Nature Precedings : hdl:10101/npre.2009.3374.1 : Posted 25 Jun 2009

Independent elaboration of steroid hormone signaling pathways in Metazoans

Gabriel V. MARKOV*7, Raquel TAVARES], Chantal DAUPHIN-VILLEMANTS, Barbara A.
DEMENEIX{, Michael E. BAKERY], Vincent LAUDET*.

*Molecular Zoology Team; Institut de Génomique Fonctionnelle de Lyon; Université de Lyon;
Université Lyon 1; CNRS; INRA; Ecole Normale Supérieure de Lyon, 46 allée d'Italie, 69364
Lyon Cedex 07, France.

TUnité Mixte de Recherche 7221 - Evolution des Régulations Endocriniennes. Muséum National
d'Histoire Naturelle, Paris, France
tUniversité de Lyon, F-69000, Lyon ; Université Lyon 1 ; CNRS, UMRS5558, Laboratoire de
Biométrie et Biologie Evolutive, F-69622, Villeurbanne, France.

§Unité Mixte de Recherche 7622, Biologie du Developpement, Equipe Biogenese des Signaux
hormonaux, Centre National de la Recherche Scientifique Université Paris 6

YDepartment of Medicine, University of California, San Diego, La Jolla, CA 92093-0693

Corresponding author: Vincent Laudet, Université de Lyon, Université Lyon 1, Ecole Normale
Supérieure de Lyon, IGFL- Equipe de Zoologie Moléculaire, CNRS UMRS5242, INRA
UMRI1237, 46 Allée d’Italie, 69364 Lyon cedex 07, France. E-mail: Vincent.Laudet@ens-

lyon.fr

Abbreviations: A4: androstenedione, AncSR: ancestral steroid receptor, AR: androgen receptor,
CYP: Cytochrome P450 enzyme, DHEA: dihydroepiandrosterone, DHT: dihydrotestosterone,
DOC: 11-Deoxycorticosterone, ER: estrogen receptor, GR: glucocorticoid receptor, HSD3B: 38
hydroxysteroid dehydrogenase, MR: mineralocorticoid receptor, NR: nuclear receptor, P4:
progesterone, P5:pregnenolone, PR:progesterone receptor, SDR: short chain

dehydrogenase/reductase, SRD5A: steroid 5a reductase.

Author contributions: G.V.M. and V.L. designed research; G.V.M. performed research;
G.V.M,, R.T. and V.L. analyzed data; and G.V.M., C.D.V., M.E.B, B.A.D. and V.L. wrote the

paper.



Nature Precedings : hdl:10101/npre.2009.3374.1 : Posted 25 Jun 2009

Abstract

Steroid hormones regulate many physiological processes in vertebrates, nematodes and
arthropods through binding to nuclear receptors (NR), a metazoan-specific family of ligand-
activated transcription factors. The main steps controlling the diversification of this family are
now well understood. In contrast, the origin and evolution of steroid ligands remain mysterious
although this is crucial for understanding the emergence of modern endocrine systems. Using a
comparative genomic approach, we analyzed complete metazoan genomes to provide a
comprehensive view of the evolution of major enzymatic players implicated in steroidogenesis at
the whole Metazoan scale. Our analysis reveals that steroidogenesis has been independently
elaborated in the three main Bilaterian lineages, and that steroidogenic cytochrome P450

enzymes descended from those that detoxify xenobiotics.

Introduction

Multicellular organisms have complex endocrine systems, allowing responses to
environmental stimuli, regulation of development, reproduction and homeostasis. Nuclear
receptors (NRs), a metazoan-specific family of ligand-activated transcription factors, play central
roles in endocrine responses, as intermediates between signaling molecules and target genes (1).
The NR family includes liganded and orphan receptors, i.e. receptors with no known ligand or for
which there is no ligand pocket (2). Understanding NR evolution has been further improved by
comparison of several completed genomes, particularly those of deuterostomes and ecdysozoans
(3,4,5,6).

