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France.
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Functional diagram of my work interactions with my colleagues at INRA/LPGP

Within the “Fish Physiology and Genomics Institute” (LPGP), I belong to the “Sex Oogenesis and behaviours”
(SOCs) team. There I have developed a thematic dealing with functional genomics approaches for studying sex
determination (SD). In addition to students, I directly supervise one assistant engineer (Alexandra Depincé). Within
the SOCs team I daily interact and collaborate with Yann Guiguen (evolution of sex determination through genomic
approaches) and Julien Bobe (functional genomics applied to oocyte development). Within the laboratory I developed
several collaborations mainly focusing on genome editing in salmonids and single cell transcriptomics (Pierre-Yves
Rescan).

At INRA T am mainly collaborating with Iban Seiliez (INRA, NuMeA, see page 54). That long-term and fruitful
collaboration, not centred on sex determination but rather on autophagy, nevertheless allows us to get fundings and
students in co-supervision (two PhD students so far), and... good publications [see papers #37, #46 and #47 in the
publication list]. I also collaborate with Gael LeTrionnaire at INRA for setting up genome editing in insects [see
papers #34, #41 and BC#5]. Last, I also like to collaborate with Eric Paillhoux (INRA, BDR, ENVA). Working on
mammalian species we always use that opportunity for conducting comparative approaches in order to confer a higher
visibility to our respective studies (we wrote several ANR grants together) [see papers #34, #39, #40].
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Since I have been mainly working abroad, I have also developed an international network of reliable collaborations.
Manfred Schartl is the person with who I have been working for more than 10 years on sex determination, first as
postdoc and then progressively independently. During that period, I could settle down and fine tune my own thematic,
studying the evolution and plasticity of the underlying gene regulatory networks controlling and regulating sex
determination (SD) in fish. Still, Manfred is my main collaborator and we regularly write grant applications together
[see papers #5, #9, #13 to #18, #20 to #31, #33 to #36, #38 to #40, #42 to #45, #48 and #49]. Minoru Tanaka is
also working on medaka SD, and we have been collaborating in a concerted manner for many years. Hence, we do
not only share transgenic lines and molecular tools, but also data and information. Our collaborations have already
resulted in common publications [see papers #18, #21, #28 and #29, and #42]. Currently, both of us have interest in
autophagy and sexual development in medaka, topic for which we share mutant medaka lines. More recently I have
been working with Yusuke Takehana, who is a young professor working on evolution of sex determination systems
in the Oryzias lineage [see paper #45]. Thanks to Yusuke, I can get access to valuable genetic resources (different
medaka species and populations). With the help of Dagmar Wilhelm, Institute for Molecular Bioscience, University
of Queensland, Australia, we are also considering mammalian models, still having in mind a comparative and
evolutionary view of sex determination mechanisms. This comparative approach will be extended to many aspects
of our projects (pronephric contribution, gene regulatory network evolution, TGF-f...) using the mouse model in
order to confer a higher scientific visibility to our research [see papers #36 and #40]. Dagmar is nowadays a very
reliable collaborator. Thomas Miiller (Julius-von-Sachs Institute, Germany) is a structural biologist/protein chemist
internationally recognized in the field of TGFB/BMP. Thomas usually brings support to our projects (sex
determination, TGF- and autophagy) giving his expertise on protein chemistry and structural biology to explore
ligand/receptors and protein/protein interactions using molecular modelling, experimental structure analysis (X-ray
crystallography) and protein chemistry. We know each other very well and have been collaborating already [see
paper #39]. He will again collaborate with us in the future, especially with the TGF-3 (ANR grant submitted) and
autophagy projects (see below). Lazaro Centanin/Jochen Wittbrodt are good friends of mine also working on
medaka. We regularly share mutant and transgenic (brainbow) lines and develop new technics together [see paper
#36]. Rolf Edvardsen/Anna Wargelius are Norwegian colleagues I met during my PhD time in Bergen. We now
collaborate to adapt technical protocols (KO, K1, allelic replacement...) from medaka to salmon and therefore wrote
several successful grants together.
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I- Experience and Current Research Work
1- Past and Current Scientific Research Career

I have received my undergraduate degree in cellular biology from the University of Caen
(France, Laboratory of Biology and Marine Biotechnologies / IFREMER), working on the early
development of one of the world’s most economically important bivalve species for aquaculture:
The Pacific oyster (Crassostrea gigas).

To acquire a broader expertise, and as a follow up of this work, I have then joined the Sars
International Centre for Marine Molecular Biology / EMBL in Bergen (Norway) where I have
obtained my PhD degree (jointly between the Universities of Caen and Bergen) in 2003. Intending
at gaining insight into the mechanisms triggering early development, reproduction, fertility and
immunity, the subject of my PhD was dealing with the characterization of the morphogenetic roles
of oyster TGF-f superfamily receptors during early development as well as their involvement as
cytokine receptors. To circumvent experimental limitations inherent to the oyster model, for
functional analyses, I have set up and used the zebrafish as a “reporter organism” [see papers #1
to #4, #6 to #8, #10 to #12 and #19].

Thanks to the experience gathered with fish model organisms (zebrafish, salmon, hagfish)
during my PhD, I have then taken the opportunity to join the group of Pr. M. Schartl at the
University of Wuerzburg (Germany, Physiological Chemistry), one of the leading teams working
on fish sex determination. There, over more than ten years, I have been studying the different
aspects of molecular sex determination and gonad formation and differentiation using the medaka
fish (Oryzias latipes) as a main model organism [see papers #5, #9, #13 to #15, #16 and #17,
#21, #25, #28 and #29, and #32]. During that period, I have settle down my thematic and
established my own group. I then got interest in studying, on a larger scale, the evolution and
plasticity of the underlying gene regulatory networks controlling and regulating such mechanisms
in metazoans. Using functional genomic approaches, this also brought us to face, challenge and
discuss the current evolutionary concepts for the diversity of sex determining mechanisms and
evolution of sex chromosomes [see papers #16, #22 to #24, #27 and #28 and #31].

Being willing to pursue my career on that specific thematic for which I gained a kind of
expertise in the field, in 2015 I have joined as a full-time researcher the INRA Fish Physiology
and Genomics Laboratory (France, UR1037, LPGP, PHASE). There, in line with my past
scientific background and still keeping the same “editorial policy”, I have developed cutting edge
techniques of genome editing (CRISPR-engineered KO and KI, conditional KI...) and other
genomic (high throughput genome sequencing, in-vivo ChlP-seq) and functional genomic (cell
lineage tracing, topological single cell transcriptomiques) approaches in fish to better tackle our
current/long standing concerns [see papers #33 to #49].

In the following I will first describe the current concerns in the vertebrate sex determination field,
and how I have been trying to address them as a guiding thread for my research using teleost fish.
Then, I will present the context and positioning of my research at INRAE and discuss the main
results. Finally, after a general discussion, I will give some perspectives to illustrate the way
forward I would like to conduct my research in the future.
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2- Sex Determination in Vertebrates: Current Concerns

Sexual dimorphism is one of the most pervasive and diverse features of animal morphology,
physiology, and behaviour. Despite the generality of the phenomenon itself, the mechanisms how
sex is determined are very different among various organismic groups, have evolved repeatedly
and independently across metazoans, and the underlying molecular pathways can change quickly
during evolution [see papers #23, #27, #31 and BC#1 to BC#4]. Even within closely related
groups of organisms for which the development of gonads on the morphological, histological and
cell biological level is undistinguishable, the molecular control and the regulation of the factors
involved in sex determination and gonad differentiation can be substantially different [see paper
#28]. The biological meaning of the high molecular plasticity of an otherwise common
developmental program is unknown. While phylogenetic studies suggest that the downstream
“business” ends of sex-determining pathways do tend to be more stable than the triggering
mechanisms at the top (1, 2), how similar are the downstream gene networks that respond to these
triggers and actually do the work? In other words, did sex determination (SD) arise several times
with different regulatory mechanisms slowly converging by recruiting conserved key effectors,
or is it an ancient process with little surviving evidence of ancestral genes? This question becomes
truly meaningful in the light of the recent identification of related sexual regulators in different
phyla indicating that at least some aspects of the sexual core regulation might be anciently co-
opted or preserved [see papers #16, #24, #27, #31]. In the recent years, however, some common
themes in the development of sex-specific traits in different animal lineages have started to
emerge. Central to this stream has been the discovery of the DMRT1 factors, one of the most
ancestral and widespread family of transcription factors involved in the molecular sex-
determination cascades over phyla (3).

In stark contrast to birds and mammals, where the whole group has the same sex determination
mechanisms with only enigmatic exceptions, but similar to the situation in amphibians and
reptiles, the diversity of sex determination mechanisms is especially obvious in fish, where within
groups of closely related species a wide spectrum of different systems can be found (4). Within
teleosts, for instance in the poeciliid fish, which include guppies, mollies, platyfish and swordtails,
there are reports on temperature-dependent SD (TSD) and various forms of genetic sex
determination (GSD), ranging from polyfactorial SD to female and male heterogamety, multiple
sex chromosomes and autosomal modifiers. Even within the same species several SD mechanisms
can occur (5). The coexistence of two or more of these systems has also been reported within the
same genus, like for instance, the XY/XX and ZW/ZZ genotypes that are found in different
Oreochromis species (6) or even within the same species like in some platyfish populations (5).

3- Research Strategy: Animal Model and Scientific Value

For approaching numbers of questions dealing with sex determination / differentiation from either
comparative evolutionary or functional point of views, I have mainly used the medaka fish,
Oryzias latipes, as a model species. The medaka is a small freshwater fish species that lives in the
small rivers and rice fields of East Asia. During the last decade, it became a widely used laboratory
fish for developmental and biomedical research, comparable to the well-known zebrafish with
which the medaka shares many advantages and characteristics. Medaka offers valuable genomic
resources and the latest most advanced transgenic technologies, including genome editing, that
are available for functional studies (7). With respect to sex determination, and in contrast to
zebrafish, for which sex determination genetics and mechanisms still remain obscure, the medaka
has a XX/XY genetic sex determination system with homomorphic sex chromosomes and the
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master male sex determination gene (dmrtibY) is known and has been characterized (8, 9).
Interestingly this dmrtibY gene is however absent from closely related species (10). De facto
relying on different master sex determining genes, these evolutionary switches offer interesting
opportunities for studying how transitions among sex-determining mechanisms can occur in

closely related species of the same genus (Figure 1)...

Sex-Determining
gene

atior

(Master Sex-Determining Gene unknown
on W-chromosome)

dmrtibY (pseudogene)
Gsdf”

Dmrt1bY

Dmrt1bY

Sox3" J

Sox3" ]

t[ 0092 O. evers/
0. eversi

Figure 1. Phylogenetic relationships and sex determination systems in Oryzias fish species.
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Medaka fish (Oryzias genus) show an amazing diversity regarding to their sex determination systems and sex

chromosomes, providing an excellent model group for investigating the molecular mechanisms underlying the rapid

turnover of sex chromosomes. They possess both XY and ZW systems, and their sex chromosomes differ from one

species to another (11, 12).

...or in fish in general (Figure 2).
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Figure 2. Currently known or suspected master sex determining genes and sex determination systems in
vertebrates.

Currently known and documented master sex determining (MSD) genes in vertebrates. Of special interest, MSD
genes belonging to the TGF-f are highlighted in red (see perspectives). MSD genes that arose after allelic
diversification or gene duplication are highlighted in green and blue respectively.
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In that particular context of functional and comparative evolution and using the medaka fish as a
model organism of reference, my past and current research projects on sex determination / sex
differentiation in fish are articulated around two main general questions and subsequent precise
research objectives:

I. How stable are SD mechanisms in evolutionary terms? And what is the evolutionary
meaning of the high variability of sex determination mechanisms?

On these aspects, [ have focused my research mainly on the sex determination function of dmrt1bY
in medaka and also on the comparative functional analysis of other master sex-determining genes
(SdY, Amh, AmhR2, BMPRI1, Gsdf, Gdf6...) in different fish (Rainbow trout, Northern pike,
Killifish, Atlantic Herring, Goldfish, Java medaka, Yellow perch, Cave fish...)

II. Are different SD mechanisms triggering the same, related or totally specific molecular
pathways during the process of the fate differentiation of the gonad anlage?

To address that precise point, I have directed my research toward the characterization of the gene
regulatory network triggering sex differentiation with further interest on the germ line/soma
interactions and gonadogenesis in medaka and in fish in general.

Being the guidelines for conducting my research, my contributions in addressing these two major
questions and objectives in the field of sex determination are further developed in the following.

3.1- Sex determination evolution and the central role of the dmrtl gene in fish.

The occurrence of two different sexes and consequently the necessity to make a developmental
decision for an embryo to become male or female (the so-called sex-determination process) and
the further differentiation of the whole organism into two distinct phenotypes, are common
throughout the animal, plant and fungi kingdoms. While developmental cascades are generally
headed by highly conserved universal master regulators that univocally determine the
developmental fate of a cell lineage to a tissue or organ during embryogenesis, all the evidence
suggests that sex determination might disobey the conventional rules of evolutionary conservation
[see papers #16, #22 and #23, #27 and #28]. Hence, decades of genetic studies have led to the
global picture that the gene-regulatory cascades triggering sexual differentiation from worms and
Drosophila to mammals bear little resemblance to each other. The remarkable diversity of ‘master
sex-determining genes’ at the top of the genetic hierarchies now seems obvious, while
downstream components surprisingly appear to be evolutionarily more conserved and tend to
converge upon the regulation of few central common effectors [see paper #16]. Hence, a
comparative view on genetic sex determination mechanisms led to the paradigm that “master
change, slaves remain” (2). A well-known example illustrating this paradigm is the SRY gene —
the master sex-determining gene of mammals- that has not been detected outside of the placental
mammals. Conversely SRY subordinated genes (Sox9 [see paper #28], Wtl [see paper #17],
Dmrtl, AMH, SF1, FoxL2...) or signalling pathways (TGF-f, Wnt4/B-catenin, Hedgehog [see
paper #28]) have homologues involved in gonadogenesis or gonadal differentiation in a much
broader spectrum of species, including non-vertebrates and even protostomes lacking Sry (see
Figure 3).
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Figure 3. Gene-regulatory network of gonadal sex induction and maintenance in vertebrates.

Schematic representation of main interactions within the regulatory network. In gonadal fate determination of
mammals, Sry initiates activation of the male pathway (blue) through up-regulation of Sox9. Dmrtl is not only
important for keeping the male pathway on but also in suppressing the two female networks (red). These two female
networks involve Fox12 as well as the Wnt/B-catenin signalling pathways. Maintenance of gonadal identity in the
differentiated gonads is a result of the cross-inhibition activities of Dmrtl and FoxI2. A critical equilibrium between
these conflicting pathways underlies the bi-potentiality of the gonadal somatic cells. Tipping the balance into one
direction or the other will regulate the gonadal fate as a consequence of the activation of the male or female pathways.
Solid lines define negative regulations. Dashed lines designate positive regulations. Beside the Sry ancestor Sox3 and
Dmirtl, other genes (pink) can become the master sex-determining genes by similarly impacting on the seesaw

between the male and female programme [see paper #31].
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In contrast to this relatively good conservation at the bottom of the sex determination cascade,
examples show that the master regulator is not necessarily elected -co-opted-, like SRY in
mammals, from the outside to perform a new sex-determining function, but rather frequently
recruited as a member of the existing cascade, usurping the position at the top [see paper #16].
Indeed, independent duplication events [see papers #16] or dosage effect led, for example, Dmrtl,
AMH/AMHR or GSDF genes to take over the leadership as master sex determining gene in
Medaka, Xenopus, Chicken or Pejerrey and Fugu or Oryzias luzonensis respectively ([see paper
#20] and Figure 2). Beyond vertebrates, and definitively illustrating an evolutionary convergence
driving that scheme, a similar duplication event was also described in the honeybee (3) (Figure 4,
[see paper #16]).

Worm Fruitfly Honeybee Medaka fish
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Figure 4. Sex-determining cascades in the worm, insects and medaka fish.

Molecular pathways leading to the formation of the gonad in Caenorhabditis elegans, Drosophila melanogaster, Apis
mellifera and Oryzias latipes. Conserved doublesex/male abnormal 3/dsx and mab-3 related transcription factor 1
(dmrtl) or Drosophila transformer (tra)-like homologues are indicated with light-brown and light-blue boxes,
respectively; duplicated factors in the cascades are also highlighted (brown and blue boxes, respectively). Note that
tra of C. elegans is not related to tra of Drosophila. csd, complementary sex determiner; dmd3, doublesex/mab-3
domain family member 3; dsx, doublesex; fem, feminizer; her-1, hermaphroditization of XO-1; sdc, sex

determination and dosage compensation defective; sx1, sex lethal; xol, XO lethal. [see paper #31].

