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Pax genes encode a class of highly conserved transcription factors

containing a paired-domain. These factors play important roles in

Drosophila and vertebrate development, for example, in segmentation

and neurogenesis. Their developmental roles are assessed in terms of their

participation in conserved gene networks and mechanisms that establish
positional information.
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Discovery of the paired-box

Genes containing a paired-box, the Pax genes, were first
found and isolated in Drosophila [1] in an attempt to
test the gene network concept that had been postulated
on the basis of evolutionary considerations [2]. Evolu-
tion from simple to complex systems proceeds by the
formation of hypercycles [3] in which two reactions are
coupled to the advantage of both. This idea implies that
new genes that arise by duplication of old genes or by
recombination of different domains must interact with
the components from which they were derived. Partic-
ipants in such interactions include genes and their RNA
and protein products. The salient point is that successful
new combinations are created by interactions between
new and old components in all possible combinations
(DNA—protein, RNA—protein and protein—protein), some
of which will be discussed in this review. As a result,
gene networks with integrated functions evolve [1,2,4,5].
According to their origin, all genes belonging to such net-
works consist of combinations of a relatively small num-
ber of protein-coding domains or cisregulatory elements.
It further follows that selection pressure also acts to con-
serve the integrity of the network as a whole. For this
reason, networks of analogous function are expected
to be conserved in widely different organisms such as
Drosophbila and man.

To test this gene network hypothesis, it was important
to devise an experimental approach for finding the pos-
tulated network-specific domains. The prediction was
that any member of a particular gene network shares
one or several domains with other members. In prin-
ciple, therefore, it should be possible to find all genes
and domains belonging to a network. The paired (prd)
gene was selected because it is a member of an interest-
ing set of genes determining segmentation in Drosophila
[6]. The transcribed portion of the prd gene was sub-

divided arbitrarily into three segments of about equal
length that were then used to search for homologous
sequences. Thus far, this search has led to the isolation of
a number of new genes. Those which have been identi-
fied — bicoid (bed), gooseberry (gsb), gooseberry netro
(gsbn), pox neuro (poxn) and pox meso (poxm) — be-
long to the same network as prd [1,2,4]. As expected,
new domains were discovered that corresponded to the
sequence homologies of the newly isolated genes, namely
the PRD or His-Pro repeat (present in bcd), the (ex-
tended) prd-type homeodomain (found in gsb and gsb#),
and the paired-domain (in gsb, gsbn, poxn and poxm).

Developmental significance of Pax genes

As predicted by the gene network hypothesis [1], Pax
genes have been isolated from a number of other
organisms. Of particular interest from a developmen-
tal as well as an evolutionary point of view is their
presence in vertebrates (including mouse [7-14,152,16],
man [5,15°,17,18] and zebrafish [19-21]). In man, these
genes are of considerable importance because they
were found to be associated with severe developmen-
tal defects. Much light will be thrown on the etiol-
ogy of these human diseases by the study of their
murine homologs. Thus, Splofch (Sp) mice, mutant for
Pax-3 [22], may serve as a model for the human dis-
order Waardenburg’s syndrome type 1 (WSI), which
evokes in patients who are heterozygous for the
Pax-3 homolog HuP2 [5,23%24¢] sensorineural deaf-
ness, dystopia canthorum, and pigment abnormalities
of hair and iris. Heterozygous Sp mice exhibit a pheno-
type similar to that of WSI patients, while homozygous
Sp mutants display more severe defects such as exen-
cephaly, spina bifida, and defects in neural crest cell
derivatives. Similarly, Aniridia (AN) patients, heterozy-
gous mutants of the human Pax-6 gene [17], are char-
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acterized by the complete or partial absence of the iris,
whereas homozygous Small eye ( Sey, homolog of human
Pax-6) mutant mice completely lack eye and nasal struc-
tures [25].

In the following, I will discuss mainly the role of the
five known Drosophila paired-box genes in development,
their regulatory relationship within the network of genes
specifying positional information along the anteroposte-
rior axis of the embryo, and their relationship to the Pax
genes and their networks in vertebrates (for a recent re-
view on Pax genes, see [26°]).

The paired-domain is a DNA-binding domain

The paired-domain is a large, highly conserved sequence
of about 130 amino acids. All known paired-domains
of Drosophila and vertebrates are located close to the
amino terminus of their proteins. Secondary structure
analysis of all paired-domains strongly predicts an am-
phipathic a-helix (residues 23-31) and a helix-turn-helix
motif (residues 80-105) in which the first helix is again
amphipathic {4,5,14].