In contrast, evolution of NR ligands is still much debated. One hypothesis proposes that
several independent gains and losses of ligand-binding ability in NRs occurred in protostomes
and deuterostomes (7, 8, 9). A second hypothesis, pertaining to the NR3 subfamily (vertebrate
steroid hormone receptors and estrogen related receptor), proposes that prior to the divergence of
protostomes and deuterostomes there was an ancestral steroid receptor (AncSR) that was ligand-
activated and that orphan receptors secondarily lost the ability to bind a ligand (10, 11).
Phylogenetic analyses indicate that AncSR was able to bind estrogens (10, 11), which formed the
basis for a novel and intriguing “ligand exploitation model” (10, 12) for the evolution of
vertebrate steroid receptors. In this model estradiol (E2), a terminal product of the steroid
biosynthetic pathway was the first ligand for AncSR. Synthesis of E2 also requires the synthesis
of steroid intermediates (Fig. 1). However, receptors for these intermediate steroids had not yet
evolved. It was only after duplication of AncSR that NR3 receptors for these intermediate
steroids evolved. The “ligand exploitation model” explains divergence in ligand specificity seen

in steroid receptors, namely AR/NR3C4, GR/NR3C1, MR/NR3C2, PR/NR3C3 and ERs/NR3A
2
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(10, 12, Fig. 1A and 1B).

The ligand exploitation model is based mainly on NR data. But it has implications for the
evolution of ligand synthesis. For example, it implies that 17B-estradiol (E2) was a ligand for an
ER in Urbilateria, the common ancestor of protostomes and deuterostomes (10, 12, 13). Such an
hypothesis can be tested by searching for the origins of enzymes involved in the synthesis of

vertebrate adrenal and sex steroids.
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Fig. 1. Study background

(A) The ligand exploitation hypothesis. The ancestral receptor, that is supposed to bind estradiol,
should have been lost in ecdysozoans, have lost its ligand-binding ability in mollusk and have
undergone ligand diversification through gene duplications in vertebrates. (B) The human steroid
signaling pathway. (C) The steroid signaling pathways in ecdysozoans.
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As to steroid hormones in metazoans, there are major structural differences among
different classes of steroids synthesized in vertebrates, insects and nematodes (Fig S7). In insects
and nematodes, the active steroid hormones retain all or most of the C17 side chain of
cholesterol, with selective hydroxylations providing specificity for a given NR (Fig. 1C) (14, 15,
16). In contrast, in vertebrates, such as humans, synthesis of the main active steroids (estradiol
for ERs, dihydroxytestosterone (DHT) for AR, progesterone (P4) for PR, cortisol for GR, and
aldosterone for MR) begins with cleavage of the C17 side chain at C20 by CYP11A1 to yield
pregnenolone (P5) (Fig. 1B) (17). Further enzymatic modifications involving selective
hydroxylations, oxido-reductions and isomerizations of P5 and its metabolites yield ligands for
adrenal and sex steroid receptors (Fig. 1B).

Many searches for “human”-type steroid hormones such as E2 or P4, throughout
metazoan groups have been prone to artefacts and/or misidentification. To date, biochemical
evidence (immunological and/or chromatographic methods linked to mass spectrometry) for
presence of vertebrate steroids in lophotrochozoans, ecdysozoans and cnidarians have not been
substantiated by molecular characterization of enzymes directly involved in their de novo
biosynthesis (18, 19). Thus, the presence of human-type steroids in protostomes remains an open
question.

With this in mind, we investigated origins of enzymes in the pathways leading to steroid
hormones in vertebrates. Our phylogenetic analyses of all enzymes known to be implicated in
vertebrate (Fig. 1B) or ecdysozoan (Fig. 1C) steroid biosynthesis (belonging to the Cytochrome
P450 (CYP, 20, 21), short chain dehydrogenase/reductase (SDR, 22), 3B hydroxysteroid
dehydrogenase (HSD3B, 23) and steroid 5a reductase (SRD5A) families suggest that
steroidogenesis was independently elaborated in vertebrates and protostomes, partly through
recruitment of xenobiotic-metabolising CYPs. This has important implication on our views
about the ligand-binding abilities of AncSR. Our analyses also show that there are pitfalls in
extrapolating about the role in steroidogenesis of human or tetrapod genes to homologs in

protostomes and other distant metazoans.
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Fig. S7. Structure of the sterol ring, of cholesterol and of the steroid hormones of human, Drosophila
melanogaster and Caenorhabditis elegans.

