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Summary

To date no nuclear receptors have been identified or phylogenetic analyses of this receptor. RXR expression
cloned from the phylogenetically oldest metazoan phylum, undergoes strong upregulation in response to treatment
the Porifera (sponges). We show that retinoic acid causes with retinoic acid, whereas the expression of the sponge
tissue regression in intact individuals of the demosponge caspase is not increased. The gene encoding the LIM
Suberites domunculaand in primmorphs, special three- homeodomain protein was found to be strongly
dimensional cell aggregates. Primmorphs were cultivated upregulated in response to retinoic acid treatment. These
on a galectin/polyt-lysine matrix in order to induce canal data indicate that the RXR and its ligand retinoic acid
formation. In the presence of 1 or 5umol -1 retinoic acid play a role in the control of morphogenetic events in
these canals undergo regression, a process that is sponges.
reversible. We also cloned the cDNA fron5. domuncula
encoding the retinoid X receptor (RXR), which displays Key words: sponge, PorifereSuberites domuncularetinoid X
the two motifs of nuclear hormone receptors, the ligand- receptor, retinoic acid, canal formation, morphogenesis, primmorphs,
binding and the DNA-binding domains, and performed functional molecular evolution.

Introduction

Sponges (phylum Porifera) represent the oldest, still extamuclear receptors, acting intracellularly, e.g. allograft
taxon of the common ancestor of all metazoans, the Urmetazodlammatory factor in conjunction with the Tcf-like
(Muller, 2001). The sponge body is highly organizedtranscription factor, for their differentiation (Miller et al.,
particularly the aquiferous system composed of inhalant an2l002). Sponges even possess specific homeodomain
exhalant canals, passing the choanocyte chambers (Miillgnoteins, e.g. a LIM/homeobox protein (Wiens et al., in press).
1982; Simpson, 1984). This complex body plan inThe introduction of primmorphs, special three-dimensional
Demospongiae and Hexactinellida is organized around aggregates composed of proliferating cells that have retained
siliceous and in Calcarea around a calcareous skeleton. Sucthair differentiation potency and thus representirarvitro
structural organization only became possible because tleell culture system (Miller et al., 1999), was another very
animals developed a sequential differentiation pattern, startingiportant step towards the elucidation of potential
from the toti/omni-potent sponge archaeocytes (see Kozighorphogenetic factors/processes. This system provided proof
et al., 1998). Archaeocytes have an (almost) unlimitedhat homologous cell substrate molecules, e.g. galectin, cause
proliferation potency (Koziol et al., 1998; Muller, 2002), which signaling events in non-structured primmorphs that ultimately
results in the formation of differentiated, functionally result in the formation of canals, a process very likely
determined cells, e.g. collencytes, which synthesize collagenprrelated with the expression of LIM/homeobox transcription
or sclerocytes, which form the spicules (reviewed in Simpsorfactors (Wiens et al., in press). Canal formation not only occurs
1984; Cha et al., 1999; Krasko et al., 2000; Uriz et al., 2000)n primmorphs but is also one of the major morphogenetic
We have previously described sponge molecules, cell-surfaggocesses observed during hatching of sponges from
bound receptors and extracellular matrix molecules, which agemmules, the asexual reproduction bodies (Imsiecke et al.,
required for the tuned interaction of cells. In sponges th&994), and during embryogenesis (see Simpson, 1984;
establishment of a bodyplan is organized through thesé/eissenfels, 1989).
proteins (reviewed in Muller, 1997; Muller et al., 2001; Gemmules are formed by many sponges in response to
Wimmer et al., 1999a,b). adverse physiological or ecological factors (see Simpson,

Sponges  require  morphogenetic  factors  actingl984). For example, gemmulation occurs in response to an
extracellularly, e.g. myotrophin (Schréder et al., 2000), anihcreased bacterial load (Rasmont, 1963) or change in light
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intensity (Rasmont, 1970); in addition to exogenous factorsnediated apoptosis @ia a controlled expression of homeotic
endogenous factors are also known to initiate gemmulgenes, by studying expression of tBe domunculacaspase
formation (Simpson and Gilbert, 1973). Focusing 8n gene EDCASPRaccession nhumber AJ42665Wiens et al.,
domunculaunder experimental conditions (B6hm et al., 20012003a) and the LIM/homeobox proteiBELIM4 AJ493059)
and in the field, the formation of gemmules is very frequentlyn parallel. TheS. domunculacaspase is also involved in
seen after infection of the specimens with bacteria. apoptosis (Wiens et al., 2003).

Retinoids and carotenoids have been detected in spongesFinally, the potential effect of retinoic acid on the expression
(Biesalski et al., 1992). Iiseodia cydoniunretinoic acid of SDCYP4(accession humber Y17616; Miller et al., 1999),
reduces cell metabolism (Biesalski et al., 1992) but does gene belonging to the cytochrome P450 superfamily
not induce gemmule formation. In the freshwater spongéGoksgyr and Forlin, 1992), was investigated.

Ephydatia muelleri, however, retinoic acid initiates

morphogenetic events leading to formation of buds/gemmules ,

(Imsiecke et al., 1994). At micromolar concentrations, retinoic Materials and methods

acid causes a downregulation in the expression ofthi-3 Chemicals and enzymes
homeobox-containing gene i muelleri(Nikko et al., 2001), The sources of chemicals and enzymes used have been given
which led the authors to conclude that retinoic acid and thpreviously (Kruse et al., 1997; Wimmer et al., 1999a; Krasko
responsiviEmH-3gene are involved in differentiation and re- et al., 2000). The ‘Cell Death Detection ELISA plus’ kit
differentiation of archaeocytes to choanocytes, and hence and the PCR-DIG-Probe were from Roche (Mannheim,
formation of a functional aquiferous system. Germany), and alirans retinoic acid and poly-lysine (M

In the coralAcropora millepora receptors were detected 30000—70000) from Sigma (Deisenhofen, Germany).

that share some similarity to retinoid X receptors (RXRS)

(Grasso et al., 2001), but to date molecular data on the Sponges

presence of nuclear hormone receptors in the Porifera, theLive specimens ofSuberites domuncul®livi (Porifera,
phylogenetically oldest metazoan phylum, are missing. SeverBlemospongiae, Hadromerida) were collected near Rovinj
RXRs are activated by known regulatory ligands; receptors fdiCroatia). The sponges (20-40 specimens) were kept in
whom the ligands have not yet been identified were terme200litre large aquaria in Mainz (Le Pennec et al., 2033).
‘orphan receptors’ (Aranda and Pascual, 2001). Experimentdbmunculalives in symbiosis with a hermit craBagurites
identification of nuclear receptors in sponges would reinforceculatus Herbst (Decapoda: Paguridea), which resides in
the theory of monophyletic evolution of animal genomicthe snail shellTrunculariopsis trunculusL. (Gastropoda:
regulatory systems, as with e.g. cell surface receptors amduricidae; Herland-Meewis, 1948) on which the sponge
the receptor tyrosine kinases (Schacke et al., 1994), bo#ettles.

establishing the basis for common cell-cell/cell-matrix In the incubation experiments 3-5 specimens were kept
regulatory networks present in all Metazoa (Muller et al.under conditions of optimal aeration in @ aquaria
1994). containing 1-5Qumol I-2 of retinoic acid for up to 10 days.