The association of the paired-domain with the DNA-bind-
ing homeodomain in prd, gsb and gsbn implies that the
paired-domain has a gene regulatory function and that
paired-box genes, in general, encode transcription fac-
tors. This conclusion is consistent with the known gene
regulatory function of these genes and the nuclear local-
ization of paired-domain proteins that contain no homeo-
domain [4]. Thus, the paired-domain could constitute
either a DNA-binding domain or a domain specifically
interacting with certain proteins; alternatively, and most
probably, it could be endowed with both functions.
Support for a DNA-binding function was first derived
from iz vitro binding studies of a truncated prd protein
consisting essentially only of its paired-domain {27]. This
paired-domain binds specifically to the downstream half
of the e5 site of the Drosopbila even-skipped (eve) pro-
moter. Deletion of the third or destruction of the second
a-helix does not affect binding to this site. It is, however,
abolished by helix-breaking mutations in the first o-helix
or by a point mutation of residue 15 [27], which gives
rise to the undulated (un) mutation of murine Pax-1
[28]. A sequence similar to the €5 site has been deter-
mined by mutational analysis to be recognized in vitro
by murine Pax-1 protein, which contains a paired-domain
but no homeodomain [11]. This sequence is also bound,
although at strongly reduced affinity, by the amino-termi-
nal portion of Pax-1 in which the paired-domain has
been truncated at the end of helix 2, indicating that
the paired-domain is responsible for the DNA binding.
A drawback of both studies, however, is that they deal
with DNA sequences for which a function #n vivo as tar-
get sites for prd or Pax-1 protein is improbable because
eve expression remains unaffected in prd mutants [29]
or after ectopic expression of prd [30].

Recently, probable targets of two vertebrate Pax gene
products have been identified. The Pax-8 protein acti-
vates thyroid-specific transcription of the TPO (thyroper-
oxidase) and probably of the Tg (thyroglobulin) gene
by binding to homologous sequences in the promot-
ers of both genes [31¢]. This sequence is also bound

efficiently by a truncated Pax-8 protein consisting only
of its paired-domain. The B-cell lineage-specific activa-
tor protein (BSAP), the product of the human Pax-5
gene [15¢], binds in vivo to a defined site in the pro-
moter of the CD19 gene to activate its B-lymphoid-spe-
cific expression [32¢]. In this case, an intact paired-
domain is both necessary and -sufficient for # vitro
binding of Pax-5 to its CD19 target site [15¢]. Interest-
ingly, this Pax-5 binding site, which is completely differ-
ent from any of the e5-related sites, is also bound by
Pax-1 protein, although with a much lower affinity. In
contrast, Pax-5 binds to the e5-related site, to which
Pax-1 binds with the highest affinity, with a twofold
higher affinity than Pax-1 and only with a twofold lower
affinity than to the CD19 promoter site used i vivo
[15+]. Therefore, while paired-domains are clearly in-
volved in DNA binding, the relevance of binding speci-
ficities determined solely iz vitro are uncertain because
these might depend #» vivo on additional unknown pa-
rameters such as the interaction of the paired-domain
with other transcription factors.

Role of paired and gooseberry in segmentation

The anlagen that give rise to the metameric pattern ob-
served at later stages in Dvosopbila embryos are deter-
mined by the time of cellular blastoderm. Thus, segmen-
tation is initiated very early in Drosophila development
by a gene regulatory cascade consisting of the classes of
gap, pair-rule, segment-polarity and homeotic genes that
progressively refine positional information in a combina-
torial manner along the anteroposterior axis of the early
embryo (for reviews, see [33,34¢]). The metameric or-
ganization of the embryo is most conspicuous in the
repetitive patterns elaborated by the epidermis, but is
also evident in the ectodermally derived central nervous
system (CNS) and peripheral nervous system (PNS) as
well as in the mesoderm. While many of the segmentation
and homeotic genes are re-deployed to specify position
during neurogenesis, specification of position within the
mesoderm appears to be controlled by additional classes
of genes.

The three most closely related Drosophila paired-box
genes, prd, gsb and gsbn, are segmentation genes of
the pair-rule and segment-polarity class. Their products
are highly homologous in their amino-terminal halves
(85%), consisting essentially of a paired-domain and an
extended prdttype homeodomain [1], but exhibit little
or no homology in their carboxy-terminal halves [35].
As all pair-rule genes, prd integrates the aperiodic posi-
tional information expressed by gap genes into a pattern
of stripes exhibiting a double-segment periodicity [36°].
Interestingly, this initial pair-rule pattern of prd expres-
sion is only transient and is converted, by the end of cel-
lularization at blastoderm, to a pattern displaying a single-
segment repeat that is characteristic for segment-polarity
genes [36+,37]. This transition in prd expression results
from the ability of prd to integrate positional information
of a double-segment periodicity supplied by the other
pair-rule genes into a single-segment periodicity [38], in
a process similar to the initial activation of segment-po-
larity genes [34¢]. Thus, the expression of prd exhibits
both pair-rule and segment-polarity gene characteristics.
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The transition from a pair-rule to a segment-polarity type
expression of prd may reflect the evolution from short to
long germband insects. One might imagine that duplica-
tion of the prd/gsb ancestral gene delegated its segment-
polarity function to the gsb gene, while the prd gene
acquired the new or more recent pair-rule function. It
is not clear, however, whether p*d still retains some of
the original segment-polarity function.