Additionally, it is now emerging that the primary sex-determining decision is not final but has to
be constantly affirmed life-long by suppressing the opposing sex determination programs, thereby
challenging our basic notions of the function and evolution of the sex-determining pathways and
later on of the gonadal maintenance [see papers #26 and #28]. Interestingly, in addition to the
primary function as sex determining gene in the above-mentioned species —and probably in others
as well- Dmrtl factors have been pointed out to have an even more universal evolutionary
widespread role in male gonadal maintenance (Figures 3 and 4) [see papers #22, #23 and #26].
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Among the few highly evolutionary conserved downstream effector genes of the genetic

sex determining cascades, a gene family involved in sex differentiation in organisms as
phylogenetically divergent as Caenorhabditis elegans, Drosophila, frogs, fish, birds, mammals
and corals is the dmrt gene family [see papers #22 and #23]. The Dmrt group of molecules is
characterized by a conserved DNA-binding motif known as the DM (Doublesex and Mab-3
related) domain (3). Dmrts were originally described to play important roles during sex
determination in flies and worms by regulating several aspects of somatic sexual dimorphism (13).
They were also reported to be able to substitute for each other across species, indicating that their
function is possibly interchangeable and that sex determination in invertebrates might rely on
conserved molecules. Interestingly, recent studies have linked DM domain genes to primary
sexual differentiation in many other species including medaka fish, frog and chicken, providing
valuable entry points for understanding the control of sexual differentiation and evolution of
regulatory networks in diverse animals [see papers #22 and #23]. But certainly, the deep interest
of Dmrtl in the field of sex determination in fish first came with the discovery -in my former
laboratory in Germany- of a dmrt1 homologue on the Y-chromosome of the medaka fish: dmrt1bY
(9). From then on, genetic evidences have suggested that the dmrtl gene is an important regulator
of male development in vertebrates ([see paper #24] for review). In humans, haploinsufficiency
of the genomic region that includes DMRTI and its paralogs DMRT2 and DMRT3 leads to XY
male to female sex reversal (14). In chicken and other avian species Dmrtl is located on the Z
chromosome, but absent from W, making it an excellent candidate for the male sex-determining
gene of birds (15). Finally in frog it has been shown that DM-W, a W-linked truncated Dmrtl
homolog gene antagonizing the Dmrtl transcriptional activity, participated in primary ovary
development ((16) and [see paper #23]).
As mentioned above, the medaka male sex-determining gene has been identified in my former
laboratory, making the medaka the first vertebrate species outside mammals where such gene has
been described and characterized as being necessary and sufficient for directing testes
development. With respect to its biochemical function, Dmrt1bY, but also the other Dmrtls in
fish, appear to act as transcription factors (Figure 5). This is evident from the nuclear localization
of Dmrtl fusion proteins [see papers #13 and #14] and studies showing direct effects of dmrtl
on reporter gene expression as well as binding to cognate motif in electric mobility shift assays
[see paper #21]. Finally, linking the earliest sexual dimorphic trait to its expression dynamic, we
could show Dmrt1bY to be possibly responsible for the male-specific primordial germ cell mitotic
arrest [see paper #9] (Figure 5). Indeed, after cell transfection and FACS analyses, additional in
vivo functional evidences showed that expression of Dmrt1bY leads to negative regulation of male
primordial germ cell proliferation (G2/M arrest cell cycle) prior to sex differentiation at the sex
determination stage [see paper #9], suggesting that in XY medaka males, DmrtlbY-driven
primordial germ cell number regulation, as well as determination of pre-Sertoli cells, is the
primary event by which the whole gonad (germ-line and soma) would be specified through a
directional cross-talk from pre-Sertoli and Sertoli cells with the primordial germ cells [see paper
#9] (Figure 5).
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Figure 5. Medaka dmrtla/dmrtlbY regulations and functions.

Grey arrows illustrate the different levels for which active dmrtla/dmrt1bY regulation mechanisms could be shown.
Transcriptional regulation: the feedback autoregulation of dmrt1bY promoter activity and transregulation by its
paralogue Dmrtla is a key mechanism of dmrt1bY transcriptional tuning. Post-transcriptional regulation: a highly
conserved cis-regulatory motif directs differential gonadal synexpression of dmrtl transcripts during gonadal
development. Post-translational regulation: Dmrtla and DmrtlbY have a short half-life and consequently a high
turnover. Functions: Dmrt1bY inhibition of germ cell proliferation might be part of its known male determining
function. [see papers #14, #18, #21, and #24].
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3.2- Characterization of the molecular network regulating gonad differentiation in medaka.

Medaka gonad is formed by the coordinated development of two different cell lineages:
the germ cells and the somatic gonadal mesoderm surrounding the germ cells. Using mRNA
microinjection in one-cell staged embryos we were able to in vivo monitor medaka primordial
germ cells (PGCs) specification and migration dynamics during gonadal formation [see paper
#9]. Hence, confocal and electronic microscopic analyses revealed that PGCs can be first
recognized as early as gastrulation stage. At that stage PGCs are aligned bilaterally along the trunk
until somitogenesis completes and then finally migrate posteriorly in the ventrolateral region of
the developing hindgut [see paper #9]. Together with the lateral plate mesoderm where they now
lie, PGCs then move to the future gonadal region at the dorsal region of the hindgut where they
combine to form a single undifferentiated gonadal primordium. Interestingly carrying on over-
expression (capped mRNA) or transient knock-down (morpholino) experiments via
microinjections we have additionally shown that the observed PGC migration dynamic was tightly
regulated by cytokines interactions (Sdfla/b and Cxcr4, (Figure 6)) [see paper #15] and that their
maintenance was under the control of a regulatory back-up circuit mediated by Wtl co-orthologs
[see paper #17]. Shortly before hatching the germ cells of the female gonadal primordium
actively proliferate and undergo meiosis while in male gonads, correlating with the male-specific
onset of Dmrt1bY expression in the gonadal anlage, the PGCs remain quiescent [see paper #14].
Ten days later the first somatic gonadal dimorphisms are apparent with the formation of the acinus
(the seminiferous tubule precursor) and the follicles in gonads of male and female respectively.
Interestingly, during the process of gonadal differentiation in medaka, germ line soma interactions
and cross talk have been shown to be of primary importance since germ cell depleted gonads
develop as male while conversely an excessive number of germ cells lead to the development of
a female-type gonad [see paper #14].

M sdf-1a and sdf-1b
O sdf-1a

sdf-1b

O PGC

| 1

sdfla >> sdf1b sdfla> sdflb sdf1b > sdfla
cxcr4b cxcr4b cxerdb
(HmCGoOAR, cxcr7?)

Figure 6. PGC migration in Medaka is the consequence of alternation of active OlaSDF1a/b-induced mobility.
During the process of early PGC migration (Step 1), CXCR4 and Sdfla are absolutely required for proper PGC
migration. During neurulation/early somitogenesis (Step II), PGC migration is dependant of somatic movements,
while arrest of PGCs in the lateral plate mesoderm along the embryo body is due to SDF1a action. During late PGC
migration (step III), the role of Sdflb is becoming predominant while the function of Sdfla and CXCR4 appears to
be much less important. The recent description of the sequential action of the CXCR4 and CXCR?7 receptors in
regulating PGC migration in Medaka (17), indicates that a CXCR7-dependent process would act after the CXCR4-
dependent bilateral alignment of PGC and causes drift of PGC to the gonadal area. [see papers #9 and #15].
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The medaka male sex-determining gene is a duplicated version of the dmrtl gene. This
duplicated copy was designated dmrti1bY. The ancestral copy, which is located on an autosome,
was consequently named dmrtl/a. The duplicated fragment, consisting of dmrtl and three
neighbouring genes, was inserted into another chromosome while its homologue became the X
([see paper #20] and Figure 7). This duplication event occurred approximately 5-10 million years
ago in the lineage leading to the medaka. Compared to the human Y, which is more than 200
million years old, the medaka Y is very young and allows studying the initial events of Y-
chromosome evolution.
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Figure 7. Origin and evolution of the sex chromosomes in medaka.

(a) A segment on linkage group (LG) 9 containing the dmrtl gene and neighbouring genes including the paralogs
dmrt3 and 2 is duplicated. (b) The duplicated segment is inserted into one of the chromosomes of LGI1. This
chromosome is the proto Y while its homologue becomes the proto X. (¢) Due to lack of recombination between the
duplicated fragment on the Y and the X genes not involved in sex determination degenerate and transposable elements

and repetitive sequences accumulate. [see paper #20].

Of special interest is the question how a gene, dmrtl for instance, which is placed downstream in
the majority of the sex determination cascades (see Figure 4), was brought about to take over the
position and function of the gene at the top in medaka. So far, using phylogenetics we found that
the Dmrtl duplicated copy on the Y-chromosome (DmrtlbY), which became the male
determining gene, diverged considerably in the 5’ flanking region from its ancestral gene, dmrtla
[see paper #21]. Further on, functional promoter analyses in different transfected cell lines
(luciferase and promoter bashing assays) and in vivo via transgenic reporter fish, revealed that a
transposable element (called “/zanagi”), inserted in dmrtlbY promoter shortly after the gene
duplication event, brought in ‘ready to use’ transcription factor binding sites including a dmrtl
target site [see paper #21]. Finally, using electromobility shift assay (EMSA) and in vivo
chromatin immunoprecipitation (in vivo ChIP) we have demonstrated that the insertion of the
“Izanagi” element results in a feedback (cis-) downregulation of dmrtlbY after the sex
determination period and (¢rans-) downregulation of the sex determination gene by its autosomal
ancestor, dmrtla, in adult testes [see papers #21 and #13]. This new transcriptional regulatory
element, nested within Dmrt1bY promoter, allowed neo-functionalization of the sex chromosomal
copy and guaranteed the survival of the autosomal copy by a possible sub-functionalization in
Sertoli cells of adult testes ([see papers #20, #21, #23 and #24] and Figure 8). This is a first
mosaic stone of the evolutionary history how dmrtIbY became the master sex regulatory gene,
but certainly much more has to be explained to understand this process in detail.
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Figure 8. Transcriptional rewiring of the sex determining dmrtl gene duplicate by transposable elements.
(A) Comparative analysis of the dmrt1bY promoter and its transcription factor binding sites. The analysed promoter
region of dmrtlbY in comparison to its dmrtla paralog. Length differences between the promoters are based on
regions -1V, of which three (I, I, IV) have been added to the dmrt1bY promoter after duplication, while two others
have been lost from the dmrt1bY promoter (KIAAO0172 region V) or from the dmrtla promoter (MHCLp region III),
respectively. Bold dashed lines indicate cutting sites for transcriptional regulation analyses. Region I contains a
putative Izanagi DNA transposons (repeat 1), into which a Rex1 element (repeat 2) was inserted secondarily. The
upstream part of split repeat 1 (repeat 1b) in the dmrt1bY promoter contains multiple Sox5 and Pax2 binding sites as
well as a Dmrtl binding site. Dark green indicates coding sequence of genes and pseudogenes, light green indicates
their untranslated regions.

(B) Model for feedback and cross-regulation of the medaka dmrtl paralogs. During sex determination stages only
dmrtlbY is expressed and dmrtla is off. Hence, the sex determining function of dmrt1bY is exerted. In adult testes,
both paralogs are expressed notably in Sertoli cells, but the auto-repression of the dmrt1bY promoter by its own gene
product and the cross-regulation by Dmrtla lead to a predominant expression of dmrtla compared to dmrt1bY (appox.
50-fold) [see paper #21].
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To further understand the function of DmrtlbY in orchestrating such a complex gene regulatory
network, I have then driven my research toward the identification of potential targets genes and
regulated pathways downstream of the induction of DmrtlbY. Hence, monitoring in vivo gene
expression and interactions by transgenic fluorescent reporter fish lines, using in vivo tissue-
chromatin immunoprecipitation and in vifro gene regulation assays, I already started to outline
the genetic framework in which Dmrt1bY is interacting during medaka gonadal formation and
maintenance [see papers #27 and #29] (Figure 9). The results of these analyses revealed several
concordances but also major discrepancies between mammals and medaka, notably amongst
spatial, temporal expression patterns and regulations of the canonical Hedgehog and R-
spondin/Wnt/Follistatin signalling pathways ([see paper #28], Figure 9). For example, unlike
their mammalian counterparts, none of the different medaka gonadal marker genes analysed (-
spo-1, fst or ptch-2) were detected in germ cells at any time of gonadal development. This major
inconsistency between mammals and fish certainly reflects intrinsically divergent modes of germ
cell commitment and interaction between germ and somatic cells, possibly accounting for a higher
sexual plasticity of germ cells in fish. In this context, our data reflect a profound reorganization
of parts of the fish gonadal regulatory network compared to mammals. While some components
like DMRT1, SOX9, FOXL2 and pathways such as Hedgehog or R-spol/Wnt/Fst of the gonadal
gene regulatory network are conserved on the DNA sequence level across phyla, their functions,
regulation and interplays might be considerably different (see Figure 9 and [papers #27 and
#29]).
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Figure 9. The Dmrt1bY/Dmrtla gene regulatory networks during gonadal formation in medaka.

Interaction scheme of the possible DmrtlbY/Dmrtla-triggered regulations of the Hedgehog and Wnt4 pathways
during gonadal formation in medaka. Solid red arrows indicate for both Dmrt1bY and Dmrtla positive regulation
while dashed lines indicate sex-specific regulations. The green dashed line indicates a Dmrtla, female-specific,
indirect positive regulation favoring the expression of follistatin while the blue dashed line reports a Dmrt1bY, male-
specific, indirect repression of patched-2 transcription. For the Dmrt1bY/Dmrtla-triggered transcriptional regulation
of R-spondinl, depending on the cellular contexts, the involvement of a sex-specific co-factor is proposed [see paper
#28].
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Interestingly, examining early gene expression and behaviour of just-specified germ cells, we
could show that medaka germ cells exhibit sexually different characters before the formation of
the somatic gonadal primordium. Into that direction in vitro culture analysis additionally revealed
that XY germ cells behave differently from XX germ cells with respect to their mitotic activity.
Again, our results challenge the traditional view of the initial acquisition of sexual identity in the
somatic cells and provide insights into the evolutional and developmental processes on cell-
autonomous sexual identity at cellular levels [see paper #29]. In addition to the genes mentioned
above, examination of FoxI2 protein distribution in the adult medaka ovary revealed a new sub-
population of theca cells, where ovarian-type aromatase transcriptional regulation appears to be
independent of Fox12 (Figure 10).
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Figure 10. Schematic representation of granulosa and theca cell populations in mouse and medaka.

In mammals, granulosa cells are the only cell type with steroidogenic activity, expressing both foxI2 and aromatase.
Aromatase expression is directly induced by fox12. In medaka, like in mammals, granulosa cells express both FoxI2
and aromatase. Examination of Fox12 protein distribution in the medaka ovary revealed a new subpopulation of theca

cells expressing FoxI2 [see paper #28].

As a result, we could show that the regulation of the downstream regulatory network of sex
determination is less conserved than previously thought and emphasize the importance of the
cellular context on modulating these regulations in Vertebrates.
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II- Current Research Work, Objectives and Perspectives
1- Context and positioning of our current research work at INRAE

In stark contrast to the traditional ovine, bovine or porcine animal productions, most of
the aquaculture fish species, due to the recent expansion of fisheries, are only slightly
domesticated. While genetic improvement, as it is in other more mature forms of animal
productions, could be also considered as a conventional contributing factor in developing efficient
fish farming, it has only recently been applied to just a handful of species (carp, catfish, trout and
tilapia). Whereas additionally the number of fish species suitable for aquaculture is steadily
increasing worldwide, nearly all farmed aquatic species are still very similar to their wild relatives.
As a matter of fact, most fish did/do not benefit from a deep basic understanding of their biology,
often precluding development of a rational and sustainable aquaculture. Therefore, efforts should
converge towards an improvement of production efficiency (growth, disease resistance,
fertility...) and adaptation to new contexts (fluctuating environment, pollution, density...).
Improvement in that direction, in addition to the high potential of “classical” methods, should also
take advantage of the development of genomic technologies and biotechnologies, first to make
the best use of molecular pedigrees and in a long-term vision to improve the knowledge in the
genetic and biological bases of traits as well as in directly selecting on the genotype.
Biotechnologies certainly provide powerful tools for sustainable development of aquaculture,
fisheries, as well as food industry. Beside the “hot-seller” idea of universally increasing fish
growth rates, more reasonable and need-driven genetic biotechnologies are already importantly
contributing but also significantly challenging aquaculture and fisheries development. For
instance, chromosome sex manipulations to induce polyploidy (triploidy and tetraploidy) and
uniparental chromosome inheritance (gynogenesis and androgenesis) are important in the
improvement of fish breeding as they provide a rapid approach for gonadal sterilization, sex
control improvement of hybrid viability and clonation. But also, the development of embryonic
stem cell technologies, cryopreservation, manipulation and transplantation of fish germ cells
would allow the creation of broodstock systems in which target species can be produced from
surrogate or allogenic parents. Undeniably the benefits offered by these new technologies couldn’t
be fulfilled without constant commitment for basic research.