For an initial search of a nuclear hormone receptor in the
phylogenetically oldest animals we used the primmorph  Dissociation of cells and formation of primmorphs
system ofS. domunculand concentrated on the retinoid X Primmorphs from dissociated cells were obtained as
receptor (RXR). The decision to use RXR was based on ttaescribed (Mdiller et al., 1999). After dissociation and washing,
facts that (i) in sponges, retinoic acid causes morphogenetice dissociated cells at a density of18° cellsmi-1 were
responses, (ii) related receptors had already been isolated frauded to each well of 12-well tissue culture test platesl (2
the coralAcropora millepora(Grasso et al., 2001) and the per well) in natural seawater (Sigma), supplemented with 0.1%
CnidarianTripedalia cystophorgKostrouch et al., 1998) and of RPMI1640-medium, silicate to the optimal concentration of
(iii) RXR heterodimerizes with other nuclear receptors. RXR$0 pmol I-1 (Krasko et al., 2000) and 30nol I-1 Fe3* (added
form heterodimers with orphan receptors involved in lipidas ferric citrate) (Krasko et al., 2002).
metabolism; these receptors bind their ligands with lower To stimulate primmorph formation the cells were cultivated
affinity than the endocrine steroid receptors and function asither on non-coated dishes, or on tissue culture test plates
lipid sensors/regulators (Chawla et al.,, 2001). It is wellcoated with poly--lysine M; 30000-70000) or galectin
established that in several biological systems retinoic acid @iens et al, in press). Homologous galectin
involved in the induction of apoptosis (see Sato et al., 1999 rGALEC1_SUBDO) was obtained by recombinant techniques

In the present work we have studied the morphogenetitom a complete cDNA, terme&DGALECIEMBL/GenBank
effect of retinoic acidn vivo andin vitro, particularly in the accession number AJ493055; Wiens et al., in press). To obtain
primmorph system of the spong domunculaThe amino coated plates, 500 of poly-L-lysine solution (1Qug mi=1) or
acid sequence of RXR fro®. domunculés described and we a recombinant galectin solution (i@ mi-1) were added per
demonstrate its modulated expression in response to retinoiell. After 3h at room temperature the wells were washed and
acid. We investigated whether the morphogenetic effect dhe dissociated cells added.
retinoic acid in the primmorph system occwia caspase- Primmorphs formed after 5-8 days; those that developed on
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non-coated plates had diameters of Bwf as observed by using a GeneAmp 9600 thermal cycler (Perkin Elmer, Boston,
inspection with an Olympus OSP-MBI binocular light MA, USA), with an initial denaturation at 95°C fondn, then
microscope. When cultivation was continued on non-coate@5 amplification cycles each at 95°C for8061°C for 45,
dishes the size and the shape of the primmorphs remain@d°C for 1.5min, and a final extension step at 74°C fonii@
unchanged during a prolonged period of more than 3 weeks.df described (Ausubel et al., 1995; Pancer et al., 1997). The
however, primmorphs were transferred to galectin- or pely- amplified product (approx. Ckb) was purified and used for
lysine-coated tissue culture test plates after an initial period aicreening of the library (Ausubel et al., 1995). The plasmid
5 days, and cultured for up to 10 days, they developed candNAs were sequenced using an automatic DNA sequenator
like structures; these canal-containing primmorphs weréLi-Cor 4200; Lincoln, NE, USA). The sequence obtained was
approximately 10nm in diameter. termedSDRXRand was 1949 nt long, excluding the poly(A)
tail.
Treatment of primmorphs with retinoic acid
The potential effect of retinoic acid on canal-formation in Sequence analysis
primmorphs was studied by first cultivating primmorphs for 5 The sequences were analyzed using computer programs
days on non-coated plates, followed by transfer to eitheéBLAST (1997; ncbi.nlm.nih.gov: 80/cgi-bin/BLAST/nph-
galectin- or poly--lysine-coated tissue culture test plates; 2-3blast) and FASTA (1997; http://www.ebi.ac.uk/fasta33/).
primmorphs were retained per well. At day 5 after transferMultiple alignments were performed with CLUSTAL W
retinoic acid was added at concentrations of 3#8011-1. At Version 1.6 (Thompson et al., 1994). Phylogenetic trees were
the end of the incubation the three-dimensional-cell aggregatesnstructed on the basis of aa sequence alignments by

were collected for further analysis. neighbour-joining, as implemented in the ‘Neighbor’ program
o _ from the PHYLIP package (Felsenstein, 1993). Distance
Determination of apoptosis matrices were calculated using the Dayhoff PAM matrix model

The amount of apoptotic cells was assessed using tles described (Dayhoff et al., 1978). The degree of support for
photometric immunoassay ‘Cell Death Detection ELISA plus'internal branches was further assessed by bootstrapping
kit. Primmorphs were treated with €a and Mdg*free (Felsenstein, 1993). Graphic presentations were prepared using
artificial seawater containing EDTA (Rottmann et al., 1987)GeneDoc (Nicholas and Nicholas, 2001).
to facilitate dissociation into single cells. Five parallel
determinations from two primmorphs were performed for Northern blotting
each experiment. As described by the manufacturer (Roche),Primmorphs were grown first in the non-attached state (for
the cells were centrifuged (5@ 5min) and the pellets 5 days) and then for 15 days on a galectin matrix with or
treated with lysis buffer (2Min; room temperature). After without retinoic acid (1-5Qmol I-1). RNA was then extracted
collecting the nuclei by centrifugation (2C05min), the  and subjected to northern blot analysis to determine the steady-
released nucleosomes were assayed using the one-sstate level of expression of the following sponge genes:
sandwich immunoassay. The nucleosomes in the lysate weB DRXR SDCASPR SDLIM4 or the spongeSDCYP4gene
immobilized on streptavidin-coated wells and the amount ofsee below). The level of expression of the genes in canal-
nucleosomes determined using the peroxidase substrate 2 fdrming primmorphs fromS. domunculawas determined
azino-di-[3-ethylbenzthiazoline sulfonate]. The absorbance ademiquantitatively by northern blotting.
the colored product, i.e. immobilized nucleosomes, a5 RNA was extracted from primmorphs pulverized in liquid
was determined and corrected for the background absorbangiérogen with TRIzol Reagent (GibcoBRL, Grand Island, NY,
at 48Cnm. The values obtained were correlated with thdJSA). 5ug of total RNA was then electrophoresed through a
amount of DNA present in the samples before lysis. The medi?o formaldehyde/agarose gel and blotted onto Hybohd-N
values and standard deviations were analyzed by pairetylon membrane following the manufacturer’'s instructions
Student’s t-test (Sachs, 1984). DNA concentration was(Amersham, Little Chalfont, Bucks, UK) (Wiens et al., 1998).
determined by standard assay (Kissane and Robins, 1958).Hybridization was performed with 400-66f probes,

derived from the followingS. domunculacDNAs: SDRXR

Isolation of theS. domuncul&®XR-related cDNA clone encoding the putative sponge retinoid X recepf@CASPR