The initial activation of the segment-polarity genes en-
grailed (en), wingless (wg) [34+], and gsb [4] has been
shown to depend on prd at least in every other stripe
(Fig. 1a). These genes are probably direct targets of
the prd protein. Indeed, cisregulatory target sites have
recently been identified for gsb that respond to the prd
protein #n vivo [39¢] and interact with it i véitro (X 14,
M Noll, unpublished data). It is not known whether these
sites, which show no similarity to the e5 sequence, inter-
act with the paired-domain and/or the homeodomain of
prd.

@) prd

prd eve eve

gsb en gsh
wg wg

PS boundary

(b)

gsb gsb en
wg wg gsb

N

Fig. 1. Activation by prd of the odd-numbered gsb, wg and en
stripes. (a) The initial activation of gsh, wg and en at cellular blas-
toderm and (b) after cell division during gastrulation is illustrated
schematically in cells anterior (A} and posterior (P} to the paraseg-
mental (PS) boundary. (a) The activation (+) by prd of odd-num-
bered gsb and wg stripes is counteracted by another pair-rule
protein, eve, repressing (—) gsb and wg in posterior cells. The en
gene is activated only in posterior cells as its activation depends
on both prd and eve, which is not active in anterior cells. The
even-numbered gsb, wg, and en stripes (not shown) are similarly
established by the combinatorial action of pair-rule gene prod-
ucts [34¢] (X Li, M Noll, unpublished data). (b) After cell division,
gsb is activated by the wg signal also in cells posterior to the PS
boundary [399].

Although the prd protein is strictly required for the activa-
tion of odd-numbered en, gsb and wg stripes, it does not
activate them in congruent stripes. Thus, the wg stripes
are activated anterior and the en stripes posterior to the
parasegmental boundary that they establish, while the gsb
stripes coincide anteriorly with those of wg and over-
lap posteriorly with the anterior portion of en stripes

(Fig. 1). The precise locations of the odd-numbered
en, wg and gsb stripes depend on the differential role
of other pair-rule genes as, for example, on the eve
product that activates en but represses wg [34¢] and gsb
(Fig. 1a) (X Li, M Noll, unpublished data). The mainte-
nance of segment-polarity gene expression also depends
on interactions among these genes. Thus, the posterior
boundary of odd-numbered en stripes is determined by
prd protein [30,36¢], while the posterior limit of gsb
stripes initially coincides with and depends on the an-
terior border of eve stripes (Fig. 1a) but is later shifted
posteriorly due to the activation by wg [39*] expressed
in the anterior neighbouring cells (Fig. 1b).

The initial activation of the gsb gene by a combination
of pair-rule gene products generates a striped segment-
polarity pattern with single-segment periodicity (Fig. 1a).
During germ band extension, gsb expression begins to
depend on the extracellular product of the wg gene
(Fig. 1b). A signal transduction cascade, initiated by the
wyg signal and probably involving several segment-polar-
ity gene products [39¢], takes over the activation of gsb
from prd and other pair-rule proteins. During this transi-
tion, gsb expression is restricted to the ventrolateral neu-
rogenic region [40¢]. In combination with some 15 other
segment-polarity genes, gsb serves to maintain and elabo-
rate positional information along the anteroposterior axis
within each primordial segment during embryogenesis
(for a recert review, see [41¢]). In this prepatterning
process of the epidermis that determines the larval cu-
ticular pattern, the fundamental role of gsb is to activate
wg, thereby ensuring the propagation of the wg signal
(X Li, M Noll, unpublished data).

Role of gooseberry in epidermal and of
gooseberry neuro in CNS pattern formation

A surprising outcome of our search for genes sharing pu-
tative domains with the prd gene was that two genes, gsb
and gsbn, rather than one were found [1] at the geneti-
cally defined segment-polarity locus of gsb [6]. As they
are spaced by less than 10kb and both encode highly
homologous (85%) paired-domains and extended prd
type homeodomains, the possibility was considered that
inactivation of both genes is necessary to generate the
gsb cuticular phenotype, particularly because all known
gsb mutants were deletions eliminating the activity of
both genes. This supposition appears to be incorrect as
only one of the two genes, gsb, suffices to rescue the gsb
cuticular phenotype of these mutants [40¢]. However, it
remains to be demonstrated whether the sole lack of gsb
function generates a gsb cuticular phenotype. In other ex-
periments, gsb was shown to activate gsbz in neuroblasts.
In contrast to gsb, gsbn continues to be expressed in the
CNS in what appears to be the progeny of gsb-express-
ing neuroblasts [40°]. It seems probable, therefore, that
gsbn rather than gsb is mainly responsible for the gsb CNS
phenotype whose most prominent feature is the failure of
proper formation of posterior commissures [42]. These
differential roles of gsb and gsbn probably evolved from
a single gene that was responsible for both functions
(X Li, M Noll, unpublished data).
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Role of pox neuro in neurogenesis

