that the
degeneration of HOX clusters continued in
both lineages after the divergence of ray-
finned fish and the lobe-finned ancestors of
tetrapods. Furthermore, hox cluster degen-
eration may be ongoing, at least in fish,
because hoxcla and hoxc3a are active in
zebrafish but their orthologs are pseudo-
genes in Fugu (5) and are absent from
mammals; likewise, hoxalOa is a pseudo-
gene in zebrafish but has normal structure
in Fugu and mouse.

When did the latest HOX cluster duplication

C. Ancient gnathostome

occur in the zebrafish lineage? The pattern of
shared gene loss suggests that the last common
ancestor of zebrafish and Fugu already had
duplicated HOX clusters (Fig. 3E). Gene phy-
logenies support this conclusion, because Fugu
Hoxc-6, the only informative full-length se-
quence available (5), is more closely related to
zebrafish soxc6a than it is to hoxc6b (Fig. 2B).
In addition, the presence of two HOXA clusters
in Fugu, one related to the zebrafish hoxaa and
the other to the hoxab cluster (Fig. 1), supports
a shared duplication. The presence in killifish
(7) of five group 9 and four group 1 genes as in
zebrafish, rather than four group 9 and three
group 1 genes as in mammals, is consistent with
the hypothesis that the killifish lineage also

E. Ancient ray-finned fish

EVX1312111098 76 543 21 EVX1312111098 7 6 54 3 2 1

abEHE—EHEHEHEHEHEHEHRHEHEE A

EVX1312111098 7 6 54 3 2 1 EVX1312111098 76 54 3 2 1

EEEsARNESEEEEN H—EE—EEEEEEE oo EHE—EH-E—— -
oGO O—O | B BHE—E e s ——e.-.—————— -
C —SHHHHHE—DHHHE—8  bal——— SHEHEHEHEHEHEHEHEHE
Fig. 3. A cladistic model for the 0 p--oHHHH——H0—@ bb -B—-a @
evolution of vertebrate HOX clus- ca —HHHHHI—HHHE—&
ters, using gene presence as char- ch —EHIHE -
acter states. Assuming that gene g““.'-_—_"".—
loss is more frequent than gene .
gain, the ancestral state (A) had  D. Mouse F. Zebrafish G. Fugu
13 HOX genes plus EVX. Duplica-  Evx 1312111098 7 6 5 4 32 1 evx 1312111098 7654 32 1 Ew 13121110987 65 4 3 2 1
tion, probably in an agnathan fish A EHE—EHEE—=-E-E-E-EEE a—8H—aSE—8 2 HE—EH—- -
(B), gave a proto-(AB) cluster lack- B ———HE-EHEHEHEHEHEE 2B —EBES——8 J -p-EEE——§-
ing group 12 and a proto-(CD)  C —EHEHEHEHEHE—EHEHE bam S b — el
cluster lacking groups 2 and 7. A D
second duplication, perhaps in an
ancient gnathostome fish (C), was followed by losses of group 8 from the g —-u-. B
ooHHeHeH—oa—

HOXA cluster, group 11 from the HOXB cluster, EVX from the HOXC
cluster, and groups 5 and 6 from the HOXD cluster; subsequently, the
tetrapod lineages lost HOXC7, HOXC3, and an EVX gene from the HOXB
cluster (D). Finally, an apparent duplication event produced eight clusters in a ray-finned fish (E), followed by further shared and unique losses in
zebrafish (F) and Fugu (G) lineages.

HOXA HOXB HOXC HOXD
LG16 Hsa7 LG19 LG12 Hsa17 Mmu11 LG3 LG23 Hsa1i2Mmu1i5 LG11 LG9 Hsa2 Mmu2
hoxab HOXAhoxaa hoxbb HOXB HOXB hoxba hoxca HOXC Hoxc hoxcb hoxda HOXDHoxd
EVX1evwxi evel evx2 EVX2 Evx2
DLX6 dix6 dix7 DLX7 dix8 dix1  DLX1 Dixi LG1
LG7 DLX5 dix4 dix3 DLX3 dix2 DLX2 DIx2 Mmu1 dix5
NPY npy PYY Pyy pyy
eng2 EN2 eng3 Mmu10 engt EN1 En1 englb
shh——SHH twhh dhh Dhh hha—tHH thh——ehh
INHBA LG2 INHBC tnhbe actbb—tNHBB inhbb LG6
TWIST dermo DERMQ
WNT2 WNT3 Wnt3 wntt WNT1Wnt1
GLi3 GL1 Gli—gli GLi2— Gli2
rara2aRARA Rara rara2b rarg  RARGRarg Rxra Rxrg
GFAP Gfap PRPH Prph des DES Des
THRAtThra trat VDR 3
cycd1 CCND1 hbae4 Hba hbae1 tara ACVRLK1 CRNA1Acra nic1
fgi3 FGF3 CDC27Cdc27cdc27 pouc Emb aevr2a Agvr2a
myb Myb brn1.1 Bm1 bmi1.2
Gdfs contact
Ddx3 pi110a