Control of sex is an important issue of modern aquaculture as it allows the mass production
of either all-female or all-male populations of fish that are often economically more interesting to
breed than normal mixed-sex populations [see BC #2]. In salmonid species for instance, all-
female populations are often preferred because males have the propensity to mature precociously,
resulting in reduced growth rates, lower food conversion efficiency, lesser flesh quality and a high
sensitivity to pathological problems. In other fish species, sex control can either i) facilitate
broodstock management, for instance by optimizing the ratio between males and females in
hermaphrodite species, i) prevent uncontrolled reproduction that favours energy investment into
the gonad instead of body growth like in the tilapias or iii) allow the production of a sex specific
product like the caviar in female sturgeon fish. A better knowledge on fish sex determination and
sex differentiation mechanisms is then a pre-requisite towards a more rational and efficient
control. This is especially essential for fish as the number of aquaculture fish species is important
and diversification is still a current challenge in many countries. Akin to sex determination
systems, genetic sex determinants and even their downstream regulations are not well conserved
(see part I), the transfer of a sex-control technique from one species to another is often
problematic. Even in species in which biotechnologies are available, and allowing mass
production of all-male or all-female populations, a better knowledge of sex-determination and
sex-differentiation mechanisms would still allow an evolution of the current biotechnologies
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towards more sustainability. This could be done, for instance in salmonids, by finding alternative
methodology for the production of neo-males that are currently obtained by (massive) steroid
hormone treatment [see BC #2].

Consequently, my project at INRAE was built into that perspective of bringing in and
developing, in parallel to the existing fish models already well-established at the INRAE/LPGP
laboratory for studying sex differentiation, a new -complementary- model for studying gonadal
differentiation and development in order to bypass some limitations inherent to the salmonid
models. These limitations are mainly related to the size and generation time of salmonids that
prevent any development of easy and affordable cell lineage tracing, transgenesis, targeted
inactivation and other genetic manipulations that are now needed to develop deep functional
genomic approaches that are absolutely mandatory to gain further insight into the regulatory
mechanisms of sex determination in fish. Medaka is certainly one of the best-understood fish
model organisms regarding to early gonadal induction, differentiation and maintenance
(morphogenesis, sex determination and differentiation, oogenesis and spermatogenesis (see part
I). Its sex determination system relies on a simple male heterogametic system (XX/XY) and its
master sex-determining gene (dmrt1bY) has been characterized. This species is also eligible for
the most cutting-edge tools in terms of transgenesis (BAC clones recombination, meganuclease
and transposon-mediated fluorescent reporters...), RNA injection, in vivo ChlIP, in vivo inducible
systems (on/off) after recombination, genome editing (TALENS, CRISPR), stem cells
(embryonic, spermatogonia, and embryoid bodies) and imaging (live confocal imaging).

Hence, in that particular context of functional and comparative evolution and genomics, and using
the medaka fish as a model organism of reference, my current research projects on sex
determination / sex differentiation in fish are interdependently constructed around few main
general questions that constitute my research objectives:

(i) Functions and Evolution of Master Sex Determining Genes and Systems

(ii) Functional Analysis of the Gene Regulatory Networks Underlying Sex Determination
and Differentiation.

(iii) Gonadal Morphogenesis and Plasticity
(iv)  Research and Development: Genome Editing / Single Cell Resolution

i Autophagy in Fish

(i) Functions and evolution of master sex determining genes and systems: cases studies

The high diversity of sex determination systems seen in teleost fish is linked to the high turnover
rate of their sex chromosomes (Figure 2 [see BC #1, #3, #4]). As a result, most fish sex
chromosomes are considered to be relatively young and are often described as being
homomorphics, i.e., with little differentiation and no cytological difference. Sex chromosomes
turnover is usually connected with the emergence of new master SD genes (4, 18). Indeed, in
therian mammals and birds, master SD genes are highly conserved with the quasi-exclusive usage
of SRY for mammals and DMRTT for birds. But, a high diversity of SD genes (Figure 2) has been
found in the past two decades in many teleost fish and this has greatly expanded our understanding
of the SD mechanisms and SD evolution. Despite this great diversity, most of these newly
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discovered fish master SD genes are classical “usual suspects” [see paper #31] that fall into three
independent protein families implicated in the “canonical” vertebrate sex differentiation gene
network, namely the Sry-related HMG box (SOX), the Doublesex and mab-3 related transcription
factors (DMRT) and the transforming growth factors (TGF-f) family. Their recruitments as
master SD genes do not follow any obvious phylogenetic relationship and are more likely to be
independent and repeated events during teleost evolution (Figure 11).
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Figure 11. Diversity and evolution of sex determination systems and master sex-determining genes in
vertebrates.

In contrast to therian mammals and birds, the other vertebrate groups including reptiles, amphibians and fish, exhibit
plasticity of sex determination mechanisms (XX/XY, multiple X or Y, ZZ/ZW, multiple Z or W, autosomal modifiers

and environmentally induced sex determination) and of master sex-determining genes.

Only one known exception to this “usual suspects” rule is the salmonid SD gene, sdY (sex
determining region on the Y chromosome, (19)), which has derived from the duplication of an
immune-related gene unsuspected to be involved in the sex differentiation pathway. The birth of
a new master SD genes can start with a duplication of an autosomal gene that will acquire a new
SD function leading to new sex chromosomes. On the other hand, it can begin with allelic
diversification from a step-wise diversification of two alleles of the future sex chromosome pair.
One allele then becomes the sex determiner, while the other allele either retains a non-SD function
or favours the development of the opposite sex (20). The gene duplication and allelic
diversification mechanisms have both been found in teleost fish to generate new master SD genes
and drive the turnover of sex chromosomes (Figure 12). In the following part of this manuscript,
I will review the cases of master sex determination genes in teleost fish we have been working
with.
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Figure 12. Mechanisms accounting for the emergence of new master sex-determining genes after either gene
duplication (examples medaka and frog) or allelic diversification (examples torafugu, birds and tongue sole).

(A) The medaka dmrtl gene, together with neighbouring genes (including dmrt2 and 3), first underwent local gene
duplication. This whole duplicated segment was then inserted into another chromosome, creating a proto Y-
chromosome. Because of non-homology of the insert to the proto-X recombination is suppressed and this part of the
proto Y segment degenerated. Transposable eclements and repetitive sequences accumulated, resulting in
transcriptional rewiring of the dmrt1bY gene and acquisition of an early gonadal expression pattern compatible with
a master sex-determining function. Further on, point mutations accounted for neo-functionalization and specialization
of the dmrtlbY gene [see papers #16, #18, #21 and #22]. (B) In the pufferfish as a result of allelic diversification
two versions of the amh receptor II exist differing only by one aminoacid located in the kinase domain (H384D). This
hypomorphic mutation conferring lower receptor activity is encoded on the X-chromosome. Quantitative variations
in Amh signalling in females (homozygous for the hypomorphic amhrIl allele) versus males (heterozygous for the
wild type and hypomorphic alleles), account for male gonadal development (Reproduced from (21)). (C) Birds and
the tongue sole and have a ZW female heterogametic system. A single loss of function event in the dmrtl gene
occurred (W allele). This resulted in ZW individuals having only one copy of the dmrtl gene while ZZ individuals
harbour two copies (red stars indicate functional dmrtl genes). Here a dosage effect leads to either female (ZW, 1
“dose” of dmrtl) or male (ZZ, 2 “doses” of dmrt1) gonadal development respectively (15, 22). (D) Sex determination
in the frog Xenopus laevis is female heterogamety. Similar to medaka the frog dmrtl gene underwent gene duplication
and translocation. Additionally, truncation of the dmrtl gene occurred, generating a dominant negative version (DM-
W). The DM-W protein product from the W-chromosome antagonizes the action of the wild type dmrtl gene on the
Z-chromosome, leading to female gonadal development. ZZ individuals having two copies of the dmrtl gene (and
no DM-W) develop as males (16). Red and blue stars indicate functional and dominant-negative version of the dmrt1

gene respectively.
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(ia) Dmrt1bY the medaka master sex determining gene: function and evolution.

The dmrtl gene is a transcriptional factor belonging to the evolutionarily well-conserved DM
(Doublesex and Mad-3) domain DMRT gene family, which is involved in sexual development in
many phylogenetically distant groups from worms to mammals [see papers #23 and #24, #31,
and BCO03]. In teleost fish, sexually dimorphic expression of dmrtl has been correlated with
gonadal identity in both gonochoristic and hermaphroditic fish species [see paper #24].

DmrtlbY, was the first non-mammalian SD gene found in vertebrates and it is a duplicated copy
of autosomal dmrtl/dmrtla gene found in two ricefish species of the genus Oryzias: the Japanese
medaka (O. latipes) and the Malabar ricefish (O. curvinotus), both having an XX/XY sex
determination system (8, 9) (Figure 1). Dmrt1bY arose about 5—10 million years ago from a local
duplication of an autosomal fragment encompassing the dmrtl gene (Figure 7). Consequently,
this pair of X and Y chromosomes are very young in comparison with the chromosome pair found
in therian mammals, and remain homomorphic [see paper #20].

The expression pattern of the medaka dmrt1bY is typical of a master SD gene with an early and
transient expression during gonadal primordium differentiation, and low persistence in the adult
gonads [see paper #13]. Around the time of hatching dmrt1bY is first expressed in the nuclei of
the somatic undifferentiated cells surrounding the primordial germ cells (PGC) and later on
exclusively in the Sertoli cells in males [see papers #13, #18 and #29] (Figure 13). In comparison,
the autosomal dmrtl/dmrtla is expressed much later at 20 days after hatching in males and shows
a testis-specific expression pattern in adult males with 50 times higher expression than that of
dmrtlbY [see paper #13].
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Figure 13. Detection of dmrtlbY expression in germ cells and Sertoli cells of dmrtlbY-eGFP reporter
transgenic medaka at hatching and adult stages.

(A-C) DmrtlbY expression is first detected in clustered germ cells located within the lateral plate mesoderm at stage
28. Expression is co-localized with the fluorescence of the germ cell-specific marker (mCherry:nos-3’UTR). (D-F)
Germ cell-specific expression is observed until stages 30-31. (G-L) By stage 33, while germ cell expression becomes
weaker (G-I), additional dmrt1bY expression is detected in the somatic cells directly surrounding the germ cells (J-
L). (M-0) In adult testes dmrt1bY expression is restricted to Sertoli cells.
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Concomitantly to the acquisition of a dominant position within the sex-determining network, we
have previously shown that dmrt1bY was subjected to a profound rearrangement of its regulatory
landscape brought about by exaptation of a “ready-to-use” cis-regulatory element from a
transposable element (TE). This element, called /zanagi, recruits Dmrt1bY and Dmrtla proteins
to turn off the dmrtlbY gene after it has fulfilled its function as the primary male SD gene [see
paper #21] (Figure 8).

Interestingly we have further reported that TE-mediated transcriptional rewiring can reach an
unexpected level of complexity that exceeds this simple feedback regulation. Indeed, we found
that another TE, Rex1, has jumped into Izanagi [see paper #36]. Through the disruption of
Izanagi, Rex1 immobilized this TE and fixed the Dmrtl-mediated downregulation. Moreover,
Rex1 brought in a preformed regulatory element for the transcription factor Sox5. We have then
demonstrated that medaka Sox5 binds to the sox5-responsive elements of the dmrt1bY promoter
and downregulates its transcriptional activity. Interestingly, in vivo analysis of double transgenic
fluorescent reporter fish additionally revealed a complementary pattern of expression of both
genes. The higher expression of sox5 correlates with a lower expression of dmrtlbY and vice
versa (Figure 14). Our results underpin the importance of the Rex1 TE for the establishment of a
new SD mechanism in medaka and likely contribute in establishing the temporal and cell-type
specific expression pattern of dmrtlbY [see paper #36].

Showing that sox5 was recruited to the very top of the primary SD cascade after insertion of Rex1
and that it controls the fine-tuning of dmrt1bY expression, our results provide evidence for a more
general and ancestral SD function of Sox5 in regulating germ-cell number and, in consequence,
gonadal identity.

Interestingly, the finding that a preformed transcription factor binding site contributed by the Rex1
transposon modulates the regulation of dmrtlbY promoter highlights the important role that
mobile elements play in the genome for shaping the evolution of new functions. Intriguingly,
although bona fide examples of this process are still rare (23), Rex|1 is the second such event found
in the same promoter. It will be interesting to analyse whether the other repeats present in the
dmrtlbY, but not in the promoter region of dmrtla, provide further instances of TE exaptation.
Genes that arose by gene duplication such as dmrtlbY are primarily dispensable and can only
escape degeneration through sub- or neo-functionalization. As dmrtlbY and dmrtla both have
exclusive functions in male sexual development in line with the highly conserved role of dmrtl
in invertebrates and vertebrates (3), a change in transcriptional control via the insertion of two
different TEs might initially have led to sub-functionalization; dmrtlbY acquired its transient
early expression, whereas the transcription of dmrtla was pushed back to the later testis
differentiation phase. It will be interesting to have a closer look at the SD genes of other fish that
have been subject to fast evolutionary change and thus, might also be targets for TE exaptation.
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Figure 14. Comparative analysis of sox5 and dmrtlbY expression dynamics during gonadal primordium
formation.

Expression of sox5 compared to dmrt1by in a double transgenic fluorescent reporter line. (a—c) During early gonadal
formation, soxS5 is first detected in the somatic tissues surrounding the germ cells at stages 26 to 28. At the same time,
dmrt1bY is expressed in germ cells. (d—i) By stages 33 to 34, sox5 expression becomes restricted to the germ cells.
dmrtlbY is also expressed in the germ cells at those specific stages of development. Variations within the respective
levels of sox5 and dmrtlbY expression are clearly observable (d compared to e and f and g compared to h and i).
(j,k) Around hatching (stages 38/39), the expression of sox5 strengthens in all germ cells while parallel dmrtlbY
expression quickly switches from germ cells only to somatic germ-cell-surrounding cells only. (1) /n vivo visualization
of the dynamics of expression localization of sox5 and dmrt1bY during male gonadal primordium development. The
expression of sox5 and dmrtlbY is highly dynamic during primordium gonadal formation, switching from somatic
to germ cells and vice versa, respectively, from stage 26 until hatching. Being mutual repressors of each other, a
seesaw of expression is observed, finally finely restricting dmrt1bY expression in the somatic part of the primordium
gonad. Blue and red represent cellular expression localizations only and should not been interpreted as expression
levels.
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(ib) sdY: an unusual and conserved SD gene in Salmonids.

The recent discovery of a new type of SD gene in rainbow trout (Oncorhynchus mykiss)
demonstrated an unexpected flexibility of the system in vertebrate SD (19). This gene, called sdY,
came to the spotlight as it was found to be expressed only in embryonic testes and was also tightly
linked to the sex-locus on the Y chromosome. It was further confirmed to be the trout SD gene
based on functional proofs showing that sdY is by itself necessary and sufficient to induce
testicular differentiation (19). One of the multiple unusual characteristics of sdY is that it evolved
from the duplication of an immune-related gene, irf9 (interferon related factor 9). Compared to its
ancestral protein, sdY lost the N-terminal DNA-binding domain, but preserved its C-terminal
protein-protein interaction domain. Another interesting feature is that sdY is sex-linked in most
salmonid species, indicating that it is a conserved SD gene in this teleost group. Yet, the SEX
locus containing sdY is not located in the same chromosome in different salmonids species (24),
suggesting a rapid turnover of sex chromosome while preserving what seems to be a jumping
master SD gene (25).

Our additional studies strongly suggested that SAY could mediate its sex-determining effects
through protein-protein interactions. Indeed, the search for potential interacting partners
uncovered that SAY is interacting with the forkhead box L2 (FoxI2) protein [see paper #39], a
transcription factor well-known for its crucial role in ovarian differentiation [see paper #34]. By
binding to Foxl2, SAY is able to prevent the Fox]2 and Nr5al (Nuclear Receptor Subfamily 5
Group A Member 1) synergistic activation of the aromatase (cypl9ala) gene, blocking the
positive feedback loop of regulation required for synthesis of the feminizing estrogenic steroids
(26) in the early differentiating gonads. Thus, we could show that SAY is not a “genuine” male-
promoting factor as, despite being a male MSD gene it acts as an anti-female factor by blocking
a default female differentiation regulatory network, and thereby allowing testicular differentiation
to proceed. Hence, SAY presents a paradigmatic case that un-related genes outside the “usual
suspects” are able to acquire de novo sex determining functions in teleosts. These results
additionally suggest that the evolution of unusual vertebrate master sex determination genes
recruited from outside the classical pathway -like sdY- is nevertheless strongly constrained by
their ability to interact with the canonical gonadal differentiation pathway (27) (Figure 3).

(ic) Esocidae species challenge the fitness advantage and sexually antagonistic models.