The two paired-box genes poxn and poxm contain no
homeobox. Their segmentally repeated expression pat-
terns depend on the activities of the segmentation genes
and are restricted to single germ layers [4]. The poxn
gene is first expressed in specific sensory mother cells
(SMCs) of the PNS and in neuroblasts of the CNS during
neurogenesis [4,43*]. Two SMCs and their progeny ex-
press poxn in each hemisegment of the embryonic tho-
rax and abdomen. These give rise to the poly-innervated
external sensory (p-es) organs of the peripheral ner-
vous system. Indeed, failure of pox# expression converts
p-es into mono-innervated external sensory (m-es) or-
gans, while ectopic expression of poxn generates su-
pernumerary p-es organs [43¢]. Thus, poxn determines
p-es versus m-es organ development and acts as a switch
between these different fates of es SMCs. This function
of poxn is not limited to the larval PNS but is, at least
in some imaginal structures, extended to the adult PNS
[43+,44°]. Hence, similar to the homeobox gene cut that
specifies es versus chordotonal organ development [45¢],
poxn specifies the identity of SMCs in combination with
other genes and thus is a ‘neuroblast identity’ gene [46°].
Extending this concept of poxn function from the PNS to
the CNS where pox# is also first expressed in two specific
neuroblasts per hemisegment [43*], one might speculate
that poxn, in combination with other neuroblast identity
genes, determines the fate of specific neuroblasts and
their progeny.

(a)

Similarity of pox meso and Pax-7 expression
patterns

Similar to gsh, poxm expression depends completely on
the prd protein in odd-numbered bands [4]. Poxm pro-
tein first appears during germ band extension in the pos-
terior half of each segment in the somatic mesoderm
(Fig. 2a). At subsequent stages, poxm continues to be
expressed in a segmentally repeated subpopulation of
cells of the somatic mesoderm until it is expressed in
specific muscles of the larval body wall (W Fu, E Jamet,
M Noll, unpublished data). The phenotype of poxm mu-
tants and thus the role poxm might play in myogenesis
is not yet known.

It is striking that the Pax gene encoding the paited-do-
main most closely related to that of poxm (86% identity),
un or Pax-1, is also expressed in a segmentally repeated
pattern of mesodermal cells (Fig. 2b). Both poxm in
Drosophila and un in the mouse are expressed only
after mesoderm formation, but there are important dif-
ferences in how the periodic patterns arise. The period-
icity of poxm expression is based on its direct or indirect
activation by pair-rule proteins whereas Pax-1 is initially
expressed in a non-periodic pattern in sclerotome cells
during somite differentiation [7]. Its expression in a seg-
mental repeat presumably occurs by migration of the u»-
expressing sclerotome cells into the perichordal region
and their subsequent condensations along the rostrocau-
dal axis where they form the anlagen of the intervertebral

Fig. 2. Segmentally repeated expression
of poxm and Pax-1 (un) in the embryonic
mesoderm of Drosophila and mouse. (a)
Expression of poxm is visualized by an
anti-poxm antiserum in a whole-mount
Drosophila embryo during germ band
extension (stage 10). At this stage, the
segment primordia extend around the
posterior pole of the embryo (A3) with
the most posterior segments located at
the anterior-most dorsal position of the
germ band. A bilaterally symmetric ex-
pression pattern with a single segment
periodicity is observed in the somatic
mesoderm, including the labial head
segment (LB), the three thoracic seg-
ments, T1-T3, and the abdominal seg-
ments, A1-A9 (photograph, courtesy of
W Fu and X Li). (b) Expression of Pax-1
is revealed in a near-midsagittal section
of a 14 days post coitum mouse embryo
by in situ hybridization with a 3>S-la-
beled Pax-1-specific RNA probe and sub-
sequent photography under dark-field
illumination. At this stage, Pax-7 expres-
sion exhibits a somitic repeat (S) in the
intervertebral disk anlagen (photomicro-
graph from [7], with permission).
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disks [7]. The periodicity of un expression thus follows
that of the somites and, therefore, is probably indirectly
induced by processes that generate the somitic repeat.

Classes of paired-domains

Paired-domains fall into different classes according to sev-
eral criteria: class-specific amino acids, degree of con-
servation, sequence organization (location of introns),
and association with other domains such as the homeo-
domdin or the HSIDGILG (one-letter amino acid code)
octapeptide [4,5]. Three of the five Drosophila paired-
box genes, prd, gsb and gsbn, belong to the class of
PHox genes characterized by a highly conserved class
of paired-domains as well as a prd-type homeodomain
[1]. In contrast, poxn and poxm encode separate classes
of paired-domains and no homeodomain [4]. This es-
tablishes the paired-domain as an independent domain,
contrary to the POU-specific domain, which until now
has atways been found to be associated with a homeo-
domain [47]. The octapeptide has only been found in
association with a paired-domain or a homeodomain
(Table 1). Interestingly, in all cases analyzed, the octapep-
tide is encoded by the same exon as the paired-domain.
Its function is unknown.

Additional classes of paired-domains, associated with
or without a prd-type homeodomain, have been found
in vertebrates [14,48], raising the obvious question of
whether these classes of paired-domains also exist in
Drosophila or whether they have evolved more recently.
The division of paired-domains into different classes fol-
lows naturally from their evolutionary history as outlined
below.