The sterol ring numbering is indicated. Aldosterone, cortisone, estradiol and dihydrotestosterone are
human steroid hormones. 20-OH ecdysone is the main steroid hormone in Drosophila melanogaster,
whereas delta-7-dafachronic acid is one of the two steroids in Caenorhabditis elegans.
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Results

General strategy. To date, the best characterized steroidogenic enzymes belong to the CYP,
SDR, HSD3B and SRD5A families in human, mouse, Drosophila and C. elegans. We screened
recently completed metazoan genomes (Fig. S1) looking for orthologs of these steroidogenic
enzymes. The retrieved sequences were used for phylogenetic reconstruction (using maximum

likelihood coupled with bootstrapping) to determine their orthology with vertebrate sequences.
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Fig. S1. Genomic data used in this study.
The genomic model species that were screened in this study are indicated, with complementary
information about their phylogenetic relationships and about the quality of their genome data.
Species in green are those for which EST-based gene predictions are available. The genome of
species in orange is provided as contigs, that were used for ab-initio predictions. The genome of
species in red is available only as traces.

Orthology was defined on the basis of robust branches containing a consistent
phylogenetic sampling (that is only protostome sequences for example) and/or high (>90%)
bootstrap values. The large sequence variability present in some families such as CYPs

precluded phylogenetic reconstruction, but our systematic survey revealed clear orthology in
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specific cases relevant to steroidogenesis evolution (24, 25).

Twenty-one complete genomes were screened, including six recently sequenced
lophotrochozoan genomes, making it highly probable that not finding a given protein in a given
zoological group (e.g. protostomes) indicates a real absence. Fig.1A exemplifies our reasoning
for estrogen receptors.

Our strategy successfully identified clear orthologs of known steroidogenic enzymes. For

example, we identified in Daphnia, a crustacean, orthologs of enzymes that metabolize insect
steroids (i.e. CYP302, CYP314, CYP315 and CYP306) known in Drosophila and other insects

(Fig. 2A and 3, Fig. S2 and S6).
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Fig. 2. Simplified Maximum-likelihood phylogenies of the CYP, SDR, HSD3B and SRD5A
families in metazoans.

(A) CYP family. (B) SDR family. (C) HSD3B family. (D) SRD5A family. Steroidogenic proteins
are highlighted in different colors. This clearly illustrates that in most cases the steroidogenic
enzymes are dispersed in the evolutionary trees, suggesting independent acquisition of their
steroid specificity.

Fig. 2 provides a general overview of the phylogeny of the four protein families analyzed.
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For more complete versions of these phylogenies, and the relevant specific branches see Figs. S2
to S6. These phylogenies, based on several newly sequenced genomes, are in good agreement

with published studies (25).

TRCL TR —< CYP44 20-hydroxyecdysone
e Cidan C1Ps | _1—< CYP372/373 _ |~
—=gl] Arthropod steroidogenic CYPs 1 o

152935 Lottia gigantea i ~ i
~l] Vertebrate steroidogenic CYPs CYP314 PSR

wo
—~=ugl] Other eumetazoan CYPs | CYP334 o
——— CYP374 W &

0.1 245478 Daphnia pulex bl A
212880 Daphnia pulex ( | ou
L 125634 Capitella sp. I o
CYP3020d )
e r“I 2-deoxyecdysone

67 ——— CYP49 and CYP 301
e B3P

62 85280 Branchiostoma floridae
199695 Branchiostoma floridae
i CYR3175
117101 Capitella sp.
117142 Helobdella robusta
— Y CYP371
] CYP24 ‘ g
CYP11A Ho
CYP11B
78 Trichoplax .
s mito CYPs CO“'SO‘D'
—< CYP10
162389 Nematostella vecten: ’ (
CYpP315 :[ 1 £ g
Mito CYP Amphimedon queenslandica Rt '.’ ECdysone

« Outgroup (other CYP families)

Fig. 3. A simplified Maximum-Likelihood phylogeny of the mitochondrial clan.

Vertebrate and arthropod steroidogenic enzymes are highlighted in blue and green respectively,
and the molecule they produce are indicated. These molecules are 20-OH Ecdysone for CYP314,
Ecdysone for CYP315, 2deoxyecdysone for CYP302, pregnenolone for CYP11A and cortisol for
CYP11B. Colored residues in the chemical formulas are those that are modified by the catalytic
reaction.