Fig. 4. HOX cluster duplication involved large chromosome segments.
The diagram shows syntenic relationships among HOX containing chro-
mosomes of human (Hsa), mouse (Mmu), and zebrafish linkage groups
(LG). Vertical gray lines indicate a group of genes on the same chromo-

some (syntenic loci), with order ignored to facilitate the comparison of
orthologs and paralogs. Horizontal gray lines connect presumed or-
thologs within chromosome groups as well as paralogs between chro-
mosome groups.
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experienced an “extra” duplication event. This
suggests that a fish-specific HOX cluster du-
plication occurred before the divergence of
Fugu and zebrafish lineages more than 150
million years ago (/5), but after the diver-
gence of ray-finned and lobe-finned lineages.
Goldfish, salmonids, and some other teleosts
have experienced additional, more recent poly-
ploidization events (/6). Genomic analysis of
basally branching ray-finned fish, such as
sturgeons, Amia, or Polypterus, is necessary
to clarify the timing of the HOX duplication
event.

To determine whether “extra” fish Aox clus-
ters result from tandem duplication or chromo-
some duplication in fish, or cluster loss in tet-
rapods, we mapped zebrafish hox clusters;
cloned, sequenced, and mapped four new genes
whose orthologs are syntenic with HOX clus-
ters in mammals (dhh, evxl, englb, and gli);
and mapped four previously unmapped ze-
brafish genes [dIx5, dix6, dix8, and pll0a; see
(11)] whose orthologs are linked to HOX clus-
ters in mammals. These experiments showed
that zebrafish has two copies of each HOX
chromosome segment in mammals (Fig. 4). For
example, the human and mouse HOXB chro-
mosomes have six and four genes, respectively,
whose apparent orthologs map on one of the
two zebrafish chromosomes containing /hoxba
or hoxbb (Fig. 4). Each of these two chromo-
somes also has one copy of other duplicate
genes, including dix7/dIx8, rara2a/rara2b, and
hbae4/hbael (11, 17). We conclude that ze-
brafish has two copies of this mammalian chro-
mosome segment. Because similar results were
obtained for the other clusters (Fig. 4), we infer
that /ox cluster duplication in ray-finned fish
occurred by whole chromosome duplication.
Although we found a single hoxd cluster in
zebrafish, mapping experiments identified the
predicted duplicate chromosome segments
(Fig. 4), suggesting secondary loss of one
hoxd duplicate.

These results suggest two rounds of HOX
chromosome duplication (probably whole ge-
nome duplication) before the divergence of ray-
finned and lobe-finned fishes, and one more in
ray-finned fish before the teleost radiation. Be-
cause gene duplicates often have a subset of the
functions of the ancestral gene (/8), mutations
in duplicate genes may reveal essential func-
tions that otherwise might remain hidden. For
example, if a gene is essential for distinct early
and late functions, a lethal mutation knocking
out the early function might obscure the late
function in a mutant mammal, but both func-
tions would be evident if the two functions
assort to different zebrafish gene duplicates.
The conclusion that the genetic complexity of
hox clusters in teleost fish has exceeded that of
mammals for more than 100 million years calls
into question the concept of a tight linkage of
HOX cluster number and morphological com-
plexity along the body axis. However, because

REPORTS

teleosts are the most species-rich group of ver-
tebrates and exhibit tremendous morphological
diversity, it is tempting to speculate that the
duplication event detected here may have pro-
vided gene copies that helped spur the teleost
radiation.
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Regulation of the
Proinflammatory Effects of Fas
Ligand (CD95L)

Jian-Jun Chen, Yongnian Sun, Gary J. Nabel*

Fas ligand (CD95L) inhibits T cell function in immune-privileged organs such as
the eye and testis, yet in most tissues CD95L expression induces potent in-
flammatory responses. With a stably transfected colon carcinoma cell line,
CT26-CD95L, the molecular basis for these divergent responses was defined.
When injected subcutaneously, rejection of CT26-CD95L was caused by neu-
trophils activated by CD95L. CT26-CD95L survived in the intraocular space
because of the presence of transforming growth factor-g (TGF-B), which
inhibited neutrophil activation. Providing TGF-f3 to subcutaneous sites pro-
tected against tumor rejection. Thus, these cytokines together generate a
microenvironment that promotes immunologic tolerance, which may aid in the

amelioration of allograft rejection.

The CD95 protein (also called Fas or APO-1)
is a cell surface receptor that activates the
death signaling pathway in cells. Its physio-
logical ligand, CD95L, can transduce this
signal upon cell contact (/). The CD95-

CDOSL system has been implicated in the
clonal deletion of autoreactive lymphocytes
in peripheral lymphoid tissues and in the
elimination of autoreactive lymphocyte pop-
ulations (2), thus contributing to homeostasis
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