Evolution of Pax genes

Considering the degree of homology among the known
paired-domains of vertebrates and insects [14], it is clear
that at the time of the separation of deuterostomes from
protostomes at least two and perhaps as many as four
different ancestral paired-box genes existed (Fig. 3).
One of them encoded a paired-domain associated with
an octapeptide and evolved into poxm and Pax-1. An-
other contained a paired-domain, dn octapeptide, and
a homeodomain and gave rise to gsb, gsbn and prd
in Drosopbila and to Pax-3 and Pax-7 in Mus. As the
paired-domain of pox is more closely related to that of
Pax-2, Pax-5 or Pax-8 than to any other known paired-
domain, these genes probably also had a common an-
cestral gene when protostomes and deuterostomes sep-
arated. In agreement with this conclusion, the Pax-2/-5/
-8/poxn line must have separated from the Pax-1/poxm
or the Pax-3/-7/prd/ gsb/ gsbn line very early because all
three lines have diverged to the same extent from each
other. Pax-4 and Pax-6 are most closely related to each
other [13] and have clearly diverged less from Pax-2/-5/
-§/poxn than from the other two lines, indicating
that they separated from the Pax2/-5/-8/poxn line.
At least one additional paired-box gene encoding
both a paired-domain and a prdtype homeodomain
exists in Drosophila (cited in [27]). As an extensive
previous search for additional Drosophila paired-box

Table 1. Octapeptides of paired-domain and homeodomain proteins.

Protein Octapeptide Distance
Gsb HSIDGILG 5
Gsbn YT-N---- 9
Pax-7 - - - e 20
Pax-3 - e - S 22
Poxn Y- -EDL-K 225
Pax-2 Y- -N---- 40
Pax-8 Y- -N-L-- 42
Pax-5 Y- -S5---- 34
Poxm --VSS--A 138
Pax-1 - -VSN--- 63
En F-~SN--5§ 270
Inv F---N:--K 183
H2.0 F-v-RL-- 214
Hix FG--R--5§ 92

The octapeptide, first found to be conserved between the human
PAX-3 (HuP2), PAX-7 (HuP1) and the Drosophila gsb and gsbn genes
[5], is listed for known Drosophila 143°] (M Noll, unpublished data)
and mouse Pax genes [9-12,15¢] in the three upper groups. No
octapeptide is present in prd [5}, Pax-4 and Pax-6'[26®]. The bottom
group includes four octapeptides found to be encoded by Drosophila
(en, invected (inv) and H2.0) and mouse (HIx) homeobox genes

that contain no paired-box [70). These groups suggest different
classes of octapeptides reflecting their evolutionary history (Fig. 3),
with the exception of the Gsbn octapeptide, which is closer to the
octapeptides of the Pax-2 group. The distance of the octapeptides (in
amino acids} from the carboxy-terminal end of the paired-domains
(upper three groups) or from the amino-terminal end of the
homeodomains (bottom group) is indicated. For all known cases, the
octapeptide is encoded by the same exon as the carboxy-terminal
portion of the paired-domain but by an exon upstream from that or
those encoding the homeodomain.

genes was negative (M Noll, unpublished data), the
paired-domain of this newly discovered, still unpub-
lished Drosophila paired-box gene has probably di-
verged considerably from the five known Drosophila
paired-boxes used as probes in this search. Hence,
it might well have the same origin as Pax4 and
Pax-6 of the mouse. Therefore, it is probable that
Pax-4/-6 began to diverge from Pax-2/-5/-8/poxn also
before separation of proto- and deuterostomes, and thus
four Pax genes existed at this time. Assuming that this
last separation occurred around the time of coelomate
divergence into protostomes and deuterostomes, nearly
700 million years ago, we can roughly extrapolate the
time of appearance of the first paired-boxes to around
850 million years ago (Fig. 3).

The evolutionary trees constructed on the basis of the
degree of paired-domain conservation (Fig. 3) are con-
sistent with the acquisition and loss of other domains
and their conservation during evolution. For example, the
prdtype homeodomain, which had been combined with
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Fig. 3. Evolutionary trees of Drosophila and mouse paired-box genes. The evolutionary trees are constructed from the known amino
acid differences between paired-domains of Drosophila and mouse (Mus) [14]. After the separation of protostomes and deuterostomes,
the trees leading to the present Drosophila and Mus paired-box genes have evolved separately, originating from four common ancestral
genes. In man, homologs of Pax-3 (HuP2), Pax-7 (HuP1), Pax-6 (AN), Pax-5, Pax-8 and Pax-1 (HuP48) have been isolated [5,15¢,17,18.
Below the trees, the composition of each paired-domain protein from various domains is indicated schematically: P, paired-domain;
O, octapeptide; H, prd-type homeodomain; PRD, His-Pro repeat. Note that Pax-2/-5/-8 have only retained the amino-terminal half of
the prd-type homeodomain without its amino-terminal extension [13,15¢,20]. (For detailed explanation, see text.)