One complete cDNA, encoding the putative retinoid Xencoding the caspase CASPR_SD (accession number
receptor, was isolated from a cDNA library obtained fidm AJ426651);SDLIM4, encoding the LIM/homeobox protein
domuncula(Kruse et al., 1997) by polymerase chain reactior(accession number AJ493059) dBDCYP4 (Y17616),
(PCR). A forward primer was designed against the conservezhcoding the putative CYP4 _SD protein, a polypeptide
amino acids (aa) within the first zinc finger module, P-box, obelonging to the CYP4A (clofibrate) subfamily cytochrome
RXR and RXR-related receptors. The degenerate primer B-450 proteins. These probes were labeled with the ‘PCR-
located with the sponge receptor between aa 74—80 and reaB@$G-Probe-Synthesis Kit' according to the manufacturer’s
YKRAARAAIVHIGYRCAISC-3' (Y=C,T; K=G,T; R=A,G; instructions. After washing, digoxygenin (DIG)-labeled
V=A,G,C; H=A,C,T; I=inosine). It was used in conjunction nucleic acid was detected with anti-DIG Fab fragments
with a vector-specific reverse primer. PCR was carried outonjugated to alkaline phosphatase; diluted 1:10,000) and
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visualized by a chemiluminescence technique using StaP- The canals disappeared after 5 days of incubation with
disodium  2-chloro-5-(4-methoxyspiro{1,2-dioxetane~32- 1 umol I-1 retinoic acid in every one of the ten primmorphs
chloro)-tricyclo[3.3.-1.27]decan}-4-yl)-1-phenyl  phosphate, studied (FiglH). Additionally round shaped bodies of a size
the chemiluminescence substrate alkaline phosphataggl mm) smaller than the gemmules (diameter h3) were
according to the manufacturer’s instructions (Roche). released (Figll). After incubation with 5@umol I-1 retinoic

Northern  blot signals were quantitated by aacid the canals in the primmorphs disintegrated (Rly.and
chemiluminescence procedure (Stanley and Kricka, 1990). Thaost of the primmorph tissue involuted (Flgk,L). To
screen was scanned with the GS-525 Molecular Imager (Bialetermine whether the change in primmorph morphology
Rad, Minchen, Germany). The relative values for expressiotaused by retinoic acid was reversible, the compound was
of the four genes selected were correlated with the intensitiegashed out after a total incubation period of 20 days.
of the bands measured in controls (primmorphs not treated witkpproximately 5 days later all the primmorphs studied started
retinoic acid). to form canals agairNE6; data not shown).

Effect of retinoic acid on cell viability
Results We determined whether the sponge primmorphs, cultivated
Effect of retinoic acid on inta@&. domunculanimals on a galectin-coated matrix for up to 15 days (after the initial
The specimens ob. domunculavere kept in aquaria (see incubation period of 5 days in the non-attached state), and in
Materials and methods) (FijA). On treatment with the presence of retinoic acid, undergo apoptotic cell death. We
50 umol I-1 of retinoic acid for 10 days the tissue clearly used a photometric immunoassay to quantitate the amount of
regressed (FidlB) and eventually gemmules were formednucleosomes as outlined in Materials and methods. Untreated
(Fig.1C). In this series of experiments all nine treatedorimmorphs showed low apoptotic degradation of DNA, with
specimens exhibited tissue regression. The gemmules wegbsorbance values (correlated tongOof DNA) between 0.7
embedded in the grooves of the snail shell (Eig). There were (day 3 after transfer to the galectin matrix) and 1.3 (day 15;
no obvious morphological differences between gemmuleBig.2). Similar values were found for primmorphs that had
developed after treatment of the specimens with bacteria (Béhbeen transferred after 5 days to a galectin-coated matrix and
et al., 2001) and those formed in response to retinoic acid. were further cultivated for 10 or 15 days, with retinoic acid
From these observations we conclude firstly that retinoi¢l umol 1= or 50umol I-1) during the last 2 days of incubation.
acid caused an involutionn vivo and secondly, in In these primmorphs the amount of released nucleosomes
consequence, that the respective receptor, the RXR, must reeasured as absorbance at A6 varied non-significantly
present. To verify the effect seanvivo under controlled cell (P>0.1) around values of 0.8-1.2, irrespective of the retinoic
culture conditions, the potential morphogenetic effect ofcid concentration.
retinoic acid was studied in ttie vitro primmorph system. These data suggest that retinoic acid does not cause

apoptosis, which features fragmentation of chromatin to
Induction of canals in primmorphs through attachment to thepycleosomes.

substratum

Primmorphs are characterized by a compact smooth and Reversibility of the retinoic acid effect
‘waxy’ surface (FiglD). Recently, we succeeded in inducing The reversibility of the effects caused by retinoic acid on
canal formation in primmorphs following adhesion toprimmorphs was tested by washout experiments. After the total
substrata. We first used homologous recombinant galectin asubation of 15 days the primmorphs were transferred into the
the matrix (Fig.lE). Under these conditions the primmorphsnormal culture medium (seawater/RPMI1640/silicatéffe
attached to the matrix and formed canal-like structures, whicRrimmorphs restored their original morphology regardless of
could also be visualized in cross sections of the primmorphsvhether they had been treated at lowuiol I-1) or higher
Poly-_-lysine was also a suitable substrate for canal formatiot60 pmol I-1) retinoic acid concentrations. In more than 80%
in primmorphs (Fig1F). Fig.1G shows the canal system in the of the 3D-cell aggregates testét-(2), the canal organization
primmorphs at higher magnification. As outlined in Materialsreappeared after 5 days (not shown). We therefore conclude
and methods, canal formation generally starts approximatetpat the retinoic acid-mediated effect on canal formation is
10 days after transfer of round-shaped, non-attachegtversible.
primmorphs (incubated for 5 days) to galectin/polysine-
coated plates. Cloning of theS. domunculaetinoid X receptor