Classical models of sex chromosome evolution postulate that there first occurs an
expansion of regions with reduced recombination near the MSD gene, and that the loss of
recombination subsequently results in the gradual decay of the whole sex chromosome (28, 29).
These models are based on the highly degenerated sex chromosomes of model species, and the
universality of these models has recently been called into question by new findings in non-model
species we have been looking at. For example, we could show that the MSD gene in Northern
pike (Amhby) arose > 65 My ago [see paper #43] and that the surrounding Y-specific region
remains restricted in size and without other protein coding genes (Figure 15). Furthermore, no
male beneficial/female antagonistic genes have been found in this tiny SD region [see paper #43].
Interestingly, we pointed out that this very restricted sex-differentiated region encompassing
amhby 1is a conserved feature of all Y-chromosomes in several species of this clade, illustrating
that SD systems can be stable for over 50 million years [see paper #43, and Pan ez al. submitted].
These examples temper the “need” for highly degenerated sex-chromosomes as ‘evolutionary
traps’ for supposedly preventing the turnover of SD systems (4).
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Figure 15. Phylogenetic analysis of amh homologs from the Esociformes revealed an ancient origin of amhby.
(A) Phylogeny tree of amh-coding sequences built with the maximum likelihood method. Bootstrap values are given
on each node of the tree. The amha ortholog cluster is highlighted with blue background and the amhby ortholog
cluster is highlighted with red background. (B) Species phylogeny of the Esociformes. The three putative sex
determination transitions are shown by a black star. The presence of pre-duplication amh, amha, and amhby along
with its sex-linkage is represented by coloured dots at the end of each branch. The earliest duplication timing of amh

is denoted by a black arrow at the root of the Esocidae lineage.

(id) The “improbable” sex determination in the Atlantic herring

Classically, the different sex determination triggers have been identified to be components
of either the genome itself (genetic sex determination, GSD) or come from the environment
(environmental sex determination, ESD). Adaptive hypotheses prevail in explaining the evolution
of the various sex determining triggers, which finally will guarantee a stable sex ratio of the
population. For ESD according to the Charnov-Bull model (30) an environmental trigger, e.g. the
incubation temperature of the developing embryo, is favoured when the developmental
environment differentially influences male versus female fitness, as for instance shown in the
Jacky dragon (23). GSD is generally explained to be stabilized (if we except the just above-
described situation in esociforms) through the evolution of sex chromosomes, when sexual
selection links the genetic sex determiner to a /ocus that is beneficial to the same sex or even
antagonistic to the opposite sex (31-35). Recently, a third general mechanism has been proposed,
namely random sex determination (RSD) (36). Perrin (36) recognized that many ESD and GSD
systems are not always perfectly reflecting the command of the trigger, when for instance in an
ESD system at a transitional temperature range males and females are produced, or when GSD
species without an obvious reason generate individuals which have the phenotype of the sex that
is opposing their genotypes. This indicated stochastic processes resulting from developmental
noise (36). Extrapolating this reasoning, a model was proposed that sex as a bistable equilibrium
(the male and female phenotype) can be triggered by any random process which, from the
undifferentiated state, tips the balance to the one or the other direction. If the population size is
large enough RSD would guarantee an equal sex ratio as well (Figure 16).
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Figure 16. Sex as a bistable equilibrium.

Genomes are fundamentally bipotential, encoding developmental landscapes (black line) that allow for either male
(left) or female (right) development. From an undifferentiated larval state (dark ball in unstable equilibrium), initial
triggers tip the balance in one or the other direction (arrows), after which mutually antagonistic gene pathways ensure
convergence toward fully fledged male or female phenotypes (36).

We have initially chosen to look at sex determination in the Atlantic herring (Clupea harengus)
because this fish has characteristics that would allow RSD to act. Indeed, it is one of the most
abundant vertebrates on earth (swarms of up to 4 billion individuals) with massive spawns (up to
200,000 eggs spawned per female), it has no intraspecific social interactions or a structured
environment that would provide triggers for ESD in its natural range. There is no obvious sexual
morphological dimorphism or courtship behaviour that would indicate sexual selection. And,
neither the karyotype nor the male and female linkage map (28) indicated sex chromosomes.
Despite, we found SD in the Atlantic herring is ruled by a strong genetic determiner: a truncated
BMPRIBBY receptor carried by a well differentiated sex chromosome. Interestingly, the herring
Y-chromosome should be considered as a minimal differentiated sex chromosome: the male
specific region of the Y contains just three genes — a testis-determining gene from the TGF-83
signalling pathway and two other male beneficial genes [see paper #49] (Figure 17).
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Figure 17. Reconstruction of the evolution of sex chromosomes in Atlantic herring.

The evolution of ChrY occurred in four steps, but the exact order of steps 2 to 4 is not yet known. 1) Duplication and
translocation of BMPR1BB from Chr21 to Chr8. 2) Duplication and translocation of CATSPER3 within Chr8/ChrY.
3) Incorporation of CATSPERG in ChrY and loss from ChrX. 4) CATSPER3A becomes pseudogenized or evolved
a new function.

Hence our work revealed that RSD processes might be sporadically resilient, but not perfectly
random. Thus, even minimal deviations from optimal sex ratios might initiate evolutionary
driftage towards GSD, particularly when population sizes are large and/or natural selection is
effective.
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Obviously, the evolution of genetic sex determination mechanisms is closely linked to the

evolution of sex chromosomes. The discovery of multiple new master SD genes in teleosts
provided invaluable insights on the evolution of SD and the processes of the establishment of new
sex chromosomes. Before the identification of the first fish master SD gene, models of sex
chromosome evolution predicted that SD genes should evolve from a stepwise allelic
diversification process starting from a single gene on an autosome. After fixation of a sex-specific
allele in that newly formed SD gene, recombination reduction around that new sex /ocus in the
proto-sex chromosome pair would give rise to classical heteromorphic sex chromosomes.
Some newly described fish SD genes have evolved thanks to this allelic diversification
mechanism, for instance sox3Y (37) and gsdfY (11) in some medaka species and amhr2 in
Takifugu (21). But this mechanism did not lead to strongly differentiated heteromorphic sex
chromosomes in these teleost species. This phenomenon can probably be explained if we consider
that these SD genes are very young in term of evolution.

But the conservation of a single missense SNP in amhr2 acting as the sole signal to initiate sex
determination (Figure 12) in at least three Takifugu species that diverged over 10 million years
ago, shows that recombination reduction around a new sex locus in the proto-sex chromosome is
de facto not necessary to fix a new SD gene.

The characterization of new teleost SD genes (Figure 2) also emphasized novel mechanisms for
sex chromosome and SD gene evolution as many fish SD genes are the result of a
duplication/insertion event. In these cases, a genomic area containing an ancestral gene is
duplicated into a different chromosome that will initiate the formation of a new sex chromosome
after subsequent functional and/or regulatory changes of the proto SD gene. This mechanism of
gene duplication leading to sex chromosome formation first came in light for dmrt1bY in Japanese
medaka, and has also been found to generate other teleost —and vertebrates- master SD genes
(like in medaka, rainbow trout, European pike, Atlantic herring, Mexican tetra and Yellow perch,
for the fish species we have been working with; [see papers #20, #39, #43, #44, #49]).

In addition, thanks to their high turnover rate, teleost sex chromosomes also provide many
different models to study the process of sex chromosome formation, like for instance in the
medaka [see papers #20, #36, #40] or Atlantic herring [see paper #49].

(ii) Functional analysis of the gene regulatory networks underlying sex determination and
differentiation.

While many recent studies dealing with sex determination/differentiation in fish have been
focusing on the quest for new master sex determining genes, the genetic architecture of such a
complex phenotypic trait as sex cannot be simply limited -or restricted- to the action of unique
and totipotent master sex determining triggers. Then, what happens when “masters change”? The
classical view of sexual development suggests that not much would change downstream, since
“slaves remain” (3). Potentially a new master would pop up at the top from a postulated conserved
downstream gene regulatory network, possibly slightly adjusting (bottom-up theory (1, 38)).
However, accumulating evidence, notably gathered within teleost fish species, indicates that the
phenotypic expression of sex is a rather plastic trait, relying on a complex and unstable
equilibrium of a constantly adjusting network of regulatory interactions ([see papers #28 and
#31] for review). Hence, the main emerging idea is that sex determination gene regulatory
cascades should no longer be seen as simply hierarchical but, rather, as a regulatory network or,
even more, as connections of interdependent regulatory networks.

37



To explore more onto that direction, and because the amazing diversity of sex triggers in
fishes emphasizes the many options possible at the sex determination stage (and possibly beyond)
to switch and supervise over the destiny of the gonad, we have additionally been focusing our
researches on the functional analysis of the gene regulatory network(s) underlying sex
determination and differentiation. For that, we mainly used (i) medaka, which MSD gene arose
after gene duplication, and (i7) sablefish, which MSD gene arose after allelic diversification. Our
main idea is now to progress towards a comprehensive and comparative view of the evolution of
sex determining genes and regulatory networks in relation to the emergence or turnover of master
sex determining genes.

(iia) The dmrt1bY regulatory network of medaka

Dmrtl is a highly conserved transcription factor, which is critically involved in regulation
of gonad development of vertebrates [see paper #24].
In medaka, a functional duplicate of the autosomal dmrtla gene on the Y chromosome—dmrtlbY
—Dbecame the master regulator of male sex determination (8, 9). This duplication event went along
with the acquisition of a tightly timely and spatially controlled gonadal expression pattern. Indeed,
dmrtlbY mRNA expression is very dynamic, occurring first in the PGCs prior to morphological
somatic sex differentiation and then quickly switches to an exclusive Sertoli cell localisation [see
papers #21, #29, #36]. Importantly, dmrt1bY is expressed in PGCs of male embryos much before
its expression in the pre-Sertoli cells at the sex determination stage [see papers #29 and #36].
This early PGC expression is necessary for the later onset of dmrt1bY expression in the pre-Sertoli
cells at the sex-determination stage of male development [see papers #36]. There, the level of
dmrt1bY mRNA needs to reach a certain threshold to exert the sex-determining function (Figures
13 and 14). This suggested that medaka germ cells exhibit sexually different characters before the
formation of the somatic gonadal primordium depending on dynamic and tightly timely regulated
mechanisms of transcriptional/post-transcriptional regulations [see papers #18 and #29]. We had
previously shown that transcriptional rewiring was brought about by exaptation of two
transposable elements, lzanagi and RexI, co-opted to act as silencers (see above in this
manuscript, and [see papers #21 and #40]. These turn off the somatic and the germ cell-specific
expressions of the dmrtlbY gene. Thus far, two factors, dmrtl itself [see papers #21] and sox5
[see papers #36], were identified, which turn off dmrtlbY expression after it has fulfilled its
function in the early developing gonad.
Further on we identified a cis-regulatory 11-bp motif in the 3> UTR of dmrt1bY called the “D3U-
box”. This motif confers stability to the dmrtlbY mRNA in germ cells of the developing
embryonic gonad, whereas in other tissues, the transcript is rapidly degraded [see papers #18 and
#40]. The D3Ubox motif was found to be highly conserved in the dmrtl 3° UTR in the fish lineage
(O. latipes, O. curvinotus , Takifugu rubripes , Tetraodon nigroviridis , Epinephelus coioides ,
and Danio rerio), as well as in other vertebrates, including Mus musculus , Pan troglodytes
Macaca mulatta, and Homo sapiens, and even in the ecdysozoan clade (Anopheles gambiae and
Bactocera oleae), (Figure 18).
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Figure 18. Conservation of the D3U-box motif from ecdysozoans to mammals.
Conservation of the D3U-box motif from Drosophila up to mammals. From the different D3U-box sequences among

vertebrates, weight-position matrices were deduced and used for genome scans [see paper #40].

Both, phylogenetic conservation together with the additional presence of the D3U-box in several
germ cell-specific transcripts implied the existence of similarly conserved frans-acting factor(s)
involved in the synexpression of those transcripts. To identify such factor(s), we undertook an
unbiased approach centred on the D3U-box sequence and based on the evolutionary conservation
of the ‘split’ motifs of the D3U-box, implying evolutionary conserved trams-acting factors.
Further bioinformatics analyses and literature searches revealed that the D3U-box motif is a
putative target for two RNA-binding proteins, namely cug-bp (39, 40) and bsf (also known as
Irpprc in mammals (41-43). EMSAs indicated that Ol-bsf and Ol-cug-bp1, but not Ol-cug-bp2,
specifically target and interact with the different parts of the D3U-box, the 3’and the 5’ parts,
respectively [see paper #40]. Additionally, our results suggest that the observed regulation of
dmrtlbY transcript abundance is likely to be the result of a differential binding of the two RNA-
binding proteins (Ol-bsf and Olcug-bpl) with antagonistic properties, frans-regulating RNA
stability via the D3U-box (Figure 19), [see paper #40].
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Figure 19. Model for D3U-box-mediated mRNA regulation.
Overall and in addition to a cytoplasmic localization of Ol-bsf, Ol-bsf and O-cug-bps might mutually antagonize
toward the access to the D3U-box, resulting in either stabilisation (more Ol-bsf binding) or destabilisation (more Ol-

cug-bp binding) of the transcripts harbouring the D3U-box.

Hence, using complementary approaches, our data suggests that the D3U-box motif is—
depending on the cellular context—targeted by two antagonizing RNA binding proteins,
promoting either RNA stabilization in germ cells or degradation in the soma. This new mechanism
of dmrtl RNA stability appears to also regulate the abundance of other transcripts specifically
expressed in PGCs, depending of the preservation of the D3U-box motif.

Altogether the data we could gather in medaka allows to decipher and reconstruct the different
evolutionary steps that were necessary to establish —and preserve- dmrt1bY ahead of the gonadal
gene regulatory network after duplication (see Figure 20).
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Figure 20. How DmrtlbY was born in medaka?
This scheme depicts the different evolutionary steps that were necessary (and sufficient) to establish and preserve
dmrtlbY ahead of the gonadal gene regulatory network in medaka. First a duplication/insertion of a gene (dmrt1)

from the sex-determination pathway (maintenance) occurred. In a second step the region of insertion (proto Y) was

kind of “corrupted” by insertion of transposable elements. For instance, in medaka this resulted in a transcriptional

rewiring of the duplicated copy ((dmrt1bY) that led (i) to the acquisition of a new pattern of expression compatible
with gonadal induction and (ii) to be rapidly off or under the control of sex-differentiating genes (like dmrtla or
Sox5). In parallel a specific mechanism of post-transcriptional set up, resulting in a tightly timely and spatially
controlled gonadal expression pattern. Finally sub/neo-functionalization together with co-evolution of the

downstream gene regulatory network processes developed.
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(iib) Allelic diversification after transposable element exaptation into its proximal regulatory
region promoted Gsdf as the master sex determining gene of sablefish (Anoplopoma fimbria)

New MSD genes primarily emanate from one of two evolutionarily conserved processes:
(7) sporadic gene duplication and insertion, followed by sub- and/or neo-functionalization, or (i)
allelic diversification of a pre-existing locus (20) [see BC #1 and BC#4] (Figure 12). However,
the molecular changes that allow new MSD genes to exert a novel function are not well
understood, aside from those of a few model species.
In the marine teleost, sablefish (Anoplopoma fimbria), complementary genomic and genetic
studies recently led to the identification of a sex locus on the Y-chromosome (44). Further
characterization of this /ocus resulted in identification of the transforming growth factor § (TGF-
B) gene, gonadal soma-derived factor (gsdf), as the main candidate for fulfilling the MSD
function. The presence of different X- and Y-chromosome copies of this gene indicated that the
male heterogametic (XY) system of sex determination in sablefish arose by allelic diversification.

In sablefish, gsdfY, in contrast to its X-variant counterpart, is specifically expressed in

male (XY-genotype) fry earlier than any other male or female sex-related genes and prior to both
molecular and morphological sexual differentiation of the gonads (45). Comparative analysis of
the gsdfX and gsdfY expression patterns clearly showed that gsdf-Y, which is expressed much
earlier than gsdfX, experienced transcriptional rewiring during the process of allelic
diversification that ultimately gave rise to the Y- and X- chromosomes of sablefish.
Such acquisition of a new transcriptional context represented by a different spatio-temporal
expression pattern, compatible with a sex-determining function, seems to be the main prerequisite
in the process of establishment and fixation of a new MSD gene. In the two sister species, Oryzias
latipes and O. dancena, and in mammals, either dmrtl or sox3 genes respectively, were subjected
to profound transcriptional rewiring for establishing either dmrtIbY (O. latipes; duplication /
insertion, (46—48) (see Figure 12)), sox3Y (O. dancena; allelic diversification, (37)) or SRY (most
mammals; allelic diversification, (49)) as master sex-determining genes respectively (see (50) for
review, and Figure 21).
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Figure 21. Independent evolution of SOX3 genes toward a master sex-determining function in mice and Indian
rice fish.

While SRY appears to be restricted to the therian mammals, evidence accumulates that SOX3 has independently been
recruited as a “precursor” of master sexdetermining genes also outside mammals. Hence, although not a priori
destined to have a direct function during sex determination, common mechanisms of evolution seem to be repeatedly
employed. Given that SOX3 is not generally expressed during gonadal induction or during gonadal development, the
first step toward a sexdetermining function is a transcriptional rewiring in order to acquire a timed pattern of
expression compatible with sex determination. Such transcriptional rewiring, although not unique to SOX3 (see
DmrtlbY in medaka fish for example, (Figure 12)), generally involves either fusion of the gene to new promoters or
insertions of transposable elements into their pre-existing promoter, bringing in cis-regulatory elements compatible
with the timing of gonadal induction. Interestingly and surprisingly, it seems that at least in mice and rice fish, this
step alone was sufficient to endow SOX3 with a sex-determining function. Usually, the transcriptional rewiring steps
seem to be accompanied by neo-functionalization or functional specialization processes. These include specialization
of the protein activity itself in therian mammals (adapted from reference (49)) or more surprisingly adaptation of the

downstream gene-regulatory network (target genes) in the Indian rice fish.