a paired-domain and octapeptide (Table 1), was partially protein in homologs of vertebrates. For example, only
lost in Pax-2/-5/-8 [13,15¢,20], while it was retained in one amino acid change is observed in the Pax-6 paired-
Pax-4/6 which, however, failed to conserve the octapep- domains of zebrafish [19,21] and mouse [13], while their
tide [26¢]. As argued above, a Pax-4/-G line might also proteins exhibit 96% identity over a length of 422 amino
exist in protostomes. The evolutionary tree of mouse Pax acids. In contrast, the enhanced versatility of the smaller
genes is also roughly consistent with respect to its time homeodomain or helix-loop-helix (HLH) domain favour-
scale, It predicts that the duplications that produced ed the evolution of large Hox or HLH gene clusters
Pax 2, Pax-5 and Pax-8 occurred after the separation by repeated duplications. These gene clusters probably
of the lines leading to zebrafish and mammals about evolved integrated properties or functions, such as pro-
400 million years ago. Indeed, in zebrafish only one viding positional information for segment identity [52¢]
Pax-2/-5/-8 homolog, pax[zfb], has been found that is or proneural cell clusters [45¢], that allowed their re-
expressed in regions of the developing brain, eye, ear, peated use during evolution by duplications of the entire
neural tube and kidney [20] that correspond to the sum cluster. The integration of genes into clusters — bithorax
of the regions in which all three mouse genes are ex- complex (BX-C), Antennapedia complex (ANT-C), and
pressed [8,9,15+,16,48-51]. Hence, in zebrafish, pax/zf achaete-scute complex (AS-C)—and their conservation
b/ might be the only gene derived from the Pax-2/-5/-8 is reflected by and depends on their coordinate reg-
ancestral gene [16]. ulation. This property and the interaction of one gene

One might wonder why so few Pax genes have evolved, with the product of the duplicated gene or the specific

as compared for example to Hox genes, even though intergctions among their producps, fpr example, as het-
they have been in existence for a long time. The paired- erodun_ers, agan 1Hqstrate the p r1nc1ple. of hypercycles.
domain is highly specialized and of a relatively large Such higher integrations of qu genes into glusters ap-
size that might have restricted its versatility during evo- pgreptly have pot evolved (with t.he exception o f the
lution. Indicative of such an extreme specialization of m1m~clgster of ggb and g.sbn) nor is there any ev1d¢nce
paired-domains during evolution is the high conserva- that paired-domain proteins are capable of heterodimer

tion not only of the paired-domain but of the entire formation [15].
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Conservation of Pax gene networks during
evolution

For species that have evolved separately for as long a time
as Drosopbila and mouse or man, we expect only funda-
mental mechanisms of development to be conserved yet
little resemblance between detailed morphogenetic pro-
cesses that evolved later. Indeed, the high degree of con-
servation of the paired-domain and octapeptide (Table 1)
in poxm and Pax-1 must reflect a stringent conservation
of their interactions with other genes or gene products
and thus a considerable conservation of the networks to
which these genes belong. Consistent with this view is the
observation that both genes are expressed exclusively in
mesodermal cells soon after this germ layer has been es-
tablished (Fig. 2). Although their segmentally repeated
expression patterns appear to arise in widely different
ways, it is conceivable that their underlying molecular
mechanisms are similar and that the segmental period-
icity is generated in both cases by a periodic prepattern
of combinations of active regulatory genes. The existence
of such a prepattern in the mouse is evident from the ap-
pearance of somites preceding Pax-1 activation.

The activation of poxm clearly depends on prd [4] and
perhaps also involves gsb that is expressed in the meso-
derm as well [35,40°]. Hence, if similar interactions have
been conserved among their Pax gene homologs, we
might expect Pax-3 or Pax-7 to activate Pax-1. Consis-
tent with such regulatory interactions, both Pax-3 and
Pax-7 are expressed in the mesoderm [10,12]; how-
ever, Pax-7 can be excluded because its expression
coincides with rather than precedes that of Pax-7 and
occurs in dermomyotome but not in sclerotome cells, to
which the somitic expression of Pax-1 is restricted [7].
A better candidate for the activation of Pax 1 is Pax-3,
which is expressed in somites before their differentiation
into sclerotome and dermomyotome cells. It is thus pos-
sible that similar interactions among Pax genes lead to
the activation of Pax-7 and poxm.

An additional analogy might exist between these two net-
works, namely, if Pax-3, whose expression precedes that
of Pax-7 in neuroblasts of the alar plate, would activate
Pax-7 as gsb activates gsbm in neuroblasts during neu-
rogenesis. This similarity, however, would be based on
convergent evolutionary processes because the duplica-
tion of both the gs#/gsbn and of the Pax-3/- 7 ancestors
occurred after the protostome—deuterostome separation
(Fig. 3). In fact, such an evolutionary process in which
a hypercycle evolves by one of the duplicated regulatory
genes regulating the other might occur rather frequently.
Examples in Drosopbila are both of the duplications that
produced the prd, gsb and gsbn genes (Fig. 3) and the
HLH gene cluster of the AS-C [45]. Another such dupli-
cation may have generated Pax-2 and Pax-8, which are
both expressed in the same regions of the developing
neural tube, brain and kidney. In all of these developing
organs Pax-2 expression always precedes that of Pax-8
(8,9,48,49].