Nature Precedings : hdl:10101/npre.2009.3374.1 : Posted 25 Jun 2009

Mito clan

=== plant CYPs
. CYP46 clan

CYP3 clan

CYP26 clan
CYP7 clan
- CYP39 clan

Fig. S2. Phylogeny of the CYP family.

A maximum-likelihood analysis of the CYP family. Vertebrate steroidogenic proteins are highlighted in
blue, arthropod steroidogenic proteins are in green and nematode steroidogenic proteins are in orange.
Enzymes with known xenobiotic-metabolizing activity are indicated by circled “X”, and proteins resulting
from abundant lineage-specific duplication, that are thus candidate xenobiotic-metabolising enzymes, are
highlighted by purple boxes. For details about the mito clan, see also Fig. S6.
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Fig. S6. Phylogeny of the mitochondrial CYP clan.

A maximum-likelihood analysis of the mitochondrial CYP clan. Proteins are named according to
classical CYP nomenclature when an official name exists. At least three groups of paralogs with
unknown activity were found in lophotrochozoans (CYP10, CYP372/CYP373 and CYP371). Vertebrate
steroidogenic CYPs are highlighted in blue, arthropod steroidogenic CYPs are in green, lophotrochozoan
mito CYPs are in purple, cnidarian mito CYPs are in light brown, Trichoplax mito CYPs are in red, and
other supported mito CYP clades are in grey.
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Polyphyletic origin for steroidogenic CYPs. The metazoan CYP family is currently divided
into 11 clans (21, 22, Fig. 2A and Fig. S2), including the mito clan that clusters mitochondrial
proteins in vertebrates and insects (Fig. 3 and Fig. S6). To date, all mitochondrial CYPs
identified in vertebrates are involved in metabolism of endogenous compounds (e.g. CYP27A1
for bile acids) or hormone biosynthesis (CYP11A, CYP11B for steroid hormones), with CYP11A
catalyzing cleavage of the cholesterol side chain at C20 (Fig. 1B). In contrast, arthropod
mitochondrial CYPs include several xenobiotic-metabolising proteins (e.g. CYP12) and enzymes
catalyzing steroid biosynthesis (CYP302, CYP314 and CYP315) (Fig. 3). We observed that the
vertebrate (CYP11A, CYP11B) and arthropod steroidogenic enzymes (CYP302, CYP314,
CYP315) do not form a monophyletic clade, and are rather dispersed at various places in the tree,
often linked to non-steroidogenic proteins (Fig. 2A).

The most parsimonious scenario for these different activities within family- and lineage-
specific duplications, is that these different steroidogenic activities arose independently in
arthropod and vertebrate mitochondrial CYPs. This scenario implies that, if the substrate for an
ancestral mito CYP was a steroid, then it probably was not a vertebrate steroid found in present-
day organisms.

Similar conclusions can be drawn for other CYP clans. For example, in the CYP2 clan,
steroidogenic activity seems to have appeared independently at least three times, in vertebrates,
in insects, and in nematodes (Fig. 2A, Fig. S2). An important point is that many of the vertebrate
members of this clan are known to be xenobiotic metabolizing enzymes that are correlated with a
high rate of lineage-specific duplications (24). Lineage-specific duplications are also abundant
within lophotrochozoan members of this clan, thus indicating that these enzymes may be
xenobiotic metabolisers.

SDR: Convergent acquisition of the same biochemical activity. Short-chain
dehydrogenase/reductase (SDRs) enzymes display a wide substrate spectrum, ranging from
steroids, retinoids, alcohols, sugars, and aromatic compounds to xenobiotics (22). In terms of
steroidogenesis, this family contains proteins with 17B-hydroxysteroid dehydrogenase (17BHSD)
activity as well as 11BHSD activity (26, 27), characterized as steroidogenic enzymes in
vertebrates (HSD17B1 to 3, HSD11BI1 to 3). Previous reports (26, 28) noted that 17BHSD and
11BHSD activities arose independently many times in the SDR family. We confirm and extend
this notion by finding that among the vertebrate steroidogenic proteins, only one, HSD11B1,
which is involved in the synthesis of cortisol from cortisone in vertebrates, has clear orthologues
in lophotrochozoans (Fig. 2B). All other proteins, especially those implicated in estrogen