In sablefish, while a unique missense mutation between the two gsdf variants does not appear to
drastically impact their physiological activity with regard to downstream activation of Smad’s,
any processes of functional divergence of the variants after allelic diversification might be
reasonably excluded. Uniquely, the newly acquired MSD function of the gsdfY gene seems to be
entirely ascribable to its new pattern of expression.

Into that direction we reported that the high expression of the gsdfY allelic copy during gonadal
differentiation is largely imputable to a Y-specific insert derived from a TE of the hAT family

incorporated into its promoter (Y-specific insert in Figure 22). Gsdf is an important downstream
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component of the male sex determination regulatory network, which in sablefish, like in Oryzias
luzonensis (11) acquired the role of the MSD. Interestingly, co-option of this TE within the “reo -
gsdfY promoter was likely sufficient for transforming and elevating a protein acting downstream
in the sex determination network to a MSD gene expressed at the right time and right place.

—’
| l i X-insert f ‘ gsdfX

2842 Polinton 1710 1298 482

200bp

Polinton 2233 1418 ~82

>
[ e DRS00 |4

* single Nucleotide Polymorphism (SNP)

Figure 22. Comparative analysis of the gsdfX and gsdfY promoters.

The analysed promoter region of gsdfX in comparison to its gsdfY paralog. Length differences between the two gsdfX
and gsdfY promoters are due to Y- and X- specific regions of which unique Y- (935 bp) and X- (412 bp) specific
inserts have been respectively added and lost concomitantly during the allelic diversification event. The Y -specific

insert is made of a transposable element of the hAT family.

Deciphering the mechanism by which the neo-gsdfY is transcriptionally controlled, we could
further show that the hAT-type TE facilitated early up-regulation of gsdf-Y expression by Dmrt1
and Wtl (Figure 23), two key genes of the canonical gonadal gene regulatory network, preventing
any expression pattern redundancy between the two gsdf allelic copies, that therefore might
constitute a reasonable evolutionary way for preserving both gsdf gene copies from any
purification /degeneration processes after allelic diversification. Altogether our results
demonstrate that allelic diversification of the gsdf gene gave rise to the sex determination system
in sablefish. Importantly, the MSD function of gsdfY was not attained by acquisition of a new
function of the protein itself, via amino acid changes, but rather through to the acquisition of
elements in the promotor region resulting in a unique expression profile, which relocated gsdfY to
the most upstream position in the sex-determining network.
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Figure 23. hAT-mediated male-specific transcriptional regulation of gsdfY promoter by Dmrtl and Wtl.

(A) The hAT element (Y-specific insert) induces modulation of transcriptional activity of a thymidine kinase
minimal promoter upon transient transfection of Dmrtl or Wt1(-KTS). (B) Model for gsdfX and gsdfY transcriptional
modulation by Dmrtl and Wtl.

Evolution of new sex determination genes by allelic diversification has often intuitively been
associated with gradual processes that proceed slowly over evolutionary timescales (34, 51). We
found that in 4. fimbria, allelic diversification of a sex determination gene initiated by the
exaptation of a TE led to complete transcriptional rewiring of the allele on the proto-Y
chromosome. This provides a unique functional example of a bona fide punctual process as an
efficient alternative to the phyletic gradualism model (52) for the molecular evolution of a master
sex determining gene.
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(iii) Germline/soma interactions, gonadal morphogenesis and plasticity

(iiia) The autosomal gsdf gene acts as a male sex initiator in medaka fish.

As much as possible, we always have been trying to correlate/connect regulatory
mechanisms and evolution with physiology. It is then not surprising that we also got interest for
gonadal morphogenesis, notably via studying the function of the genes for which we studied
regulation. I think this is, in the field, our specificity (strength?) in the way that we are able to
report comprehensive ‘“stories” about evolution of master sex determining genes, blending
genomic plasticity, phylogeny, transcriptional and post-transcriptional regulations, and up to the
physiology in fine.

Gonadal development is a multi-step process including sex determination, initiation,
differentiation, maintenance, and culminating with the production of sperm or eggs for germline
transmission. Like seen before, a hallmark of genetic mechanisms underlying sex determination
and development is that they show a remarkable diversity and do not follow any evolutionary
trajectories (Figure 11). For example, even master sex-determining genes or sex determiners
(SDs) so far identified in different animal taxa (Figures 1 and 2) show considerable differences in
sequence and activity of their products. The primary role of an SD is to determine the initial sex
by triggering testicular or ovarian differentiation of a sexually bi-potential gonad. Hence, the
presence of a SD determines the genetic sex, whereas the onset of gonadal differentiation towards
a testis or an ovary delineates primary sex initiation. SDs act at the top of hierarchical networks
to control sex differentiation. For example, sry in mammals initiates testicular differentiation
through activating its direct target sox9 (Figure 3). Notably, we have previously shown that the
networks downstream of SDs also vary enormously from one animal to another (Figure 9) [see
paper #28]. The enormous diversity of genetic sex determination mechanisms is a long-standing
mystery and also a major challenge for understanding sex development. Fish have sex-
determination mechanisms ranging from environmental to different modes of genetic
determination and thus provide a paradigm for studying sex plasticity and development.
Particularly, medaka fish is the first vertebrate that showed crossing-over between X and Y
chromosomes (53), induction of sex reversal (54), and most importantly, offered the first
vertebrate SD besides the mammalian sry, namely dmrtlbY (8, 9). Most recent studies have
revealed female germ stem cell markers capable of making intrinsic sperm-egg fate decision in
medaka (55). It is known that dmrtlbY activates dmrtl, which in turn maintains testicular
differentiation, as dmrtl mutation causes male-to-female sex reversal after the initiation of
testicular differentiation (56). However, beside mediating a mitotic arrest of PGCs in males prior
to testes differentiation [see paper #14], how dmrtlbY exerts its primary role in male decision
via triggering testicular differentiation remains unknown.

Paradoxically, there are several cases where dmrtlbY is dispensable for maleness (9, 57), which
points to the presence of autosomal essential gene(s) for male sex initiation in medaka (57, 58).
Recently, the gsdf gene has emerged as a novel sex-related factor in several distantly related fish
species (including in the sablefish, like discussed above). This gene (59) encodes the gonadal
soma derived factor, which belongs to the transforming growth factor-p superfamily (60). In
medaka, gsdf is located on chromosome 12 and is predominantly expressed in the Sertoli cells
and granulosa cells in mature gonads (61).

Beside suggesting its potential role as an endogenous inducer of gonadal development, our studies
have additionally provided sufficient evidence to firmly established gsdf as a male sex initiator
acting downstream of dmrtlbY in medaka, thus serving as a prime candidate for the searched
autosomal gene essential for maleness [see paper #32]: -First, gsdf addition is sufficient for
masculinization in the absence of dmrtlbY, and gsdf disruption causes feminization without
compromising dmrtlbY expression, pointing to its hypostasis to dmrtlbY in action. -Second,
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feminization upon gsdf disruption results from the initiation of ovarian differentiation despite the
presence of dmrtlbY, demonstrating that the earliest and perhaps the primary role of gsdf is to
initiate testicular differentiation, which cannot be replaced by dmrtlbY. -Finally, the fact that
dmrt1bY protein binds to the gsdf promoter and activates gsdf transcription convincingly reveals
that gsdf mechanistically acts downstream of dmrtlbY (Figure 24, [see paper #32]).
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Figure 24. Sex determination and its evolution in Oryzias.

(A) The core cascade controlling sex development in medaka. The black horizontal line depicts developmental day(s)
post fertilization (dpf) or hatching (dph). Shown are key developmental events including testis initiation (TT), testis
differentiation (TD) and testis formation (TF). Horizontal boxes depict developmental RNA expression stages of
dmrt1bY, gsdf and dmrtl. Arrows depict transcriptional activation of gsdf and dmrtl by dmrt1bY. Indicated are the
primary roles for gsdf in testis initiation and differentiation and for dmrtl in testis maintenance. (B) Hypothetical
evolution of sex determiners in the genus Oryzias. gsdf may easily become a sex determiner (namely gsdfY in O.
luzonesis) via acquiring proper temporospatial expression (bent arrow) or preferentially recruit gsdf-regulating genes
as new sex determiners (namely dmrt1bY in O. latipes and sox3Y in O. dancena). Shown are potential or putative
binding sites (black) for Dmrtl, Sox3 and an unknown transcription factor in the prototype gsdf promoter. These
binding sites may be used (orange) by transcription factors such as Dmrt1 and Sox3 for activation (horizontal arrows)

of proper temporospatial gsdf expression to initiate testicular differentiation [see paper #32].

Additionally, gsdf disruption causes the alteration of global gene expression and dmrtl down-
regulation in adult gonads, suggesting the potential involvement of gsdf in subsequent processes
such as male sex maintenance besides acting as a male sex initiator (Figure 24, [see paper #32]).

(iiib) Of the pronephric contribution to the differentiating gonads in fish (focus on medaka).

Still aiming at deciphering how gonad morphogenesis is induced and sets up after the
different master sex determining genes have fulfilled their function(s), we are currently addressing
the question of a possible contribution of the pronephros in the differentiation of the teleost fish
gonads ([see paper #17] and ongoing work). Although so far not investigated in fish, this question
is of prime interest since pronephric contribution is a major component of gonadal differentiation
in other vertebrates (62, 63).

Critical to our understanding of sex-determination processes are studies investigating the origin
and development of cells involved in the formation of the primordial gonad. Despite the fact that
different determinants and plastic gene regulatory networks [see papers #28 and #33] trigger
gonadal formation amongst vertebrates, the adult gonads are however very similar in morphology,
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cellular organization and physiology. In contrast to the ambiguities and complexities of the
developing gonad in mammals and birds, the histological structures present during the formation
of the gonadal primordium are relatively simple in medaka fish. The gonad of medaka is formed
by the coordinated development of two different cell lineages: the germ cells and the somatic
gonadal mesoderm surrounding the germ cells. Once specified, PGCs remain closely associated
with endodermal tissues and migrate via the dorsal gut mesentery to the region of presumptive
gonad (Figure 6 and [see papers #9 and #15]). Somatic cells of the presumptive gonad have an
embryological origin distinct from PGCs. The external somatic layer of the developing gonad is
derived from the genital ridge epithelium, but some somatic cells are probably also derived by the
invasion of mesenchyme (similar to the primitive sex chords in mammals, (64)). However, unlike
mammals, no clear indication of medullary tissue can be found in the teleost gonad. Prior to
differentiation, all somatic cells appear to be derived from a cortex epithelial layer, and are similar
in presumptive males and females (64). Following migration of PGCs into the germinal ridge, cell
division occurs to form oogonia and spermatogonia, and differentiation and migration of somatic
cells is initiated concomitant with this process ([see papers #9 and #15]. Shortly before hatching,
at the time of expression of dmrt1bY in the male gonad primordium (Figure 14), the germ cells in
the female gonad actively proliferate and undergo meiosis, while this is not observed in male
gonads (65). It is only ten days later that the first somatic gonadal dimorphisms are apparent with
the formation of the acinus (the seminiferous tubule precursor) and the follicles in gonads of male
and female respectively (65). Interestingly, ovarian cords within the germinal epithelia of medaka
ovaries have been recently characterized. These cords, composed of somatic Sox9b-expressing
cells and mitotic nos2-expressing oogonia continually give rise to germ cells and form a stem cell
niche within the ovary referred to as germinal cradle (66). These cradles, containing germline
stem cells contribute to the production of fertile eggs and are reminiscent of the germanium of the
Drosophila ovary, hence implying fundamental processes governing oogenesis across animal
species to be conserved.

In mammals, anlagen of gonads, or genital ridges, are formed as two thickenings of coelomic
epithelium protruding into the coelomic cavity and situated near the mesonephros, laterally to the
dorsal mesentery. In most species, the genital ridges initially consist of somatic cells derived
exclusively from coelomic epithelium, and later primordial germ cells (PGCs) invade this
preformed gonadal mesoderm. Cells that delaminate from the coelomic epithelium seem to
provide one source of cells for the growing genital ridges, while recruitment of underlying cells
from the mesonephros to the epithelial population also augments the cell population in the gonadal
primordium in males (62). Later, as the male gonad differentiates into a testis, the mesonephric
duct develops into the Wolffian duct, and is also thought to contribute to the rete testis and, in the
female to the rete ovarii. During that process of mammalian gonad differentiation, mesonephric
cells make a substantial contribution to the structure of the ovary or testis itself (62). Hence in
mammals a mesonephric origin for both Sertoli cells and interstitial cells, including peritubular
myoid and Leydig cells, has been first postulated and later clearly demonstrated (63).
Nevertheless, the source of medullar cell precursors in gonads remains a controversial aspect of
vertebrate gonadal development.

Interestingly, in amphibians, while the mainstream studies report the origin of medullary cells
from proliferating coelomic epithelium surrounding the gonad, suggesting that cells of the gonadal
medulla are equivalent to Sertoli cells in the testis and follicular cells in the ovary (55-58), others
point to the mesonephric blastema or mesonephric tubules as the origin of medullary cells (71—
76), or even the interrenal blastema, constituting the primordium of interrenal glands homologous
to the cortex of the adrenal glands in mammals (77, 78). While teleost gonads have many features
in common with those of other vertebrates, the general understanding is that teleosts gonads only
originate from one primordium, the cortex or peritoneal wall (79). Hence, unlike other vertebrates,
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the early gonad does not —or would not- have any equivalent of the medulla that is derived from
the interrenal or mesonephric blastema. However, some of our data using BAC transgenic
fluorescent reporter medaka lines challenge this view and seriously point to a possible pronephric
contribution to the gonad in medaka and consequently to other teleosts as well.

Indeed, while analysing the early expression patterns of an array of specific gonadal markers
(BAC transgenic reporter lines for DmrtlbY, Dmrtla, Follistatin, Aromatase, Bicoid stability
factor...) we observed that all these markers, prior to be expressed in the forming gonads, were
firstly expressed within the pronephros (co-expression with Cdh17 a pronephros only marker,
Figure 25) at hatching stage when the gonad is forming. Later on, from hatching stage and up to
twenty days post hatching, the expression of these markers was progressively lost within the
pronephros while on the other hand gradually rising in the forming somatic gonad. Therefore, the
question relative to a possible pronephric contribution to the gonad formation conserved across
vertebrates was legitimately addressed. In other words, does this apparent switch in expression of
our markers between pronephros and gonad during the course of early gonadal formation result
from two independent dynamics of expression or from actively migrating cells from the
pronephros towards the forming gonad (Figure 25)?
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Figure 25. Examples of gonad-specific markers firstly expressed in the pronephric precursors during early
primordial gonadal induction.
(A to I) dmrt1bY expression. (J to L) follistatin expression. (M to Q) aromatase expression.

0Ol-Cdh17 (medaka Cadherin 17), red fluorescence is a specific marker of the pronephros (80).
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To address the question of a possible active pronephric contribution to the gonad in medaka and
more generally in teleost fish, we next made use of the “brainbow” system to perform in vivo
specific cell lineage tracing of pronephric precursor cells. Figure 26 gives an overview of the
method that was already successfully used in mice (81) and already adapted for that precise
application in zebrafish (82) and medaka (83).
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Figure 26. The multicolour “Brainbow” system: stochastic recombination using Cre-mediated excisions and
inversions.

The brainbow system uses random Cre/Lox recombination to create varied combinations of red, blue and green
fluorescent proteins in each cell. The differences in colour allow users to follow multiple cells, regardless of how
closely they are positioned. For cell lineage analysis Cre and brainbow cassette promoter specific driven expressions
allow to mark neighbouring clones with distinct colours for further tracing during development. (A) The Cre/LoxP
system. Cre recombinase catalyses recombination between LoxP sites. Depending on LoxP site orientations Cre
expression triggers intermediate DNA fragment excision or inversion. (B) The “Brainbow” system. The Brainbow
2.1 construct contains two tandem invertible DNA segments. Inversion (i-iii) and excision (iv, v) recombination
events create four expression possibilities. In medaka we developed that system together with L. Centanin (EMBL,
Eidelberg, Germany, see collaborations).

Briefly, a first transgenic line specifically expressing the Cre recombinase in the pronephros at
hatching stage has been created. Such a line expresses a fluorescent Cre-recombinase driven by
Cdh17 promoter, and show specific expression in the pronephros only throughout development.
In a second step, this Cdh17:Cre line was crossed with another line expressing the “brainbow”
cassette ubiquitously (ubiquitin promoter, (Figure 27)). After Tamoxifen administration (in order
to nuclear localize the recombinase) and subsequent induced specific recombination exclusively
in the pronephric cells, cell tracing is activated (recombination and fluorescent switch, Figure 27).
It is then possible to live track any migration or commitment of the pronephric precursor cells
during development.
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Figure 27. Cre-mediated excisions and inversions in medaka.