The complete clone for the sponge RXR cDNA, termed

Effect of retinoic acid on canal formation in primmorphs  SDRXR was isolated using PCR and degenerate primers. The

For these studies we used primmorphs that had alread®42nt cDNA has one open reading frame (ORF) with the
formed canals after incubation on non-coated plates followestart-methionine at nt 180-182 and the stop codon at nt
by 10 days of incubation on galectin-coated plates. Retinoit824-1826. The 548-aa deduced protein has a calculated size
acid was applied at gmoll-1 (Fig.1H,l) or 5Cumol |-l  of 61346 (PC/GENE 1995; Data Banks CD-ROM; Release
(Fig. 1J-L) to determine its effect on the integrity of canals. 14.0. Mountain View, CA, USA: IntelliGenetics, Inc.). The
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Fig. 1. Effect of retinoic acid on whole sponges and primmorphs. (A) Untreated specinf&ndoofiuncula(B,C) Induction of gemmules in
animals by retinoic acid (50moll-1). (B) Gemmules formed on a shell of the sr&ilinculariopsis trunculugincubation: 10 days) after
retinoic acid treatment. (C) Group of gemmules arranged on the grooves of a shell. (D—G) Induction of canals in primmBrphsagihs
formed in the absence of any organic matrix in the culture dish. The 3D-aggregates remained round and without canalsiofEdFoanals

by incubation of cells for 5 days on non-coated plates followed by 10 days on plates coated with galectin matrix. (F) Rrinitihagmals
formed after for 5 days on non-coated plates followed by 10 days on-aine plates. (G) Higher magnification of the canal system (> <) in
the primmorphs developed for 20 days on the galectin matrix following 5 days incubation on non-coated plates. (H-L) &ffexit afcid

on the canal system in primmorphs. (H,l) Incubation of canal-containing primmorphs (formed after a total incubation périddys}, 1
cultured on the galectin matrix for 10 days, #rfiol I-1 of retinoic acid for an additional 5 days. (J-L) Incubation of the canal-containing
primmorphs at the higher concentration of retinoic acidp{®0l -1 for the same period of time. For further details, see Materials and
methods. Scale bars: bim (except for C and G,ram).

instability index was computed as 65.16, indicating an unstableceptor signature, W-a-b[basic residue]-x-h[hydrophobic]-
protein. The putative protein, th®. domunculaetinoid X  P-x-F-x-X-L-x-x-Xx-D-Q-x-x-L-L (Wurtz et al., 1996), is
receptor RXR_SUBDO, comprises two motifs with a highcompletely present in the sponge sequence between helices 3
significance score, the DNA-binding (hormone-receptorand 4, aa 370-389 (Fig8). Northern blot studies revealed that
domain including the zinc finger (C4 type; two domains)the S. domuncula SDRXRanscript is 2.&b in size (see
modules (PFAMO00105) between aa 153 and 228, and thmelow), indicating that the complete cDNA was isolated.
ligand-binding domain of nuclear hormone receptord-urthermore, genomic DNA prepared fr&ndomunculavas
[PFAM00104 (www.nchi.nlm.nig.gov)] spanning the protein used successfully to perform Southern blots BIEBFRXR(not
sequence between aa 361 and 545 @jig.The nuclear shown).
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15 - of the fungusN. crassa(AL390189; E=5.4) and the putative
cellulose synthase catalytic subunit from. thaliana
(NM_128111;E=1.9).

Based on these comparisons it can be concluded that the
sponge nuclear hormone receptor must be grouped with the
other metazoan receptors of this class and that it shares highest
similarity to the corresponding human sequences.

0.5 - A more detailed analysis was elaborated for the ligand-
binding domain of nuclear hormone receptors (reviewed in
Gigueére, 1999). This part of the sequence is involved in ligand-
0 binding, dimerization, interaction with heat shock proteins,
310 15 310 15 31015 nuclear localization and transactivation. Based on X-ray
Untreated +RA (1 pmol ™) +RA (50 umol 1Y) crystallographic experiments, the ligand-binding domain can
Incubation period (days) be subdivided into up to 13 helices that bury the ligand-binding

Fig. 2. Extent of nucl ; tion in ori hs. determi ite; these helices H1-H5 and H7-H10 are shown in3Figt
'g. 2. EXtent of nucleosome formation in primmorpns, eerm'n?{he carboxy-terminal end of the ligand-binding domain the
by photometric immunoassay. Primmorphs were grown for the initia

period of 5 days in the non-attached manner, followed by afPON9e RXR also shows the activator function-2 stretch, which

additional 3 days (total 8 days), 10 days (total 15 days) or 15 day$ involved in the recruitment of coactivators (Onate et al.,
(total 20 days) on galectin-coated culture dishes. The culture998).

remained either non-treated or were treated witmbl -1 or The zinc finger (C4 type) domain represents the DNA-
50 umol 11 of retinoic acid (RA) for the last 2 days of incubation. binding domain (see Glass, 1994). It comprises two zinc finger
Then the cells (106@200mg protein) were lysed and the released modules, which are encoded in the sponge RXR by 76 aa
nucleosomes were quantitated immunochemically as described {or 92 aa, according to Giguére, 1999) (&Y. The four
Materials and methods. The amount of colored product wageterminant cysteine residues exist at the same positions/
measured spectrophotometrically. The absorbance values Wefestances as those found in other nuclear hormone receptor
correlated to 50ig of DNA (present in the samples before lysis). proteins (Giguére, 1999) (Fig). The zinc finger modules are

Val re means «p., from fiv rallel rminations for each . . . . .
alues are means < N e parallel dete at further subdivided into subdomains that are involved in
sample, and show the amount of nucleosomes released In

primmorphs grown on the galectin matrix for 3 days (white bars); 16eCOgmt'On of the core half's,'te S,quences (P'pOX; Umesono
days (gray bars) and 15 days (black bars). and Evans, 1989) and the dllmerlzatlon deter.mlnants (D-box;
Zechel et al., 1994); also their conserved residues are present
in the sponge protein (Fi8). The zinc finger modules are
Sequence analysis of the sponge RXR followed by the carboxy-terminal extension stretch, which in