synthesis (HSD17B1, 2 & 3), arose from vertebrate-specific duplications and have no
11
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Our analysis reveals the existence of 23 strongly supported families that were arbitrarily named
from 1 to 23, and are highlighted in grey. Groups of vertebrate steroidogenic enzymes are in
blue, and other member of the same subfamily are in yellow. Enzymes with known retinoid-
metabolizing activities are indicated by circled “R”.
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The subfamily 3 of SDR (Fig. S3) illustrates this notion. It contains one human enzyme,
HSD17B1 that clusters with a group containing the human RDHS, a photoreceptor-associated
retinol dehydrogenase, as well as many vertebrate paralogs with uncharacterized activities.

All these vertebrate proteins cluster with proteins found in the cnidarian Nematostella whose
activities are unknown. These data are consistent with the hypothesis that an ancestral HSD17B1
acquired the 17BHSD biological function for synthesis of estradiol late during vertebrate
evolution (8, 26).

HSD3B and SRD5A: Independent lineage-specific duplications within chordates. The
HSD3B family contains five robust clades (Fig. 2C, Fig. S4) that are the products of lineage-
specific duplications in deuterostomes (23). The protostome sequences are external to these
groups. According to the topology of this tree, Ciona, amphioxus and protostome proteins may
have a HSD3B activity but it is not possible to infer if the function of the Ciona and protostome
proteins is to metabolize vertebrate steroid hormones, bile acids or other molecules. Similarly, in
the SRDS5A family (Fig. 2D, Fig. S5), lineage-specific duplications also occurred in vertebrates,
Ciona, Daphnia and Caenorhabditis, whereas the gene was lost in insects. Thus in these two

gene families lineage—specific elaboration of steroidogenic enzymes occurred in vertebrates.
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Fig. S4. Phylogeny of the HSD3B family.

A maximume-likelihood analysis of the HSD3B family. Groups of vertebrate steroidogenic
enzymes are in blue, other members of the same subfamily are in yellow. Outgroups are in grey.
Robust HSD3B paralogs clades (those who are indicated by red dots in Fig2) are highlighted in
yellow+grey.
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Two key enzymes necessary to generate vertebrate steroids are specific to vertebrates. The
first step of vertebrate steroid synthesis is the cleavage of the side chain present in cholesterol
(17). This activity is catalyzed by CYP11A, which is, as discussed above, specific to vertebrates.
This clearly shows that vertebrate-type steroids either may not be present outside vertebrates or,
if present, are generated using enzymes of different phylogenetic origin. The latter case is an
example of evolutionary convergence.

Interestingly, the very last step of estrogen synthesis, namely aromatization of
testosterone or androstenedione, is catalyzed by CYP19, an aromatase, which arose in chordates.
The phylogenetic analyses of CYP11A and CYP19 support our model that steroidogenic
enzymes for adrenal and sex steroids arose in the deuterostome line, in which we also propose

arose their cognate steroid receptors (7,8).

Discussion

Independent elaboration of steroidogenesis in the three main Bilaterian lineages. Except for
vertebrate SRDSA and HSD11B1, for which orthologous genes were found in protostomes
and/or cnidarians (even if their biochemical activity is not known), other enzymes known to be
involved in steroidogenesis in arthropods, nematodes or vertebrates have no clear orthologues
outside their respective metazoan phyla. This indicates that the steroidogenic enzymes have
evolved independently within each phylum, through lineage-specific duplications, and
subsequent neofunctionalization. Such convergent evolution of synthesis pathways for complex
molecules is not unique: examples include morphine synthesis in plants and animals (29) and
gibberellin in plants and fungi (30).

An important point is that the major active steroid hormones identified so far in
vertebrates, arthropods and nematodes have important differences in their structures (Fig. 3, 4
and S7), which is consistent with our phylogenetic analyses of steroidogenic enzymes and argues
for independent evolution of the steroidogenic pathway in these metazoan groups.