Another property that appears to be conserved between
Pasx3/-7 and prd/gsk/ gsbn is their expression in the de-

veloping nervous system. Similarly, poxn and Pax-2/-5/
-8 which have originated from a common ancestral gene,
are expressed predominantly in the CNS. In fact, all Pax
genes in Drosophila and vertebrates except Pax-1 and
poxm are expressed in the developing nervous system.
Evidently, at least the specificity for germ layers has been
largely conserved in the expression of Pax genes derived
from the same ancestral coelomate genes.

Strikingly similar expression patterns of Drosophila and
vertebrate Pax genes observed at later developmental
stages, such as the expression of poxm in somatic mus-
cles (W Fu, E Jamet, M Noll, unpublished data) and of
Pax-7 in the skeletal musculature [10], are more diffi-
cult to interpret. They would have to be the result of
convergent evolution as the Pax-3/-7 line separated from
the Pax-1/poxm line before the divergence of proto- and
deuterostomes. This convergence may have been driven
by the putative regulatory linkage of Pax-3/-7 and Pax-1
that ensured their expression in various compartments
of the somites. The selection of which compartment,
the dermomyotome or the sclerotome lineage, the ex-
pression of the Pax-3/-7 and Pax-1 ancestral genes was
allocated to might have been accidental when the first
vertebrates appeared about 500 million years ago.

The gooseberry—wingless autoregulatory
loop: an ancient control mechanism of
morphogenetic processes

In Drosopbila, other genes are known to interact with
some of the paired-box genes. Particularly, the segment-
polarity gene gsb has been shown to be activated by the
wgencoded signal and itself serves to activate the wg
gene (Fig. 4a). This type of autoregulatory loop could link
the expression of these genes in neighbouring cells. As
such a mechanism might, in principle, serve to propagate
their expression over many cells, it could be a fundamen-
tal process of pattern formation.

That this mechanism already existed before the separa-
tion of proto- and deuterostomes is suggested by com-
paring recent experiments on the role of pax/zfb/ in
zebrafish with that of gsb and wgin Drosopbila. Injection
of an antiserum specific for pax[zf-b] protein into fertil-
ized zebrafish eggs resulted in failure of proper formation
of the midbrain—hindbrain boundary and subsequent cell
death in the region of the posterior midbrain and cere-
bellum [53¢]. Before the time of furrow formation be-
tween mid- and hindbrain, expression of three genes nor-
mally expressed in this region [20,50,51,54,55] is strongly
reduced or abolished [53¢]. These genes are pax/zfb/
itself and the zebrafish homologs of wg (wn#1) and
en (eng2). It is significant that these results observed
in zebrafish can be explained by the same regulatory in-
teractions as those of the Drosophila genes gsb, wg and
en (Fig. 4). According to the regulatory interactions indi-
cated in Fig. 4b, inactivation of the pax[zf-b] protein by
injection of the corresponding antiserum interrupts the
pax[zfb]-wnt 1 autoregulatory loop and thereby the ex-
pression of pax/zfb/ and wnt 1. Assuming that zebrafish
eng-2 depends on wnt1 as en expression depends on
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Fig. 4. The gsb—wg autoregulatory loop, a paradigm of a new
pattern-forming process. (a) Interactions among the segment-
polarity genes gsb, wg, and en in neighbouring cells along the
anteroposterior axis. Arrows indicate activation by signal trans-
duction or by a (hypothetical) direct interaction of a gene's
product with its target. (b) Hypothesized pax(zi-bj-wnt-1 autoreg-
ulatory loop in zebrafish homologous to that of gsb and wg in
Drosophila. On the basis of recent observations [53¢], regulatory
interactions between paxizf-b], wnt-1, and eng-2 are suggested
that are homologous to those observed for the homologous
Drosophila genes gsb, wg, and en. The question mark refers
to an activating pathway drawn in analogy to the situation in
Drosophila, but for which no evidence exists in zebrafish. (For
further explanation, see text).

wg in Drosophila, inactivation of the pax/zfb] product
further results in the failure of eng 2 activation in agree-
ment with the observations [53¢].

In the mouse, where similar expression patterns of
Pax-5, Wnt 1, and En-1 occur at the midbrain—hindbrain
boundary [15¢,16,56,57], the same mechanism is likely to
be at work. In this case, it is known that homozygous
Wt 1 mutants show a complete loss of the midbrain
and the adjacent cerebellum of the hindbrain [58-60]
preceded by the corresponding failure of En expression
in this region [61°]. Pax-5 expression has not been ex-
amined in these mutants, but is expected to be eliminated
in this region as well, according to the model shown in
Fig. 4b. The homology between the Drosophila and ze-
brafish gene networks is not complete. The gsb gene en-
codes both a paired-domain and a homeodomain [1],
while pax/zfb] [20] as well as mouse Pax-5 [15¢] have
lost the carboxy-terminal half of the prdtype homeo-
domain in their ancestral gene. However, the mecha-
nism depicted in Fig. 4a is general. In principle, it requires
only a specific transcription factor (e.g. gsb) that activates
a gene producing an extracellular signal (e.g. wg), which
in turn activates, by signal transduction, the gene encod-
ing the transcription factor. In particular, such a mech-
anism need not necessarily be restricted to Pax genes.
For example, a similar mechanism might occur during
axis formation by the Spemann’s organizer in Xenopus,

where injection of RNA derived from the homeobox gene
goosecoid [62] or from the Wht family member Xwnt 8
(63,64] results in the ectopic formation. of a second axis.