It is important to note that the two domains, the ligandRXR_SUBDO comprises the consensus length. Between the
binding domain of nuclear hormone receptors and the DNABNA-binding (zinc finger) domain and the ligand-binding
binding (zinc finger) domain, exist exclusively in proteins fromdomain is the hinge region which, in comparison to other
metazoans. For comparative analysis we list the higheseceptors of this group, is very variable. The function of this
similarity score values ‘Expect valud;(Blast-NCBI; Coligan  region is to support dimerization (Glass, 1994). At the amino-
et al., 2000) of th&. domunculalomains to sequences from terminal end of the sponge RXR is the modulator domain,
Protostomia, Deuterostomia, fungi and plants. containing highly variable amino acid residues (Giguére,

The ligand-binding domain for the nuclear hormonel999). Here the transcriptional activation function (AF-1)
receptor: from two protostomians, the hormone receptor/zinesides.
finger protein of Caenorhabditis elegangNM_058702;

E=1x10-16 and the Drosophila melanogastehepatocyte Phylogenetic analysis of sponge RXR: total sequence
nuclear factor 4 (S36218&=2x10"24, the deuterostomian The sequence alignment of the sponge RXR, RXR_SUBDO,
(human) retinoid X receptor, gamma (BC0120639x10-39  with the related metazoan sequences in Figlso shows the
and, in comparison, the fungus glutathione reductase fromuclear receptor AmMNRS (from the cofedropora millepord.
Saccharomyces cerevisif@37871;E=3.6) as well as from the Based on the Expect valug)( sequences were selected with
plant Arabidopsis thalianean unknown protein (AY086748; the highest similarity betwee8. domunculaRXR and the
E=5.0). corresponding sequences from hunianmelanogasteandC.

A likewise exclusively high relationship of tise domuncula elegansas well as fromA. millepora The overall protein
zinc finger (C4 type) domain is found to that in metazoarsequence similarity/identity of the sponge RXR to these
proteins; the scores are: for tle elegansuclear hormone metazoan sequences is around 20-35%. No nuclear
receptor (NM_077038;E=8x10"19), the D. melanogaster receptor/nuclear hormone receptor molecule other than in
steroid receptor protein svp 2 (NM_0796@E5%x10-27), the  Metazoans has been found in, for example, plants or yeast (see
human retinoic acid receptor RXR, alpha (X52773;Grasso et al., 2001), indicating that the sponge RXR is
E=9x10"27), as well as for the conserved hypothetical proteirphylogenetically the oldest one known.

1.0 1

Absorbance at 405 nm




Fig. 3. TheS. domunculaetinoid
X receptor (RXR). The deduc
RXR from S. domunculg
RXR_SUBDO, was aligned wi
other most similar sequences fr
human, retinoid X recept
gamma (RXRg_HUMAN
accession number NP_0088¢
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RXR_SUBDO MPILWKIVPQVDISTYASPSSTPASSPGYEQIQMLDMELKPFEDMSSCKLMHPTSPDPQSPATFNPRPHTFGG 73
MYGNYSHFMKFPAGYGGSPGHTGSTSMSPSAALSTGKPMDSHPSYTDTPVSABPRTL

RXR)_ HUMAN
HNF 4_DROME:

MHADALASAYPAASQPHSPIR1

RXR_SUBDO MASYQSQQNVNDYKDPNSPNTAAPPHYCADNRYMHNGVEPPINYCNVINGSS- FYFSNYPQSVEGMSG 145
RXRy_HUMAN SAVGTPLN/LGSPYRVITSAMGPPSGALAAPPGINLVASSQLNVVNVSSSEDIKPLPGLPGIGNMN'ST 129
HR ZF_CAEEL MIFFQNFDHTKLKIPKNQFLSKFQLTHFPFFESKTVLFSEEMTLEEKEEVSTSTSP 60
HNF 4_DROME IALSPNGGLGLSNSSNSSENFALCNGNGNAGSAGGSSGSNINNSENFSPYNNLNGSGSGTNSSQQQLG2

G LR
€ R
G (xR
G NAKR
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HNF 4_DROMECQQQQSFVE

eFFRRSV KNH
#+C++C+++++++++++++ CH+CH++++++++++++++ CH++4++ CHH+++++++ CH G+

{BiR

Zinc fin ger module - 1 Zinc fin ger module - 2
** P- box *~~~* D box
RXR_SUBDO 3 TPOQGAKLQRSTPTPLGFPNLNFIPPSIPYFPQSYDSPTSPVPRMLSHAASRMYGSLPNAKM
AMNR_ACRMI 3KFl TQPTKETENDVSGECQRR-----------=---=---=- GASLSPTRHSSHPLHQEL3
RXRy_HUMAN §CRSR- ERAESEAECAT 228
HR ZF_CAEEL 20RI RP- ANRLSENGSNG 159
HNF 4_DROM 3CRIS-- CRRTENDDPD: 192
rarsrer i

RXR_SUBDO EFDRSTPMSTPTSETPCCRSFTPFSLDASNSHVSVSVLVNADMQSEGQSEPIKSNIKLEDOBRFECLKTSE 3 64
AMNR_ACRMI KQEFEPLTPSSP QYSSPLR(SPVESSVACSADPFDAILSSEN IQFKLNPPTLGISTCSMEYWYEIATRL[M 184
RXRy_HUMAN - SGHEDNVVEHRLEAELAVEPKTESYGD- - MNMENTNDFVTNECHAAD 277
HR ZF_CAEEL --- GIVPDDPILCT[M RAEASTRGLRTTVIT- KTAEARKQTTNOQYTDSVNCQR 209
HNF 4_DROME----- PGNGLVI KAENESRQSKAAAMEPNIN-------------- EDLSNKQFSI NQUCESVKCQR 245

[ H2 ] H3:
RXR_SUBDO LK KSSVCEFCTLKLAA-- QNGPKDTYLMANGLSCIEDQIE------ DPE 429
AMNR_ACRMI FL QSVSDLFMLCVAQCSSFPLSP IAAVHMHNEGNEEQKSNGIMQ57
RXRy_HUMAN FT RACVYNELLI ASFSH- RS\SVCEJL[RATGLFVHESS----- AHSAG 3#A2
HR ZF_CAEEL TL RHFS/QHLVICAAF-- RSIHLSE. TNETCLHNDSPK----- IPD 274
HNF 4_DROME LTL RAHA(EHLLLCLSR- RSNHLKCVHL[ESNNC\I TRHCPDPLVSPNLD 315

...H3........