Example of strategy for tracking the contribution of pronephric progenitor cells to the adult gonad in medaka: first a
reporter line expresses the “brainbow” cassette driven by an ubiquitin promoter (Red expression). A second line
expresses an inducible Cre recombinase driven by Cdh17 promoter (pronephros-specific). After Tamoxifen treatment
and translocation of the Cre to the nucleus, the recombination will occur, hence switching from red to green

expression. Cell lineage tracing of the subset of cells that recombined is now possible.

Interestingly, following specific recombination (cytoplasmic red to nuclear green colour
switching) in the pronephric cells at hatching stage, we were able, as early as 8 days post hatching
and up to adulthood, to identify these very same cells in gonads of both sexes (Figure 28). This
strongly accredits an early and effective pronephric field contribution to the gonad in medaka.
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(Ubi)prom:LoxP-mCherry-LoxP-H2B GFP & (Cdh17)prom:mCherry-2A-ERT2-Cre
8 dph

H2B GFP

(Ubi)prom:LoxP-mCherry-LoxP-H2B GFP & (Cdh17)prom:mCherry-2A-ERT2-Cre
8 dph

H2B GFP

Adult ovary Adult ovary . Adult ovary

Adult testis (recombined) Adult testis (recombined)

Figure 28. Cell lineage of pronephric cell in medaka.
Cell tracking of recombined pronephric cells at hatching stage allowed to identify cells of pronephric origin in gonads
of both sexes as early as 8 dph (A and B), in adult ovaries (C), as well as in adult testes (D).

For the functional part of this study two complementary approaches will be conducted. The first
one relies on pronephros development interference via morpholino knockdown experiments. For
these experiments expression of Cdh17, a gene we have shown to be essential for the pronephros
formation, will be morpholino-knockdown with the perspective of interfering with gonadal
development in case of an effective pronephric field contribution. In that case, gonadal
development will be conjointly monitored through dmrtlbY expression (fluorescent transgenic
line). The second one will rely on mapping single cell transcriptomes with the tissue context of
the pronephros (Visium Spatial Gene Expression, 10X Genomics) in order to potentially identify
different cell subtypes/populations/lineages within the pronephros at hatching stage.
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[iv] Autophagy in fish

Few years ago, we published a paper entitled “Defective autophagy through epg5 mutation
results in germ plasm and mitochondria failure during spermatogenesis” [see paper #30]. When
I came to INRAE, I was contacted by a colleague who wanted to benefit of our experience in
transgenesis and genome editing (...and autophagy) for his own project dealing with autophagy
in fish (Iban Seiliez, INRA nutrition métabolisme et aquaculture, NuMeA). What was at first
initiated as a punctual co-operation turned out to be a more serious and real collaboration. We
then got fundings for it, students (two PhDs), and now, although this topic is not my core business,
I am having pleasure at doing it. Following are some lines to contextualize that (recreational)
work.

Chaperone-mediated autophagy (CMA) is an intracellular catabolic pathway that mediates
the degradation of specific soluble proteins within lysosomes. Because CMA defects are
associated to several human pathologies, including neurodegenerative diseases, cancers and
immune disorders, research efforts over the past years have been undertaken to study that essential
cellular function. Accordingly, recent findings emphasized the fundamental role of CMA for
regulating numerous cellular functions including cellular energetics, transcriptional programs, cell
death, and cell survival mechanisms or DNA repair.

Briefly, during CMA, cytosolic proteins containing a KFERQ-like motif are first recognized by
HSPAS/HSC70 (heat shock protein family A [Hsp70] member 8) and co-chaperones. The
substrate-chaperone complex then docks at the lysosomal membrane through specific binding to
the cytosolic tail of LAMP2A (lysosomal associated membrane protein 2A). LAMP2A then
organizes into a multimeric complex that allows the substrate to translocate across the lysosomal
membrane where it is degraded by acid hydrolases. LAMP2A is one of the three variants (namely,
LAMP2A, LAMP2B and LAMP2 C) that originate from alternative splicing of the LAMP2 gene.
All three splice variants share a common lumenal domain and only differ by their cytosolic and
transmembrane regions. CMA activity has been directly correlated to the amount of LAMP2A
(but not those of LAMP2B and LAMP2 C) at the lysosomal membrane. As such, LAMP2A has
been described as being the limiting component for CMA activity.

Until recently, the absence of any clearly identifiable LAMP2A protein outside of the mammalian
and bird species raised concerns about the presence of CMA in other vertebrate lineages.
However, using Basic Local Alignment Search Tools (BLASTSs) against different expression
databases of ray-finned fish species, we were able to identify several expressed sequence tags
(ESTs) displaying high homology with mammalian LAMP2A (Figure 30 and [paper #37]). This
suggested that this protein possibly appeared much earlier during evolution than initially thought,
and provided the grounds for looking at the existence of a “genuine” CMA function in fish.

We then provided evidence in this direction. Next, we demonstrated that the LAMP2 gene and its
structure containing the three alternatively spliced exons (B, A and C) encoding the
transmembrane domain and cytoplasmic tail specific to each isoform (LAMP2B, LAMP2A and
LAMP?2 C, respectively), is definitively not restricted to mammals or birds, but is also present in
the genome of different fish species (Figure 30). In contrast, no homologous sequence was found
in invertebrate species, suggesting that CMA is indeed restricted to vertebrates. We could then
show that the splice variant lamp2a is expressed from the earliest stages of development as well
as in several adult tissues of medaka, supporting the idea that fish might exhibit CMA activity -
or at least a CMA-like process- [see paper #37]. In order to firmly establish whether or not CMA
exists in fish, a medaka fibroblast cell line was transfected with the photoactivable KFERQ-PA-
mCherry construct, which has proven to be a reliable reporter for tracking and measuring CMA
activity in mammalian cells [see paper #46]. Results clearly showed that, upon long-term
starvation, this CMA reporter accumulates in characteristic puncta that co-localize with
lysosomes and/or late endosomes, and that specific knockdown of lamp2a results in a significant
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loss of these puncta, thereby providing functional evidence for the existence of CMA activity in
fish. Finally, to address the physiological role of Lamp2a in fish, a medaka knockout for the splice
variant lamp2a was generated. These KO fish display severe alterations in carbohydrate and fat
metabolism, similar to what has been observed in the liver of mice deficient for CMA. These
results further demonstrated that the CMA function is definitively not restricted to mammals and
birds [see paper #46].

Overall, these findings open up new and exciting perspectives to approach (or differently
appreciate) CMA under a novel angle. For instance, the relative sequence variability observed
within the different functional domains of LAMP2A between phylogenetically distant species will
certainly be informative for identifying evolutionarily conserved, or species-dependent, key
residues necessary for the structure function relationship of this protein (Figure 30). Beyond these
perspectives on the structure-function relationship of LAMP2A, these new findings also
emphasize the interest of teleost fish, which diverged from the tetrapod lineage early during
vertebrate evolution, as attractive and unique models at the functional interface between
invertebrates (assumed to lack any CMA activity, but relying on an endosomal microautophagy
[eMI]-like system for targeting KFERQ-like-motif-containing proteins) and mammals (making
use of both eMI and CMA functions), for studying the interplay between these two related
pathways.

Homo sapiens Lepisosteus oculatus Oryzias latipes
GYXXF (C-term) GYXXF (C-term) GYXXF (C-term) GYXXFN (C-term)
Cytosol
E
<] G
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== =<
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Lysosome lumen ! !
@ (N-term) @ (N-term) (N-term) { e}
Transmembrane region (TM) Cytosolic tail
H.Sapiens FLVPIAVGAALAGVLILVLLAYFI GLKHHHA
L.oculatus G FIVPIW GVLVLVVLVAYFV GRRENPA(
O.latipes S FLVPIAVGVALLVLIAVVVVAFFI
D.rerio ...AEDCEADEPDN FIVPIAVGVALAVLVVVVLLAYLI

Figure 30. Sequence variability within different functional domains of LAMP2A between phylogenetically
distant species.

(A) Schematic representation of selected LAMP2As. (B) Sequence alignment of the boxed region. Three positively
charged amino acids (in blue) necessary for the binding of substrate proteins are present in fish sequences. However,
whereas two glycine (G) residues (in red) located within the transmembrane (TM) region are essential for the
multimerization of LAMP2A in rodents, only one G is found in that region in some fish species, including medaka.
A GYXXEF sequence at the C terminus (in green) is required for targeting LAMP2A to the lysosomal membrane.
Although conserved in most teleosts, the divergence of that motif in zebrafish, encoding an additional asparagine
residue (N, purple), raises a question about the ability of this species to perform CMA, and certainly deserves special

attention.

Hence, much more than challenging the currently tetrapod-centred paradigm, our studies [see
papers #30, #37, #46 and #47] tackle the urgent need of considering complementary and
powerful alternative genetic models, for approaching the entirety of that fundamental catabolic
process from an evolutionary perspective (like for sex determination I would say).
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2- Discussion (evolution of master sex determining genes)

More and more, sex determination is now appreciated as a developmental perspective. As
a matter of fact, sex determination is not anymore seen as one hierarchical cascade with the master
SD gene on the top, but as a complex network with different types of genetic and environmental
factors influencing cell proliferation and hormone levels to push sexual development over either
a male or female threshold (84, 85) [see papers #28, #31, #33].

Definitely, studies on the teleost SD support this view in which each node of the SD gene network
has the potential of becoming the major-effect /oci, not necessarily being on the top of the cascade.
Archetype of this hypothesis would be amhr2 in Takifugu that modulates transduction efficiency
of an upstream ligand signal, i.e., AMH acting on germ cell proliferation or regulating steroid
synthesis activity (21), to direct male or female development. Nevertheless, many open questions
still remain concerning teleost SD and probably most important, why teleost fish use so many SD
genes and SD systems with such a high sex chromosomes turnover rate?

Rapid turnover of sex chromosomes is thought as a way to escape the decaying fate of sex
chromosomes, assuming that the lack of recombination around the sex locus will lead to the
accumulation of deleterious mutations. Alternatively, sexual antagonistic selection has also been
put forward to explain the expansion of the sex /ocus and the accumulation of sex specific genes
near it. Sex ratio selection provides a scenario that a new master SD gene could rise in frequency
when it confers a more balanced sex ratio in the population. Other mechanisms such as random
genetic drift and pleiotropic selection have also been used to explain the rise of new SD systems.
Another hypothesis, explaining the lack of sex chromosome turnover in mammals and birds,
proposes that these highly heteromorphic sex chromosomes might be acting as evolutionary traps
that would stabilize SD genes for long span of evolutionary time (4). Interestingly, SD in many
teleost species with a genetic SD system can still be influenced by environmental cues like for
instance in the Nile tilapia (86), the half-smooth tongue sole (87), and medaka [see paper #42].
Transition stages between GSD and TSD are also well illustrated in the case of pejerrey species
that conserves a SD gene (amhY) that is used alone in O. hatcheri and used in combination with
temperature in the closely related species O. bonariensis (88). These transition stages could
potentially facilitate the turnover of SD systems, leading to the emergence of new SD genes.

It is now clear that the phenotypic expression of sex translates from either genetic triggers,
environmental triggers, endocrine triggers or a blend of all. The main emerging idea is that sex
determination gene regulatory cascades should no longer be seen as simply hierarchical but,
rather, as a regulatory network or, even more, as connections of interdependent regulatory
networks. It also seems that the sex determination case should now be treated more like a
developmental perspective, rather than a simple one-way top-down differentiation process
(neither genetically nor physiologically). Indeed, the process of gonadal differentiation and
maintenance is highly plastic lifelong, with formed gonads able to transdifferentiate after what
was thought to be “final” differentiation (Figure 29).

56



Classical view of a Phenotypic expression of sex as a threshold trait relying on fine regulations of plastic
genetic sex-determining cascade gene regulatory networks
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Figure 29. Sex differentiation as a threshold phenotype relying on fine regulations of plastic gene regulatory
networks.

It is obvious that the phenotypic expression of sex cannot be seen any longer as a simple one-way top down
differentiation process under the action of a unique and totipotent master sex determining trigger (left). Sex
determination should, rather, be seen through the prism of a developmental perspective as the emanation of either

genetic, environmental, endocrine triggers, or a blend of all, acting among interconnected gene regulatory networks
(right).

Sex determination seen as a hierarchized cascade also led to the view that master sex determining
genes were necessarily up-recruited from the pre-existing sex cascade (duplication, transcriptional
rewiring and sub-functionalization), and then added to the top. Further on, but still as a variation
on the theme, one could say that such up-recruitment is not necessary: the gene can stay at its
place in the cascade and just become more powerful. But these views are rather mechanistic.
Indeed, the underlying mechanisms are always the same: gene duplication, transcriptional
rewiring, neo-/sub-functionalization (coding change, truncation ...), and specialization. The
translation of these mechanisms into physiology opens many more options for evolution (presence
or absence does not make it all). Hence, mechanistically speaking, it might be much “easier” to
find a gene already known for being able to influence gene regulatory network(s), although others,
essentially any other gene, could do the same function. Sdy in salmonids, a gene a priori not
primarily involved in sex determination, differentiation or maintenance, does not play any
physiological role on its own but, rather, provokes a slight bend into the gonadal gene regulatory
network [see paper #39]. This is enough for doing the job. Indeed, for such bending, maybe some
signalling pathway components are better at doing it — for instance, as seen with the emergence
of the TGF-p signalling pathway (Figure 2, and perspective part of this manuscript). The existence
of such intricate and plastic regulatory networks has drastically changed our traditional perception
of a standard linear developmental process for initiating and developing either a male or a female
gonad and now opens up fascinating questions for future research (Figure 29).
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3- Perspectives
(i) TGF-$ molecules challenge the paradigms.
(ia) Emergence of the TGF-f signalling molecules ahead of the sex determining networks in fish.

To date, more than twenty different vertebrate MSD genes have been identified on different sex
chromosomes of mammals, birds, frogs and fish (Figure 2). Interestingly, six of these genes are
transcription factors (Dmrtl- or Sox3- related) and thirteen others belong to the TGF-f signalling
pathway (Amh, Amhr2, Bmprlb, Gsdf and Gdf6). This pattern suggests that only a limited group
of factors/signalling pathways are prone to become top regulators, while other well-characterized
and indispensable components of sex-determining pathways —e.g. Sox9 or Fox/2- have apparently
not been recruited as master regulators in any species studied so far. Moreover, while TGF-§
members are clearly subordinate in the mammalian sex-regulatory network, they have
independently and recurrently made it to the top in fish (Figure 2). Few years ago, we were among
the first to describe and pinpoint the major role of Amh signalling during fish gonadal induction
[see paper #17]. The biological importance of TGF-B members is unfortunately contrasted by the
lack of information on how such signalling(s) is/are elicited and physiologically integrated during
gonadal induction and development. Additionally, such a profusion of master regulators from
TGF-pB pathway-related members draws attention to the evolutionary meaning of this convergent
evolution. Thus, outstanding issues remain unanswered:

1- What is the evolutionary meaning of this recurrent convergent evolution toward re-
establishing TGF-p signaling pathways for controlling sex-determination in fish?

2- How are the respective sex determining function(s) of TGF-p signalling molecules (Amh,
Gsdf and Gdf6) accomplished during fish gonadal induction? Do they converge to a general
“TGF-B hub” that connects and integrates them all, or do they remain independent of each
other?

3- How do(es) that gonadal TGF-p regulatory network(s) interact with the canonical gonadal
gene regulatory network?

To address these questions, our project -for the next years- will be articulated around three main
objectives that are detailed and contextualized below.

(ib) A central role for gonadal TGF-p signalling?

The TGF-B family of cell signalling active polypeptides have attracted much attention because of
their ability, from nematodes to mammals, to control cellular functions that regulate embryonic
development and tissue homeostasis. TGF-3 molecules can be subdivided into (i) TGF-3 sensu
stricto, bone morphogenetic proteins (BMP), (iii) activins and most growth and differentiation
factors (GDFs), and (iv) distant members of the TGF3 family not fitting into one of the other three
subgroups. Despite the tremendous diversity of physiological responses that this family elicits, an
astonishingly “simple” system is the core of this signalling pathway. Canonical TGF- family
members have initially been shown to transmit signals through heteromeric complexes consisting
of type I and type II serine/ threonine kinase receptors. Ligand binding induces the formation of a
heteromeric ternary complex, which is competent to initiate intracellular signal transduction. In
this complex, the constitutively active serine/threonine kinase domain of type II receptors
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transphosphorylate type I receptors. Activated type I receptors in turn activate specific receptor
substrates (Smads) organized in multisubunit complexes that move into the nucleus to regulate
transcription of target genes (see Figure 31 and [papers #3, #11 and #12] for review). Interestingly
an emerging concept is that the distinctive activities of TGF-3 family growth factors (GFs) are not
only determined as simply explained by signalling type I and II receptors, -which can show varying
degrees of promiscuity for GFs-, but also by other proteins binding either intracellularly to TGFf3
receptors or when interacting in the extracellular space, e.g. soluble TGF/BMP antagonists or
membrane-located co-receptors, can function as activating or inactivating modulator protein. They
thereby greatly diversify signalling activity by adding another layer of signalling [see papers #11
and #12]. They do not only control whether GFs reach their receptors on cells, but also whether
additional components are present within GF-receptor complexes (89). Thus, molecular
recognition in the TGF- family is not singularly achieved by GF-receptor interactions, but by a
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network of interactions with multiple partners (89).
Figure 31. Cell signalling pathway of TGF-B superfamily of ligands.
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(1) Ligands bind and interact with constitutively phosphorylated dimers of type II receptors. (2) Heterotetramers form
by recruitment of dimers of type I receptors. (3) Transphosphorylation of type I receptors by type II receptors occurs.
(4) Smads are recruited and phosphorylated by type I receptors, and then move from the cytoplasm to the nucleus

where they act as transcription factors.