To clarify the fundamentally different characteristics of the steroid hormones across
metazoan phyla and to highlight their independent evolutionary elaboration, one could apply a
taxonomic based nomenclature, namely lophosteroids, ecdysosteroids, vertebrosteroids and
cnidosteroids (Fig. 4 and SI Text). Each of these compounds has a defined structural feature, for
example vertebrosteroids exhibit a characteristic cleavage of the long C17 side chain found in
cholesterol. It is only when more biochemical and functional data become available in non-

model taxa such as lophotrochozoans that a clear and unambiguous nomenclature can be defined.

14
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Fig. 4. A hypothesis about the acquisition of steroidogenic pathways in metazoans.

We propose that steroid sensing by NR was already present in the last common ancestor of all
eumetazoans (step 1), but that steroid signaling was independently recruited many times from
slightly different molecules (step 2), with subsequent refinement in some lineages (e.g. lamprey ;
step 3).

Vertebrosteroids

Cnidosteroids

Caution is needed in assigning a function solely from sequence data. The CYP and SDR
family members are known to exhibit a huge variation of substrate specificity even at the
subfamily level. This indicates that one must exercise caution in attributing vertebrate-like
steroidogenic activities to homologs in protostomes and cnidarians. For example, although it was
convincingly shown that LET-767 is able to transform androgens into estrogens in mammalian
cell cultures, as HSD17B3 does, and that this substrate-specificity can be altered by selective
mutations (31), it does not necessarily follow that LET-767 and HSD17B3 have similar
functions in-vivo. Ecdysozoans have cholesterol-like steroids, in which there is a side-chain at
C-17. Thus, there is no C17 alcohol or ketone for modification by a 178-HSD in nematode cells.
Future characterization of the biological activity of LET-767 in C. elegans is necessary to

provide insights into the evolution of substrate specificity in 178-HSD and its paralogs.

15



Nature Precedings : hdl:10101/npre.2009.3374.1 : Posted 25 Jun 2009

CYP19 is a chordate aromatase. The only non-vertebrate to contain a CYP19 ortholog is
amphioxus, a chordate that is a close relative of vertebrates. Thus, our analysis (Fig. 2A) shows
that, in contrast to recent claims (32), there is no support for the presence of an ortholog of
vertebrate CYP19 in protostomes and cnidarians. This could be explained either by long-branch
attraction in chordates CYP19 (which would be consistent with a functional shift) or by
secondary loss of the CYP19 genes in protostomes and cnidarians. Since this is observed for
other CYP families, for example CYP20, which seems to be orthologous to the sponge CYP38,
with no counterparts in cnidarians and protostomes, we favor the hypothesis of secondary loss of
an ancestral gene with no aromatizing activity. If an aromatization reaction really occurs in some
lophotrochozoans (33), our analysis indicates that this reaction is carried out by a protein that is
not a member of the chordate CYP19 family. This could be a CYP from the CYP1 and CYP3
clan (especially CYP3A4), which can aromatize indoline (34), or it may even be a protein from
another family. Such an example of convergent evolution has already been described in the case
of allene oxide synthase of a coral being able to metabolize a fatty acid peroxide in a way that
was previously thought to be specific to CYPs (35). However, aromatization of steroids by these

enzymes or a lophotrochozoan enzyme has not been reported.

Implications for the presence of vertebrate steroids in protostomes and cnidarians. Our
phylogenetic analyses are relevant to studies in the comparative endocrinology field, which
discuss the presence of vertebrate-type steroids and steroidogenic activities in non-model species,
especially in protostomes or cnidarians (33, 36). In non-vertebrate species, the presence of
steroids is usually monitored by radioimmunoassay (RIA) using antibodies generated against
vertebrate hormones. Most importantly, vertebrate antibodies may cross-react with other
steroids, including non-vertebrate steroids.

The limits of such approaches were clearly demonstrated in sea lamprey. Whereas
classical RIA studies led to the identification of vertebrate-type steroids (37), more recent
experiments, based on high performance liquid chromatography (HPLC) with two different
solvents showed that the main circulating steroids are 15a-hydroxylated steroids and not
vertebrate-type steroids as determined through RIA (38).