Il HS Il ~~Bturn ~][

SPASKKHYEIFQ EGIL GSLETRTKTM- Y 498

RXR_SUBDO VR

AMNR_ACRMI DS KNPQQ- ERLGEKAHRAKGYVENR- H 3 26
RXRy_HUMAN VG SNPSE-- WETLREK\YATLEAYTKCK-- Y 409
HR ZF_CAEEL MN TSESYSOYEEMRQRIIESFERHVRYVSFY 3 45
HNFR 4_DROMEI S NEPHR- [IKSLRHCIL NNLECYI SCRQ Y 3 83
] [
RXR_SUBDO PVSPRR EVCRALGNT DNLFCEEEDFE -------- 548
AMNR_ACRMI PNTPEGA FFESFLI leAVARENIMN SIS SSLAM-- 379
RXR)_HUMAN PECPGA FEFKLI €D TAICTFLVEIIE TPLQIT-----nemmememmeeen 463
HR ZF_CAEEL KDNPL[glA GLAKLFELASEDNLN_EMYL PNEGKNTTDKTSPPIMCHQ-- 412

QFAKI FeVAHIDSLLG

[ ~AF2~]

LGGELADNPLPLSPPNQSNDYQSP45b

[
HNF 4_DROME TGNMEGGNQVNSSLDSLATSGGPGSHSLDLEVQHIQALIEANSADDSFRAYAASTAAAAAAAVSSIRSRAPASY
HNF 4_DROME APASISPPLNSPKSQHQHQQHATHQQQQESSYLDMPVKHYNGSRSGPLPTQHSPQRMHPYQRAGESPVEVSSG
HNF 4_DROME GGGLGLRNPADITLNEYNRSEGSSAEELLRRTPLKIRAPEMLTAPAGYGTEPCRMTLKQEPETGY 666

well as of the D-box (markec
In addition, the borders of ftl
putative secondary  structuies
within the ligand-binding site, the terhelices (~H~) and th@-turn, have been adopted from Giguere (1999). The nuclear receptor signature
(NRS) and the activator function-2 (AF2) are indicated.

In 1999 a unified nomenclature system for the nucleareceptor falls into group 2F, the TLL receptor to group 2E,
receptor superfamily (Nuclear Receptors Nomenclaturevhile NR8 does not significantly belong to a known group. A
Committee; NRNC, 1999) was proposed. In accordance witfurther diploblast receptor identified is the retinoic acid X
this subfamily grouping, representative members from theeceptor from Tripedalia cystophora(Cnidaria; Cubozoa;
different groups were selected from the databases aribstrouch et al., 1998); this protein belongs to group 2B. The
analyzed. After alignment an obvious classification of$he new, herein described sponge polypeptide, which represents
domunculgprotein became possible based on an unrooted trebe phylogenetically oldest nuclear hormone receptor known
(Fig. 4). The sponge polypeptide does not belong to the nucletw date, falls in the branch of group 2A (with the human
receptors of the subfamilies 1, 5 or 6 but to subfamily Zepatocyte nuclear factor) / group 2B (including the retinoid
(retinoic acid receptors; NRNC, 1999; Escriva et al., 2000X receptors) with a high significance (>98%). In general, the
Chawla et al., 2001). This subfamily is subdivided again intseceptors of subfamily 2, comprising the mentioned groups
six fractions: group 2A (e.g. human hepatocyte nuclear fact@A—2F, are adopted orphan receptors that bind with low-
4), group 2B (e.g. human retinoic acid receptor-like protein)affinity dietary lipids (Chawla et al., 2001).
group 2C (e.g. the human steroid receptor TR2-11), group 2D
(e.g. the insect THR6 nuclear receptor), group 2E (e.g. the Expression of selected genes in response to retinoic acid
photoreceptor-specific nuclear receptor PNR) and group 2F incubation
(e.g. the human v-erbA related ear-2 receptor); &i@ther Differential expression of the genes, in response to retinoic
receptors identified apart from those of Protostomia oacid was seen (Fi%). Expression of the putative sponge
Deuterostomia are from the cordl. millepora (Phylum retinoid X receptor at low retinoic acid concentration
Cnidaria; Anthozoa), from which a series of nuclear receptorél umol I-%; Fig. 5, lane b) was 1.5-fold higher than that of the
has been cloned (Grasso et al., 2001); among those the NBanhtrols (primmorphs cultivated in solution; Fig.lane a); the
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size of the transcript was Kb. At higher retinoic acid protein, increased at pmoll-1 retinoic acid; higher
concentrations, of Amol I-1 (Fig. 5, lane c) and 5Amol -1 concentrations of retinoic acid caused a further upregulation of
(Fig. 5, lane d), expression levels increased even to 5- and 2the expression of this gene. A similar pattern as for the caspase
fold, respectively. gene was seen for the gene encoding the CYP4A related
A different expression pattern was seen for the caspase gerygochromeP-450 protein,SDCYP4(transcript size: 1.8b);
SDCASPRwhere the steady-state expression remained almosb significant change in the expression pattern was seen in the
unchanged even after the different retinoic acid treatments; tigimmorphs after treatment with different concentrations of
transcript size was 1Mb. In contrast, the expression of retinoic acid (Figh).
SDLIM4 (transcript size: 1.Rb) the sponge LIM/homeobox  From these data we conclude that retinoic acid (at

(2B)
RXR2_SCHMA
USP_DROME RXR_LOCMI GCNF1_MOUSE (6)
RXR_TRCYS RXRa_HUMAN
RXR_SCHMA ERR_HUMAN (3)
SF1_HUMAN (5)
100
HNF4_HUMAN
79 31
2A 28
@A) RXR_SUBDO 4 RARa_HUMAN (1)
41 & 10Q
5% 0 g

= 99 A 97

SHR2_STROPU 100 90 64 97 TLL_ACROMI

h 100 68
(2B)
TR2_ HUMAN 100 PNR_HUMAN
TR2_TENMO 100 TLL_DROMH
o 93 4 TLX_HUMAN
| XR78E_DROM EAR? HUMAN
NR8_ACROMI
R Coup-TF1_HUMAN [ s\pag BARE oM
SVP_DROME -
0.1
— (2F)