With respect to gonad development, the following factors are of special interest when investigating
the TGF-f signalling pathway:

AMH. The anti-Miillerian hormone (Ambh) is a distant member of the TGF-3 family belonging
rather to the forth subgroup which has limited homology to members of the activin/inhibin and
sensu stricto TGFBs. In mammals Amh plays a major role for the regression of the Miillerian duct-
forming part of the female reproductive tract during male embryo development (90, 91).
Nevertheless, it is not required for mouse testis development although apparently playing a central
role in testis formation in non-mammalian species. For instance, in chicken embryonic gonads,
Amh is expressed much higher in males and is predicted in birds to be responsible for organizing
the early testis structures (92). Fish do not have a Miillerian duct, but have an Amh homolog, as
we showed for the first time (93). Although being clearly a subordinate member of the sex
regulatory network in mammals, the Amh/ Amh-receptor system has made it to the top in several
species (Figure 32).

In zebrafish (Danio rerio), a major model for vertebrate development and human health, the
genetic basis of SD is still unknown. Interestingly, being expressed during the gonadal
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differentiation period Amh has been shown to be implicated in zebrafish testis formation (94).
Nevertheless, to date the presence of the bona-fide receptor (Amhr 2) could not be detected in the
genome of zebrafish and other Cyprinids. This indicates that Amh signalling in zebrafish must
employ a so far unknown or uncharacterized type of receptor. Certainly, this opens up questions
regarding the exclusive specificity of the Amh with respect to “its own” type II receptor in
zebrafish and cyprinids, but also in other fish species.

GSDF. Gonadal soma-derived factor (Gsdf) is another growth factor displaying key features of
the TGF-P family (see Figure 32). During evolution, it has been lost in tetrapods (95), and its
biochemical function is by far not well studied. It is assumed to have a role in male gonad
development due to its exclusive expression in the early differentiating testis of all fish analysed
so far. Besides its proposed role in the downstream regulatory network (96), Gsdf has made it up
to the top in Oryzias luzonensis (12) (a sister species to medaka) and most likely also in the
sablefish ((44) and Herpin et al. in prep). However, the receptors and Smads through which Gsdf
elicits signalling are still completely unknown (Figure 32). Interestingly, its peculiar and
composite nature, being most homologous to inhibins, but harbouring a C-terminal LEFTY/DAN-
like extension and on the other hand lacking any a-helix type I receptors epitopes (personal data)
make of Gsdf a real biochemical challenge for deciphering its likely atypical signalling modalities.

BMP/GDF. In the mouse embryo, several independent BMP signals are necessary for proper
PGC induction: the primary induction of PGCs at the posterior proximal epiblast is driven by
BMP4 (97), whereas the number of PGCs is guided by BMP2, BMP4 and BMPS8b in a synergistic
action (98). Hence, although not apparently involved during the early events of SD, the BMP
signalling pathway is implicated during mammalian germ cell specification and gametogenesis
(99). Through participation in the turquoise killifish (Nothobranchius) genome project, a well-
established fish model for aging research we have recently shown that Gdf6/Bmp13 is likely to be
the master sex-determining gene of this species (100). Nevertheless, what the downstream targets
of that signalling route are during fish sex-determination are still completely unknown (an ongoing
collaboration has been set up with C. Englert (University of Jena, Germany)).

(ic) TGF-p signalling specificity

One most important open question is how signalling specificity is determined? Specificity of BMP
signalling relies critically on the particular combination of type I and Il receptors, as well as on the
identity of the specific ligand associated with the active receptor complex [see paper #3]. It also
involves the differential usage of several substrates (Smads), which are distinct between activated
forms of different type I receptors (Figure 32, (101)). What is not so straightforward, however, is
how such a simple core-system coordinates, integrates and elicits a plethora of physiological
outcomes in a tightly regulated cell-specific context. Binding versatility and flexible receptor
oligomerization patterns may lead in some cases to cross-talk between the TGF-f ligand family
pathways. It could possibly result in direct competition at the membrane through shared receptors
or at the level of transcription factors. This represents a first level of complexity that leads to the
multiplicity of biological end-points compared to the relatively low number of primary interacting
participants (ligands, receptors and Smads, [see papers #3, #11 and #12]). A second and more
complex level of integration can be attributed to the ability of Smads to act as signalling platforms
through interactions with a variety of different proteins. Thus, the composition of Smad
transcriptional complexes and the resulting physiological activities are necessarily driven and
modulated in a cell-specific fashion. An emerging concept is that the response of a given cell to
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extrinsic signals relies not only on the effect of single, isolated pathways, but also more on the
integration of multiple signals from a plethora of cross-talking pathways [see paper #12].
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Figure 32. Phylogenetic relationship of paralogous TGF-, GDF, BMP, AMH, and GSDF ligands, as well as
characterized receptors and signalling pathways for individual ligands.

To draw near these questions, more information on the molecular mechanisms of TGF-J3 signalling
involved during gonadal development is required. To this end, our perspectives aim at deciphering
the importance of TGF-f signalling for SD and maintenance. We want to explore the nodes that
create specificity in the signalling process, the ligand/receptor and receptor/Smad levels. Using
the medaka fish as model organism, we will employ functional genomics approaches combining
classical comparative investigations together with cutting edge methods for functional
investigation. We will develop transgenic approaches and tools for testing, in vivo, the
responsiveness dynamics of the different TGF-f signalling pathways at a cellular resolution.
Synergistically, in silico modelling of predictable ligand/receptor interaction will be conducted
thanks to our collaborations (Thomas Miiller, see collaborators), in order to address our 3 main
objectives:
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Objective 1: Signalling specificity and crosstalk of different gonadal TGF- signal
transducing factors (Amh/AmhR2/Gsdf/GDF6) and inferred structure/function
relationship.

This objective aims at connecting each ligands/receptor pairs (Amh/AmhR2, GDF6 and Gsdf with
identified partners) to SMAD (1, 2, 3, 5 and 8) activation via phosphorylation. Specifically testing
the relative degrees of phosphorylation for each Smads upon various ligand/receptors interactions
will additionally be informative in terms of crosstalk and relative specificity between different
TGF-p signalling pathways (see Gal4_UAS system in Figure 33). This will notably also allow us
to tell whether (or not) a general gonadal TGF-f3 “hub” centralizes and converts signalling(s) from
different ligand/receptor combinations into a common downstream outcome (similar combinations
of Smads’ activation).
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Figure 33.

Upper: Gal-4/UAS reporter system for TGF-f signalling to detect specific Smad activation.

Our own system, based on a Gal4 transcriptional activator coupled with the transactivation domains of the different
Smads (1, 2, 3, 5 and 8) and an UAS-Luc reporter expressing a luciferase will be employed in different medaka cell
lines.

Lower: UAS/Gal4-mediated smad phosphorylation assay of medaka Gdf6a/b signal through phosphorylation
of Smads 2, 3, and 8. Our system has been tested for sensitivity and specificity. For example, preliminary data using
this system shows that GDF6a/b, in a cell-specific context, “signal” through phosphorylation of smads 2 and 3 and to
a lesser extent through smadsS.

This system was initially developed by Sedes et al. (102).
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Objective 2: Sex-determining function of TGF-B pathway/signalling during sex-
determination and maintenance in medaka and selected representative fish species.

Facing the lack of data on how TGF-f signalling is elicited and physiologically integrated during
gonadal induction, development and maintenance in fish (and beyond), we first want to identify
the components that are active during sexual development.

For that purpose, first, detailed comparative expression patterns analysis of Amh, AmhR2, Gsdf,
and Gdf6 but also all other TGF-B-related components (including receptors) will be conducted in
key phylogenetically fish species (23 ray-finned fish, including 2 holosteans, and 21 teleost
species). Blast-based searches on our in-house developed PhyloFish database
(http://phylofish.sigenae.org, (103)) providing consistent and exhaustive gene expression data
from 23 different ray-finned fish species will be perform to determine the spatial and temporal
collinearity expression relationship of these TGF-B components during SD stages and in adult
gonads (see Figure 34 for preliminary data in medaka). This is a prerequisite for assigning and
validating functional and physiologically relevant interactions between TGF-3
ligands/receptors/smads.
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Figure 34. Expressional analysis of different TGF-f components shows collinearity of expression of certain

members in medaka gonads.

Next, in order to better picture how the whole gonadal gene regulatory network is affected by
TGF signalling, we will perform RNA-seq after TGF modulation in different medaka cell lines
(spermatogonia and embryonic) transfected with either Amh, Gsdf or Gdf6. In parallel,
proliferation assays will be performed.

Functional assessment will then be also performed in vivo for Amh, Gdf6a and b. For this specific
purpose, “knock out” medaka lines for Amh, Gdf6a and b have already been produced
(CRISPR/Cas9) and will be analysed (on histological and transcriptomical levels) for deviations
in the development of gonads and for possible sex-reversal. This will complement our knowledge
previously generated for the role of Gsdf in male gonadal sexual differentiation initiation [see
paper #32].
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Objective 3: Integration of the TGF-f signalling pathway(s) within the canonical sex-
determination gene regulatory network.

In tilapia (104) and medaka (96), evidences suggest that Gsdf is a direct effector of DMRT1 and
DMRTIbY respectively. In order to assign and estimate the importance of the different gonadal
TGF-B signaling pathways within the canonical SD gene regulatory network we will investigate
the regulation of the different essential TGF-f3 pathways components by DMRT1bY, the master
sex-determining factor of medaka. We will determine the different relationships and
transactivating properties among these factors by in vivo Chromatin Immuno-Precipitation of an
in vivo tagged version of DMRTI1bY (in vivo ChIP-seq). To this end we will make use of our
already established transgenic reporter fish expressing a tagged version of DmrtlbY
(CRISPR/Cas9 mediated KI) and asses its binding to specific promoter region of TGF-f signalling
factors involved in sexual development. We have validated this method in several publications
(48, 96, 105), (Figure 35).
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Figure 35. Western blot and fluorescent validation for expression of the in vivo-tagged DmrtlbY gene; and set
up conditions for DNA sonication (ChIP-seq).

The pleiotropic nature of the TGF-f signalling pathway (combining signalling molecules,
ligands, receptors, effectors, and transcription factors) makes this pathway particularly capable of
re-structuring and fine-tuning intricate networks of gene regulation. While TGF-f family
members clearly play a crucial role in integrating a plethora of signals, and have been functionally
and genomically proven to be MSD genes, environmental factors can still override them and cause
sex reversal both in the lab and in the wild. This plasticity in species with clear sex chromosomes
and a GSD system emphasizes that sex should no longer be viewed as a rigid and pre-
determined path from genotype to phenotype, but rather as a multilayer reaction norm resulting
from developmental noise, and which can be contingently modulated or totally ruled by genetic
factors. In this perspective, sex is the net product of a variety of environmental, genomic and
epigenomic, and stochastic determinants. The master genetic trigger therefore has to cope with
influences from factors which may disturb its action directly, or disturb the downstream action.
TGF-B, with its tight-knit regulatory network, and surplus copies in teleosts, is probably especially
suitable for the production of a phenotype as plastic as sex.
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(ii) Physiological readout of the neo-functionalization of the medaka Dmrtl paralogs
(Dmrtla vs DmrtlbY)

Like said before, in the medaka fish a duplicated copy of dmrti, designated dmrtibY, on the Y
chromosome was shown to be the master regulator of male development. Further on we found
that the dmrt1bY gene has acquired a new feedback downregulation of its expression [see papers
#21 and #36]. Additionally, the autosomal dmrtla gene is also able to regulate transcription of its
duplicated paralog by binding to a unique target Dmrtl site nested within the dmrt/bY proximal
promoter region [see paper #21]. We could trace back this novel regulatory element to a highly
conserved sequence within a new type of TE that inserted into the upstream region of dmrtIbY
shortly after the duplication event (Figures 8 and 20). This new transcriptional regulatory element
allowed neo-functionalization of the sex chromosomal copy and guaranteed the survival of the
autosomal copy by a possible sub-functionalization in Sertoli cells of adult testes. In the particular
case of dmrt1bY, this contributed to create new hierarchies of sex-determining genes (Figure 20).
Of special interest is the question, how a gene, dmrtl for instance, which is placed downstream in
the sex determination cascade, can take over the position and function of the gene at the top. In
other words, we now want to know whether -or not- the two dmrtl paralogs have acquired
different functions after duplication. Interestingly few lines of evidences suggest that it is indeed
the case (Figures 36 to 38):

(i) Single aminoacid changes between dmrtl paralogs from O. latipes and curvinotus
within either the DM DNA-binding or transactivation domains suggest functional
neo-functionalization (Figure 36).
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Figure 36. Sequence comparison of the dmrtl paralog genes (dmrtla and dmrtlbY) in O. latipes and O.

curvinotus.
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(ii) Positive selection is apparent between the two paralogs (Figure 37).
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Figure 37. Evolution of the dmrtl paralogs after duplication.

-Higher rate of synonymous substitution in DmrtlbY than in Dmrtla (higher mutation rate in Dmrt1bY than in
Dmrtla). —Higher rate of non-synonymous substitution in DmrtlbY than in Dmrtla (elevation of mutation rate and
change in natural selection). —dn/ds ratios up to 3.25 for the DM DNA-binding domain (provide evidence for positive
selection). See also (106).

(iii) Dmrtla and DmrtlbY differentially activate target genes and bind to different

targets (Figure 38).
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Figure 38. Activation and binding of target genes by the Dmrt1 paralogs.

While in vitro experiments show that Dmrtla activates transcription of Sox5, on the other hand Dmrt1bY represses
SoxS5 transcription. /n vivo ChIP (chromatin immunoprecipitation) reveals that Dmrtla binds to Sox5 promoter, while
Dmrt1bY does not.
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Hence, using sequences analyses, phylogeny, promoter activity, ChIP-PCR and interspecific
hybrids (107), all the evidence indeed suggests that the function of the dmrtl paralogs diverged
after duplication.

To decipher the physiological readout of that functional divergence between the two paralogs, in
vivo Chromatin ImmunoPrecipitation, sequencing (in vivo ChIP-seq), and Co-
ImmunoPrecipitation (Co-IP) will be employed to isolate target genes and co-factors interacting
with the Dmrt] paralogs. We will hence get a clearer picture of the DmrtlbY -aheaded medaka
gonadal regulatory network.

Because no specific antibodies could be produced to specifically recognize Dmrtla or DmrtlbY
(which sequences are nevertheless too similar), we have tagged both paralogs in vivo using
genome editing (Knock-in, Figure 39).
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Figure 39. In vivo tagging of the two Dmrtl paralogs.

Using guide RNAs specific of either dmrtl paralogs together with the Cas9 enzyme, we were able to
specifically remove the last exon (exon5) of Dmrtla and DmrtlbY. Thanks to micro-homology repair
mechanism acting on provided homologous DNA fragment encompassing exons 5 fused to either FLAG-
or HA- tags, we could in vivo tag both dmrtl paralogs. Detection of either Dmrt1 paralogs was verified
with specific antibodies (anti-HA or anti-FLAG) by mean of western-blotting or immunofluorescence.

After ChlP-seq, bioinformatic analysis should then give us an extensive list of genes, for which
Dmirtls are binding to their corresponding promoters. Validation of the data will be done by real
time RT-PCR from the cell lines and in-vivo from different stages of male gonad development as
well as adult testes (and ovary for control). Further on, interactions and transcriptional regulation
will be tested in different cell lines. Genes proven to be critical in the genetic network governed
by dmrt1bY will be targeted for functional analyses by genome editing (Knock-out).

Protein partners of both Dmrtl paralogs will be isolated after Co-Imunoprecipitation and mass
spectrometry analysis.

Eventually, knowing how Dmrtla/Dmrt1bY function and target genes evolved after duplication
will certainly give us the most comprehensive view how a master sex determining gene is spawn,
evolve and maintained in a Vertebrate.
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(iii) Of the pronephric contribution to the differentiating gonads in fish...at a cellular
resolution.