We show in this paper that genes orthologous to the vertebrate steroidogenic enzymes are
not present in lophotrochozoans and cnidarians. Thus, there is no reason “a priori”, other than a
residual anthropomorphism, to search specifically for the presence of vertebrate-type steroids in
lophotrochozoans and cnidarians, and to imagine that those vertebrate steroids — if present -
would be more likely to act as hormones, through vertebrate-like transduction pathways, than

other steroids that are supposed to be present in non-vertebrate animals.
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In our opinion, the first step in characterizing new steroidogenic pathways in non-model
organisms should be identification of all steroids with sensitive methods such as GC-MS and
verification that these molecules are synthesized de novo from a defined sterol precursor. The
physiological effects of these molecules should be tested, and the potential enzymes capable of
catalyzing the different steps of the synthesis pathway identified. This is of course very
challenging experimentally, but the only way to progress and to build knowledge on solid

ground.

Xenobiotic-metabolizing CYPs are ancestors of steroidogenic enzymes. Many CYPs
hydroxylate xenobiotics, which increases their solubility, facilitating excretion of the
hydroxylated metabolite, and in optimal situation, leading to metabolites with reduced toxicity
due to a lower affinity for enzymes and/or receptors (20, 21). On the other hand, CYPs can also
lead to an increased affinity of lipophilic molecules for enzymes and/or receptors. Thus,
hydroxylation of various lipophilic molecules such as cholesterol, ergosterol, bile acids, retinoids
and vertebrate steroids by CYPs can yield ligands that activate nuclear receptors (39, 40, 41, 42).
Indeed, selective expression of CYPs in specific tissues is an important mechanism for regulating
the actions of vertebrate steroids and other ligands. Phylogenetic analysis of CYPs indicates that
they are ancient and found in bacteria, yeast and basal metazoans (20, 21, Figures 2, S2, S6),
preceding the evolution of steroid receptors in arthropods and deuterostomes. The broad
substrate specificity and micromolar affinity of CYPs for xenobiotics allows a few CYPs to
protect their host organism. Our phylogenetic analyses indicate that key steroidogenic enzymes,
such as CYP11A, CYP11B and CYP19 (aromatase) in vertebrates, CYP22 in nematodes, or
CYP314, CYP315, CYP306 and CYP302 in arthropods, arose late in animal evolution and are
most likely descended from CYPs that metabolize xenobiotics. These steroidogenic CYPs have
evolved increasing their specificity for different steroids regarding hydroxylation, aromatization
or cleavage of the C17 side chain. This specificity is an important mechanism for regulating
steroid hormone action.

Like xenobiotic-metabolizing CYPs, some nuclear receptors are xenobiotic sensors, in
that these transcription factors bind a wide range of molecules with micromolar affinity (42). An
example of an ancient liganded receptor system is the NR1H/NRI1I/NR1J group containing FXR,
LXR, ECR, PXR, CAR, VDR in vertebrates and also DHR96 in Drosophila and DAF12 in
nematodes. Some of these receptors (FXR,PXR,CAR,VDR) regulate CYPs and other
transcription factors that detoxify xenobiotics. VDR, ECR and LXR also are steroid-regulated
transcription factors (43, 44). A characteristic of the nuclear receptors that respond to

xenobiotics is their broad substrate specificity (43, 45), which is important in protection from the
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effects of xenobiotics. In contrast, chordate steroid receptors have nanomolar affinity for
different adrenal and sex steroids, which is important in selective activation of endocrine
pathways. Interestingly, 17B-ethynylestradiol and the xenoestrogen, 4-nonylphenol activate
responses for detoxification of xenobiotics (46, 47), which suggests that the vertebrate ER

activates some responses to xenobiotics.

AncSR was not an hormone receptor, but more likely a sensor. Our phylogenetic analysis of
steroidogenic enzymes favours the independent elaboration of different steroid synthesis
pathways in metazoan groups. These data support the hypothesis that the responses of nuclear
receptors in vertebrates and arthropods evolved independently (7). This model differs from the
"ligand exploitation" model (10), in which the first active steroid would be estradiol, which
would act through the AncSR in all bilaterians. Only later on, other “intermediate” steroids
(androgens, corticosteroids, progestins, etc.) would have become ligands after gene duplication
of the AncSR gave rise to new receptors that could exploit these intermediates (see Fig. 1A and
1B). This model indeed implies that the whole pathway governing estrogen production evolved
in an ancestral bilaterian and that enzymes involved in estrogen synthesis (the ancestral ligand)
are evolutionarily conserved in metazoans and this is not what we observed.