Fig. 4. Phylogenetic relationships of tite domuncul®RXR, RXR_SUBDO, with the related sequences from the cddcebpora millepora
nuclear receptors TLL (TLL_ACROMI; AF323680), NR7 (NR7_ACROMI; AF323687) and NR8 (NR8_ACROMI; AF323688), Cnidaria
Tripedalia cystophoraetinoic acid X receptor (RXR_TRICYS; AF091121), PlatyhelmintBelistosoma mansorgtinoic acid receptor RXR
(RXR_SCHMA; AF094759) an®. mansonietinoid X receptor RXR-2 mRNA (RXR2_SCHMA; AF129816). In addition, relationships are
shown with sequences from the Protostomia: melanogaster seven-up protein (svp) type 1 (SVP_DROME; M28863), tailless
(TLL_DROME; M34639), mRNA for XR2C ultraspiracle gene (USP_DROME; X534L¥) melanogastemuclear receptor XR78E/F
(XR78E_DROME; U31517); insectsocusta migratoriaRXR mRNA (RXR_LOCMI; AF136372) andenebrio molitorTHR6 (nuclear
receptor) gene (TR2_TENMO; AJ005765); and from Deuterostoenio rerio svp 46 mRNA for steroid receptor homologue
(SVP46_DARE; X70300); human upstream promoter transcription factor (COUP-TF1_HUMAN; X58241), v-erbA related ear-2 gene
(EAR2_HUMAN; X12794), the steroid hormone receptor hERR2 (ERR_HUMAN; X51417), hepatocyte nuclear factor 4 (HNF4_HUMAN;
X76930), photoreceptor-specific nuclear receptor (PNR) (PNR_HUMAN; AF121129), receptor of retinoic acid-alpla HRIMAN;
X06614), retinoic acid receptor-like protein (RARHUMAN; X52773), steroidogenic factor 1 mRNA (SF1_HUMAN; U76388), tailless gene
homologue (TLX_HUMAN; Y13276) and the steroid receptor (TR2-11) (TR2_HUMAN; M29960); Wurs musculugerm cell nuclear
factor (GCNF1_MOUSE; U14666) as well as the orphan steroid hormone receptoBth@mgylocentrotus purpuratUSHR2_STROPU;
U38281). The different sequences were classified according to the unified proposition (NRNC, 1999). The tree was constsarieedas d
Materials and methods and remained unrooted. The numbers at the nodes indicate the level of confidence (%) for the lmtmohiredabyd
bootstrap analysis (100 bootstrap replicates). The scale bar indicates an evolutionary distance of 0.1 aa substitutibios [perthms
sequence. Numbers in parentheses refer to the respective subfamilies/groups.
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1-50umol I-1) causes a dose-dependent increase in thBoth RXRs and RARs can, however, not only homodimerize
expression of the sponge retinoid X receptor gene aniut also heterodimerize with each other and also with other
SDLIM4, the LIM/homeobox protein. The expression levels ofrelated receptors (Mangelsdorf et al., 1995; Osburn et al.,
the P-450 protein gene and the caspase gene remain@®01).
unaffected. Retinoic acid was previously found to trigger sponges to
undergo involution (gemmule or bud formation; see Simpson
1984). We show using the primmorph system that retinoic acid
Discussion causes both an involution of the int&tdomuncularganisms
Retinoic acid is a major biologically active derivative of under formation of the asexual reproduction bodies, the
retinol (vitamin A) and plays a key role during embryonalgemmules, and a similar regressionitro. Using retinoic acid
development and the balance of the normal cellular functiononcentrations that cause similar effects in other sponge
(Morris-Kay, 1997; Redfern, 1997). At the protein level, systems, especially in freshwater sponges (Imsiecke et al.,
retinoic acid (%eis-retinoic acid) binds to the retinoid X 1994; Nikko et al., 2001). Sponges, individuals and
receptor. is-retinoic acid is isomerized from dflans primmorphs, reacted to concentrations of 1p6lI-1
retinoic acid and hence, likewise, a natural derivative ofetinoic acid by tissue regression.
vitamin A (see Heery et al., 1993; Egea et al., 200@js9- In order to substantiate the observed effect of retinoic acid,
retinoic acid binds selectively to the RXRs, whiletedlhs a cDNA library from the spong®. domunculavas screened
retinoic acid binds primarily to RARs (see Egea et al., 2000Yor the presence of RARs and RXRs. So far we have been
unable to detect an RAR in the library, but the search for the
a b c d RXR was successful. The full-length clone of a RXR was

Kb identified, the deduced protein comprising the characteristic
SDRXR — 20 features of other metazoan RXRs, e.g. the zinc finger (C4 type)
domain and the activator function-2 stretch, a segment that is

important for the recruitment of coactivators (see Results). The

! L5 > Lk S. domuncul&XR showed high similarity to the subfamily 2
of the nuclear receptor superfamily and, more specificly, to
SDCASPR l l l I — 16 group 2A/2B of these receptors. Hence shislomuncul®XR
is phylogenetically the oldest nuclear hormone receptor
1 08 09 1.1-fold identified to date. The RXR from the Cnidarian jellyfish

Tripedalia cystophorgKostrouch et al., 1998), which until

now has been the phylogenetically oldest one identified, must

SDLIM4 - . .. - 7 be evolutionarily younger. With these data in hand it is now
1 3 - 19-fold possible to answer the que;tion of'the ori'gin of tk_le nuclear
hormone receptors and their possible existence in sponges

(Mendoza et al., 1999). Our data demonstrate that with the

SDCYP4 — 18 evolutionary transition to the Metazoa and with the Porifera as
the oldest metazoan phylum, the nuclear hormone receptors
1 08 13 1.5-fold had already appeared. This finding is amazing since sponges

do not contain a circulation vessel system that would allow an

C 1 3 50 efficient transport of hormones, e.g. steroids, thyroid hormones

or ecdysones.

The data, however, clearly demonstrate the existence of the
Fig. 5. Expression of selected genes in canal-forming primmorphs iRXR gene inS. domunculaln addition, the data show that
response to retinoic acid. Primmorphs were first incubated for 5 dayetinoic acid exerts a morphogenetic effect on this sponge both
on non-coated dishes and then, in order to induce canals, on galectin-vivoandin vitro. In order to investigate the most likely mode
coated dishes for 10 days. Subsequently, these primmorphs remaingidaction of retinoic acid/RXR at the subcellular level, gene
either untreated for 5 days (C; lane a) or were treated withdlI™*  expression studies were performed using the northern blot
(lane b), 3umol I (lane c), or 5qumol I* of retinoic acid (lane d)  technique. It was found that retinoic acid causes a strong
as indicated. RNA was then extracted andy®f total RNA per lane upregulation of the expression of tRXRgene, a finding that
were size-separated. After blot transfer, hybridization was performeg in accordance with the related receptors present in

using the following probesSDRXR(the putative sponge retinoid X . . . .
receptor), SOCASPR(S. domunculacaspase).SDLIM4 (sponge triploblasts; in these animals a tissue- and stage-dependent

LIM/homeodomain protein) or the spon§®CYPACYP4A related ~ €XPression of RXRs is known (see Rana et al., 2002). Since
cytochrome P-450 protein). The levels of expression of the this effect is observed if. domunculavith all-trans retinoic
respective genes were estimated by northern blot and the intensiti@§id we assume that the morphoggn ?S i;omerized in the animal
of the different transcript bands were determined relative to th&0 9-Cis-retinoic acid, the characteristic ligand for RXRs.
intensity of the controls (cultivated for a total of 15 days in solution). Further genes were analyzed in parallel with the expression