In addition to zebrafish pax/zfb/ or mouse Pax-5, a
number of Pax genes might use this mechanism in in-
ductive processes during development. This autoregula-
tory process might be combined with the duplication of a
Pax gene in which one of the duplicated genes becomes
dependent on the other, as in the case of gsb and gsbn
(Fig. 4a). Observations of Pax gene expression suggest
that similar mechanisms operate in the mouse, particu-
larly during inductive events [48]. An instructive exam-
ple might be the induction of mesenchymal condensa-
tions around the ureter during nephrogenesis [65¢]. In
this case, Pax-2 is expressed in the branching ureteric
buds. Subsequently, the surrounding mesenchymal cells
condense around the ureter and begin to express both
Pax-2and Pax-8 Expression of Pax-8 remains restricted
to the mesenchymal condensations, while Pax-2 is also
expressed in the ureter [8,9]. The induction of Pax-8ex-
pression might be explained by the activation by Pax-2
of a gene producing an extracellular signal, for exam-
ple, Wnt, that in the mesenchymal cells activates Pax-2
whose product in turn activates Pax-8 Pax-2 expres-
sion is repressed during maturation of the mesenchyme-
derived renal tubules and glomeruli. Consistent with a
determinative role of Pax-2 in early nephrogenesis is
the recent demonstration that in transgenic mouse em-
bryos, where Pax-2 is expressed under the human cy-
tomegalovirus (CMV) immediate early gene promoter,
persistent Pax-2 expression prevents terminal differen-
tiation of kidneys [66¢]. This situation is also found in
the undifferentiated renal epithelium of human Wilms’ tu-
mours [67] that likewise continue to express Pax-8[18].
Moreover, Pax-8 maps to the same region as Danforth’s
short tail (S4) mutations [9,18], which are characterized
by the reduction or absence of kidneys.

Analogous examples of regulatory networks of Pax genes
might include the induction of Pax-6 in the developing
lens and cornea by the preceding Pax-6 expression in
the optic vesicle and optic cup [13,19,21], or the in-
duction of Pax-2 expression in the otic vesicle [49].
As demonstrated recently for chick embryos [68°], a
similar mechanism might establish the polarity of the
developing spinal cord [69] reflected in the differential
expression of several Pax genes along the dorsoven-
tral axis of the neural tube [10,12,13,26°]. This polar-
ity is induced by the notochord and the floor plate of
the neural tube [68°69]. In this case, expression of
Pax-6 depends on a signal emanating from the floor plate
whereas another signal activates Pax-3 in cells of the dor-
sal neural folds [68¢]. Expression of Pax-3 and Pax-6
might then be propagated in opposite directions along
the dorsoventral axis of the developing spinal cord [68¢]
by autoregulatory loops as illustrated above for gsb and
wg (Fig. 4a). Although the boundary between Pax-3 and
Pax-6 expression is located initially in the dorsal half of
the spinal cord, it is subsequently shifted ventrally until
an apparent equilibrium is reached midway between the
roof plate and floor plate [68¢]. This shift is presumably
achieved by the repression of Pax-6 by Pax-3 and vice
versa, an explanation that would agree well with the ob-
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served altered patterns of Pax-3 and Pax-6 expression
after removal of pieces of the notochord or after im-
plantations of ectopic notochord or floor plate fragments

(68e].

Although some of these ideas might appear rather specu-
lative, the availability of Pax gene mutants will undoubt-
edly soon test their heuristic value expetimentally.

Conclusions

Pax genes encode transcription factors in which the
DNA-binding paired-domain is frequently associated with
a second DNA-binding domain, the prdtype homeo-
domain. The discovery of the paired-domain was based
on evolutionary considerations summarized by the gene
network hypothesis. A mechanistic explanation for this
hypo[th]esis is derived from Eigen’s principle of hypercy-
cles [3].

Paired-domains fall into separate classes that are inter-
preted in terms of their evolutionary history. Probably
at least four paired-box genes existed at the time of
protostome—deuterostome separation.

Some of the interactions among Pax genes are probably
very old and might have been conserved in Drosophbila
and vertebrates. In addition, interactions of Pax genes
or their products with other genes or their products
seem to be conserved, suggesting that considerable por-
tons of these gene networks have been conserved. In
particular, the gsb-wg and pax/zfb/—wnt 1 autoregu-
latory loops appear to be conserved in Drosophila and
zebrafish and might represent paradigms of a fundamen-
tal mechanism of pattern formation which, in Drosophbila,
involves other segment-polarity genes. It will be excit-
ing to see whether their zebrafish or mouse homologs
participate in the same autoregulatory loops forming a
conserved gene network that has been used repeatedly
during evolution to regulate morphogenetic events.
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