To date, all the binding data on ancestral SR were interpreted in the framework of
vertebrate steroids being present in all metazoans, and opposing an unliganded AncSR to an
hormone-binding AncSR. Given the fact that vertebrate steroid hormones are not synthesized in
other metazoans and that there are many possible crosstalks between the hormone synthesis and
xenobiotic detoxification pathways, we propose that AncSR was able to bind estrogen with
micromolar affinity but that it was not an hormone receptor, but rather a sensor, that was able to
bind a broad range of various metabolites, such as sterol food derivatives and xenobiotics.

Indeed, some current sensors, like PXR, are able to bind both xenobiotics and estradiol (48).

Material and Methods

Protein sequences were retrieved in various public databases (Dataset S1), aligned with
Muscle (49), and alignments were checked by eye and edited with Seaview (50). Phylogenetic
trees were made using PHYML (51), a fast and accurate maximum likelihood heuristic method,
under the JTT substitution model (52), with 100 bootstrap replicates. The trees were first made
with sequences of experimentally characterized proteins, for which a cDNA was cloned. Then
the sampling was completed with EST-based or ab-initio predictions to check the presence of the

studied genes in non-model organisms. For additional details see SI Text.
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SI Text

Searching strategy. Orthologs from the proteins of interest (i.e. all mentioned vertebrate,
arthropod and nematode steroidogenic enzymes) were searched by blasting again the mentioned
databases. The phylogenetic position of the organisms that were screened in this study is
indicated on Fig. S1, with information on the data quality. All sequence hits were retrieved, and
the dataset was cleaned using the following criteria: sequences lacking a conserved family motif
(e.g. SDR cofactor binding site TG***G*G) were discarded, and truncated sequences were also
discarded when there were found to be members of paralog groups. The majority of sequences
from Schmidtea mediterranea, Trichinella spiralis and Aplysia californica were eliminated
during this step, because ab-initio predictions were shown to be less accurate than the EST-based
predictions that were available for other species. Sequences were checked by eye in SEAVIEW
(2) to eliminate too divergent positions and unaligned regions before phylogenetic reconstruction.
Protein sequences. Additionally, as supplementary material we provide expanded trees
corresponding to figures 2 and 3. For each tree, all sequence accession numbers are grouped in
Dataset S1, (one sheet per tree). The given accession numbers are GenBank IDs, jgi IDs (only
numbers, mainly for Capitella, Nematostella, Helobdella, Lottia, Trichoplax, Daphnia and some
sequences from Branchiostoma floridae), or Ensembl IDs (sequences beginning with ENS0000).
Two additional sequences are not in those databases:

- Pr5 from Aplysia californica is an home made GENSCAN (1) prediction from the GenBank
contig AASC01065054.1

- 002 from Amphimedon queenslandica, which is a manually annotated prediction based upon
traces, that is available on the online website from David Nelson:
http://drnelson.utmem.edu/biblioC.html

Proteins that are marked with * are those for which corrected intron-exon boundaries were
manually performed by D. Nelson and that are available on the indicated web page.

Detection of annotation errors. Illustrating the difficulties in assessing orthology when partial
data sets are used, the recently cloned Branchiostoma belcheri protein BAF61103.1, originally
described as CYP11 (3) is in fact a member of CYP374, a distant paralog group of deuterostome
CYPs, which was lost in vertebrates (Fig S5). This shows that experimental data concerning the
enzymatic activities of the CYPs can be biased by a wrong identification linked to a partial
phylogenetic analysis (4). Similarly, the Branchiostoma belcheri BAF61104.1, that is described
in the same paper as a CYP17 is clearly not an ortholog of the vertebrate and Branchiostoma
floridae CYP17s, but a paralog from a subfamily where the gene may have been lost in

vertebrates too.
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Fig. S5. Phylogeny of the SRD5A family.

A maximum-likelihood analysis of the SRD5A family. Vertebrate SRDSA are highlighted in blue,
nematode duplicated SRDS are highlighted in green and ciona duplications are highlighted in orange. The
metazoan SDR5A family is in yellow and the outgroups in grey.

A nomenclature note about Fig. 4. We propose the name “ecdysosteroid” to name steroids
from ecdysozoans because the classically used name “ecdysteroids” is used to describe steroids
from arthropods and steroids from plants that have the same structure.
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