Retiroic acid (umol I71)
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studies of RXR in thén vitro system ofS. domunculaA Bach, 1. (2000). The Lim domain: regulation by associatibtech. Dev91,

caspase gene was included, since retinoic acid is known to°17- _ _ i
.Blesalski, H. K., Doepner, G., Tzimas, G., Gamulin, V., Schréder, H. C.,

cause apoptosis in some systems, e.g. !eukemia gells (Nervie atel, R., Nau, H. and Miiller, W. E. G.(1992). Modulation ofnybgene
al., 1998). In a recent study it was established that in the spongexpression in sponges by retinoic adhcogene?, 1765-1774.

system caspases are also involved in the induction of apopto§m. M., Hentschel, U., Friedrich, A., Fieseler, L., Steffen, R., Gamulin,
V., Mller, I. M. and Miller, W. E. G. (2001). Molecular response of the

(W'ens et al, 2003) Surpnsmgly it \_Nas found that in the spongesuberites domuncuta bacterial infectiorMar. Biol. 139, 1037-1045.
presence of retinoic acid the expression level of the caspas@a, J. N., Shimizu, K., Zhou, Y., Christianssen, S. C., Chmelka, B. F.,
gene does not alter, and this finding was also supported by aStucky, G. D. and Morse, D. E(1999). Silicatein filaments and subunits

. . . . from a marine sponge direct the polymerization of silica and silicones
series of experiments which showed that there is no parallel ;o proc. Naﬂ_ica%_ Sci. US96 '036)1'_365_

increase in the formation of free nucleosomes during thehawla, A., Repa, J. J., Evans, R. M. and Mangelsdorf, D. J2001).

retinoic acid-mediated regression of tissue. Nuclear receptors and lipid physiology: opening the X-fifgsence294,
Another gene involved in detoxification of drugs (Nebert e 1866-1870.
g g boligan, J. E., Dunn, B. M., Ploegh, H. L., Speicher, D. W. and Wingfield,

al., 1991; Chawla et al., 2001), the spoy&P4 Shyene, was P. T.(2000).Current Protocols in Protein Scienchichester: John Wiley

selected together wittBDLIM4 (encoding LIM/homeobox & Sons.
tei hich mediates differentiation events. Usin theDayhoff, M. O., Schwartz, R. M. and Orcutt, B. C.(1978). A model of
protein), w : g evolutionary change in protein. Atlas of Protein Sequence and Structure

northern blot approach, it could be demonstrated that the(ed. M. O. Dayhoff), pp. 345-352. Washington DC: Nat. Biomed. Res.
steady-state expression of the caspase gene remaineffoundation.

. . . . . Iaegnan, B. M., Degnan, S. M., Giusti, A. and Morse, D. §1995). A
unchanged, irrespective of the retinoic acid concentration used,,,/hom homeobox gene in spongésne1ss, 175-177.

However, a strong increase in expression of3b&IM4gene  Egea, P. F., Mitschler, A., Rochel, N., Ruff, M., Chambon, P. and Moras,
was observed. In triploblasts, both in Protostomians and in D- (2000). Crystal structure of the human RXRgand-binding domain

Deut tomi the Li | h d . tei bound to its natural ligand: 9-cis retinoic adeMBO J.19, 2592-2601.
euterostomians, € Lim-Class homeodomain protens arl':escriva, H., Delaunay, F. and Laudet, V(2000). Ligand binding and nuclear

involved in organogenesis (see Bach, 2000). The Lim-class HDreceptor evolutionBioEssay2, 717-727.
proteins still await identification in Cnidaria, but the finding Felsenstein, J.(1993). PHYLIP, version 3.5. University of Washington,

resented in this report is in agreement with our rece Seattle.
P P 9 r&alliot, B. and Miller, D. (2000). Origin of anterior patterning

observation that the LIM/homeobox protein gene is upregulated our headrends Genetl6, 1-5.
after induction of canal-like structures in primmorphs (WiensGiguére, V. (1999). Orphan nuclear receptors: from gene to function.

. . ._Endocrinol. Rev20, 689-725.
etal., in press) and emphasises that the LIM/homeobox proteigy,ss "¢ . (1994). Differential recognition of target genes by nuclear

like the Paired-class homeobox genes, is involved in the controlreceptors monomers, dimers, and heterodinimgocrinol. Rev15, 391-
of the patterning (Galliot and Miller 2000). Likewise, 407

. . ] Goksgyr, A. and Forlin, L. (1992). The cytochromP-450 system in fish,
elucidation of the role of the HOX-like molecules (e.g. Degnan aquatic toxicology and environmental monitoridgjuat. Toxicol22, 287-

et al.,, 1995) in sponges will provide further clues on the 312.
regulation of the bodyplan formation in these animals. Grasso, L. C., Hayward, D. C., Trueman, J. W. H., Hardie, K. M,

. ] Janssens, P. A. and Ball, E. E2001). The evolution of nuclear receptors:
The results presented in this paper suggest that R)(R(S)’evidence from the cor@cropora Mol. Phyl. Evol 21, 93-102.

retinoic acid, and its derivatives may play important rolesHeery, D. M., Zacharewski, T., Pierrat, B., Gronemeyer, H. and

during morphogenesis in sponges. Identifying the proteins/ Chambon, P.(1993). Efficient transactivation by retinoic acid receptors in

P ¢ e ) P c 4 east requires retinoid X receptoRroc. Natl. Acad. Sci. USB0, 4281-
receptors which ‘transduce/facilitate’ the retinoic acid signal to i285. a P

the transcription factor(s), and in turn are involved in thederland-Meewis, H. (1948). La gemmulation cheSuberites domuncula
cytological/morphological changes, will be the next major steps (Olivi) Nardo. Arch. Anat. Microsa7, 289-322.

. . ] Imsiecke, G., Borojevic, R. and Muller, W. E. G(1994). Retinoic acid acts
forward in the understanding of the molecular biology of " ") morphogen in freshwater spongesert. Reprod. Dev26, 89-98.

retinoid responses in the earliest metazoan phylum, whickissane, J. M. and Robins, E(1958). The fluorometric measurement of
branched off from the common animal ancestor, the Urmetazoa.deoxyribonucleic acid in animal tissue with special reference to the central
nervous systeml. Biol. Chem?233 184-188.
Kostrouch, Z., Kostrouchova, M., Love, W., Jannini, E., Piatigorsky, J.
The sequence frorBuberites domunculeeported here is and Rall, J. E.(1998). Retinoic acid X receptor in the diplobl@spedalia

deposited in the EMBL/GenBank database; retinoid X cystophoraProc. Natl. Acad. Sci. USB5, 13442-13447.

. . Koziol, C., Borojevic, R., Steffen, R. and Muller, W. E. G(1998). Sponges
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