As a follow-up of our pronephric field contribution to the gonad story (see Figures 25 to 28), and
considering the fact that cell lineage tracing experiments strongly suggested that, indeed very
early on during development, cells from the pronephros contribute to the gonads, we now want to
focus our research on the molecular mechanisms underlying this phenomenon, but at a cellular
level/resolution. For that purpose, our approach will rely on mapping single cell transcriptomes
within the pronephros tissue context (Visium Spatial Gene Expression System, 10X Genomics,
Figure 40).
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Figure 40. Spatial gene expression system workflow.

Each slide contains four capture areas with approximately 5000 barcoded spots, which in turn contain millions of
spatially-barcoded capture oligonucleotides. From cryosections slices, tissue mRNAs are released and binds to the
barcoded oligos, enabling capture of gene expression information. Overlaid histology together with gene expression
information allows transcriptomic information to each cells/group of cells keeping tissue topology.

Hence, we will be able to identify different cell subtypes/populations/lineages within the
pronephros at hatching stage and decipher which sub-lineage(s) (according to its/their
transcriptomic signatures) indeed contribute to the gonads in medaka.
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ABSTRACT

Differential gene expression largely accounts for the
coordinated manifestation of the genetic pro-
gramme underlying embryonic development and
cell differentiation. The 3’ untranslated region
(3'-UTR) of eukaryotic genes can contain motifs
involved in regulation of gene expression at the
post-transcriptional level. In the 3'-UTR of dmrt1, a
key gene that functions in gonad development and
differentiation, an 11-bp protein-binding motif was
identified that mediates gonad-specific mRNA local-
ization during embryonic and larval development of
fish. Mutations that disrupt the 11-bp motif leading
to in vitro protein-binding loss and selective tran-
script stabilization failure indicate a role for this
motif in RNA stabilization through protein binding.
The sequence motif was found to be conserved in
most of the dmrt1 homologous genes from flies to
humans suggesting a widespread conservation of
this specific mechanism.

INTRODUCTION

Assembly and formation of the gonad primordium is the
first step towards gonad differentiation and subsequent
sex differentiation (1). Primordial germ cells (PGCs) give
rise to the gametes that are responsible for the develop-
ment of a new organism in the next generation. In many
organisms, following their specification the germ cells
migrate towards the location of the prospective gonadal
primordium (2-5). Similar to other vertebrates, the

structure of fish gonads is composed of germ cells and
associated supporting somatic cells (6). The precursors
of the somatic cells originate from cells of the lateral
plate mesoderm where the gonadal primordium develops,
while germ cells are derived from the germline lineage
(7,8). To carry out their highly specialized biological
functions, together somatic gonadal primordium and
germline cells must establish specialized programs of
gene expression. However, the early transcriptional and
post-transcriptional regulatory events underlying the
differentiation of gonad precursor cells through crucial
interactions of somatic and germline cells are barely
understood.

The dmrtl gene is an important regulator of male devel-
opment in vertebrates (9). It is a highly conserved gene
involved in the determination and early differentiation
phase of the primordial gonad in vertebrates. In the fish
medaka dmrtIbY, a functional duplicate of the autosomal
dmrtla gene on the Y-chromosome, has been shown to be
the master regulator of male gonadal development (10,11),
comparable to Sry in mammals (12). In males mRNA and
protein expression occur before morphological sex differ-
entiation in the somatic cells surrounding PGCs of the
gonadal anlage and later on exclusively in Sertoli cells
(13). Here it is synexpressed with the autosomal dmrtla
(14,15). However, nothing is known about the mecha-
nism(s) that bring about this highly restricted expression
pattern.

The expression of most genes is dynamically regulated
temporally and spatially. Spatial organization of cells and
subcellular compartments arises in part from the sorting
and subsequent localization of proteins and RNA.
Evidence has been obtained that regulation occurs at mul-
tiple steps on the level of gene expression including
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transcription, splicing, mRNA transport, mRNA stability,
translation, protein stability and post-translational
modifications (16,17). Selective advantages could have
favored the evolution of regulatory mechanisms at the
post-transcriptional level, such as speed of response, rever-
sibility, fine-tuning of protein amounts, coordinated
regulation of protein families, potential for spatial control,
and efficacy in systems lacking transcriptional control
mechanisms. Efficient cell-specific mRNA processing
depends on a temporally and spatially orchestrated
sequence of protein—protein, protein—RNA and RNA-—
RNA interactions (16).

Striking examples of localized messengers, transcrip-
tional, post-transcriptional and translational regulations
can be found among the maternal mRNAs of fly, fish
and frog implicated in the establishment of axial polarity.
For example, in the posterior part of the Drosophila
embryo, Nanos (Nos) protein represses translation of
maternal #b mRNA (18). Conversely, synthesis of both
Bcd and Hb proteins in the anterior of the embryo
requires that Nos is limited to the posterior (19). The
restricted distribution of Nos is generated by selective
translation of a subset of nos mRNA that is localized
to the germ plasm at the posterior of the embryo
coupled with translational repression of nos mRNA
distributed throughout the whole embryonic cytoplasm
(20). Both posterior localization and translational
repression of nos RNA are mediated by the nos
3-untranslated region (3-UTR) (21). A nucleotide
translational control element (TCE) within the nos
3-UTR confers repression through formation of two
stem-loop structures, whose functions are temporally
distinct (22).

The zebrafish nanos! homologue which is required
during germline development (23) has also been shown
to be remarkably post-transcriptionally regulated. Here,
microRNA miR-430 targets the 3-UTR of nanosl
during zebrafish embryogenesis in order to confer restric-
tion of mRNA to PGCs (24). This miR-430 target site was
shown to reduce poly(A) tail length, mRNA stability and
translation, suggesting that differential susceptibility to
microRNAs contributes to tissue-specific gene expression
(24). Implicit in these mechanisms are the existence of
cis-acting signals and trams-acting factors forming
mRNA-protein complexes (mRNPs) that account for spe-
cificity and selectivity.

While the importance of complex post-transcriptional
regulation—Ilike in the case of nanos- has been widely
demonstrated for the development of the germline,
such mechanisms have not been uncovered so far for the
development of the somatic part of the gonad, which
determines the development towards testis or ovary.
Studying mechanisms regulating localization and transla-
tion of gonad-specific genes during early gonad induction,
we demonstrate that an 11-nt protein-binding motif
located in the 3'-UTR of dmrt1bY mediates gonad-specific
mRNA stability during embryonic and larval develop-
ment. Interestingly, the sequence motif was found to be
highly conserved in the homologous genes from flies to
humans.

MATERIALS AND METHODS
Fish maintenance and breeding

Medaka were taken from closed breeding stocks of the
Carbio strain and kept under standard conditions.
Medaka embryos were staged according to Iwamatsu (25).

Whole-mount in situ hybridization

RNA whole-mount in situ hybridization using GFP
digoxigenin (DIG)-labeled probe was performed as
described for Medaka (26). Briefly, after capped mRNA
injection, embryos of the desired stage were fixed with 4%
paraformaldehyde and dehydrated with methanol. Anti-
sense-DIG-labeled RNA probes were synthesized accord-
ing to the manufacturers’ instructions (Roche, Meylan).
Hybridization and detection with alkaline phosphatase
(AP)-coupled anti-DIG antibody (Roche, Meylan) were
performed according to Thisse et al. (27).

Plasmid constructs and RNA injections

To obtain RNA transcripts of eGFP the GFP open read-
ing frame (ORF) from pEGFP-NI (Clontech
Laboratories) was inserted (BamHI/Notl) into pCS2+
plasmid (pCS2:GFP). To produce pCS2:GFP:dmrtlbY
3'-UTR, a PCR product containing the entire 3'-UTR of
dmrtlbY flanked by Notl sites, was amplified from
medaka testes and inserted into the Notl sites of

pCS2:GFP. Similarly, pCS2:GFP:dmrtla 3-UTR,
pCS2:GFP:d. rerio dmrtlbY 3-UTR, pCS2:GFP:h.
sapiens 3'-UTR, pCS2:GFP:0. curvinotus dmrtlbY

3-UTR and pCS2:GFP:fugu 3-UTR and deletion con-
structs (Supplementary Figure 2) were constructed the
same way. Corresponding RFP plasmids were constructed
by replacing the GFP ORF by RFP. Xenopus B-globin
constructs were produced by inserting the xenopus
B-globin 3'-UTR (Notl/Kpnl) from plasmid pRN3 (28)
into pCS2:GFP (pCS2:GFP:xlB-globin 3’-UTR). For con-
structing the pCS2:GFP:BOXxIB-globin 3’-UTR plasmid,
the dmrt1bY box was inserted between the Not/ sites. The
GFP/RFP 3-UTR constructs include the mmGFP5/RFP
ORF cloned upstream of the 3-UTR of the zebrafish
nanosl gene (23,29). All constructs were checked by
restriction digests, diagnostic PCRs and sequencing.
Sertoli cell-specific Ds-Red expressing sox9prom:DsRed
transgenic medaka fish (30) was provided by Prof.
Tanaka.

Capped RNAs for injections were transcribed from lin-
earized vectors using the SP6/T3/T7m MESSAGE
mMACHINE Kit (Ambion). One nanoliter was injected
into the cytoplasm of one-cell stage Medaka embryos as
described (31).

Cell culture and transfection

Medaka spermatogonial (Sg3), embryonic stem (MES-1)
or fibroblast (OL-17) cells were cultured as described
(32-34). Cells were grown to 70-80% confluency in six-
well plates and then transfected with 5pg expression
vector using GeneJuice reagent (Novagen) as described
by the manufacturer. Luciferase activity was then quanti-
fied using the Luciferase Reporter Assay System from



Promega and luciferase activity was normalized against
mRNA luciferase copy number. Transcriptional differ-
ences between luciferase constructs were evaluated statis-
tically by paired Student’s test.

Electromobility shift assay

Nearly confluent cells [Medaka spermatogonial (Sg3),
mouse Sertoli (TM4) and Medaka embryonic stem
(MES-1)] cell lines grown on plates were washed with
ice-cold phosphate-buffered saline (PBS) and removed
from the plates with 1mM EDTA in PBS. The cells
were centrifuged at low speed and then resuspended in
Passive Lysis Buffer (Promega) supplemented with leupep-
tin (0.2 pg/ml) and aprotinin (10 pg/ml). Binding assays
were carried out using the Gel Shift Assay System
(Promega) using radiolabeled RNA oligonucleotides: (Y)
UGGUUCACGUCUGCUGCAGGUCUCUGACUCU
for the native box target sequence and Mut(2)-box UGG
UUCACGUUUGGUCGGGATCUCUGACUCU;
Mut(3)-box UGGUUCACGUUCUUCACAUGUCUCU
GACUCU; Mut(4)-box UGGUUCACGUCUGCUGAG
ACGCUCUGACUCU; Mut(5)-box UGGUUCACGUC
UGCCAUAGGUCUCUGACUCU as competitors.

RESULTS AND DISCUSSION

Dmrtla/dmrt1bY 3'-UTRs regulate spatial and temporal
expression during early Medaka development

While searching for potentially conserved regulatory
sequences in genes involved in gonad induction and for-
mation we analyzed the tightly regulated Medaka dmrtla
and dmrtlbY duplicated gene pair. Postulating that
important cis-regulatory motifs required for mRNA reg-
ulation in the context of gonad formation might have been
retained between the duplicates despite of the processes of
co-ortholog gene specialization and subfunctionalization,
we noticed that the dmrtla and dmrtibY 3'-UTRs
appeared more conserved than expected for independently
diverging genes. To test whether this conservation of
dmrtla/dmrtlbY UTRs implied common regulatory
mechanisms, we examined GFP expression of reporter
constructs that contained either the dmrtla or dmrtlbY
3-UTR or the Xenopus B-globin 3’-UTR as a control
(Figure 1). After injection of the different constructs into
one cell stage embryos we initially observed a high and
uniformly distributed GFP expression in the whole
embryo (Figure 1). After 2 days of development (stages
22-24; 12—-16 somites), GFP fluorescence slowly vanished
elsewhere except in the primordial gonad area of the fish
injected with either dmrtla or dmrt1bY UTR (Figures 1A,
B, C, D compared to 1E, F, G, H).

GFP fluorescence was clearly detectable in the primor-
dial gonad area until more than 7 days after hatching
(stage 40; first fry stage, 2.5 weeks after fertilization)
(Supplementary Figure 1). In controls with the B-globin
3-UTR GFP remained ubiquitously expressed through-
out the whole embryonic development. Obviously, the
dmrtla/dmrtlbY 3'-UTRs are responsible for specific
expression of the GFP protein in the primordial gonad
area.
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Surprisingly,  fusing either human (AJ276801)
(Figure 1I, J and K) or takifugu (CAC42778)
(Figure 1L, M and N) dmrtl 3-UTRs to GFP mRNA
also drove primordial gonad area-specific fluorescence in
Medaka (Figure 1I-N compared to 1A-D). In addition,
injection of GFP mRNA fused to Medaka dmrtibY
3’-UTR in zebrafish resulted in a similar gonadal persis-
tence of GFP fluorescence (Figure 10, P and Q) indicating
a functional cross-species conserved mechanism mediated
by cis-regulatory element(s) in these dmrtl 3’-UTRs.

A short, highly conserved cis-regulatory motif located
in dmrtla/dmrt1bY 3'-UTR is responsible for gonadal
differential regulation

To delineate the precise RNA sequence and/or secondary
structures involved in gonadal-specific fluorescence, GFP
expression of a series of reporters (Supplementary
Figure 2) that contained deletion mutants of the dmrtla/
dmrtlbY 3-UTRs was investigated (Supplementary
Figure 2B, C and D). As a result a core 11-nt box located
in the 5 region of the Medaka dmrtla/dmrt1bY UTRs was
isolated and shown to be responsible for gonad-specific
fluorescence. Consequently, when the box was inserted
into the Xenopus B-globin 3'-UTR, GFP expression was
identical to GFP::dmrtla and dmrtlbY 3-UTR con-
structs, namely gonad-specific expression (Figure 1R, S,
T and U). Conversely, deletion of the box sequence
from the dmrtlbY 3-UTR drastically extinguished
gonad-specific expression (Supplementary Figure 2D com-
pared to 2B and C).

Considering the functional conservation of gonad-spe-
cific expression seen with other fish and human dmrtl
UTRs we then searched for similar motifs in the 3-UTR
of dmrtl genes of other organisms (Table 1). The motif
was found to be highly conserved in the fish lineage
(Oryzias latipes, Oryzias curvinotus, Takifugu rubripes,
Tetraodon nigroviridis, Epinephelus coioides and Danio
rerio), but as well in the dmrt1 3'-UTR of other vertebrates
including man (Mus musculus, Pan troglodytes, Macaca
mulatta and Homo sapiens) and most surprisingly even
in the ecdysozoan clade. For the doublesex (dsx, the
dmrtl orthologue) of Anopheles gambiae (Table 1), inter-
estingly, the sex-specific differentially spliced anopheles
dsx transcript results in a male dsx form where
the box is largely conserved while this is not the case for
the female splice form (Table 1). This situation is similar
for dsx of the olive fruit fly (Bactocera oleae) for which a
male-specific splicing leads to the preservation of a highly
conserved box in the ORF while this fragment is spliced
out in the female form (Table 1).

Taken together, a short highly conserved cis-regulatory
motif located in dmrtla and dmrtlbY 3-UTRs (CUGCU
GCAGGU) appears to be mostly responsible for differen-
tial expression of the transcripts.

The dmrtl box drives specific stability in the somatic
mesoderm anlage of the gonadal primordium as well as in
a sub-population of PGCs

Dmrtl is expressed in most species specifically in
Sertoli cells and PGCs. To find out the contribution of
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GFP:Dmrt1bY 3'UTR GFP:Dmrt1bY 3'UTR GFP:Dmrt1bY 3'UTR : o GFP:Dmrt1bY 3'UTR

GFP: X/ j-globin 3'UTR GFP: X! j-globin 3'UTR

GFP:(Hs)Dmrt1 3'UTR GFP:(Hs)Dmrt1 3'UTR

GFP:(TDmrt1 3'UTR GFP:(Tr)Dmrt1 3'UTR

GFP:(O/)Dmrt1bY 3'UTR GFP:(O/)Dmrt1bY 3'UTR

GFP:Box+[-g

Figure 1. A short highly conserved cis-regulatory motif located in dmrtlbY/dmrtla 3'-UTRs regulates spatial and temporal expression during early
development. (A-D) GFP expression of a reporter construct that contains Medaka dmrtlbY 3’-UTR during somitogenesis (A and B) and at hatching
stage (C and D). (E-H) GFP expression of a control reporter construct that contains Xenopus B-globin 3’-UTR during somitogenesis (E and F) and
at hatching stage (G and H). (I-Q) GFP expression of reporter constructs that contain either human dmrtl 3’-UTR (I-K) or takifugu dmrtl 3'-UTR
(L-N) in Medaka embryos during somitogenesis (I, J and L, M) and at hatching stage (K and N). (O-Q) GFP expression of a reporter construct that
contains Medaka dmrtlbY 3-UTR in zebrafish embryos during somitogenesis (O and P) and at hatching stage (Q). (R-U) GFP expression in
Medaka embryos of a reporter construct that contains Xenopus 5-globin 3'-UTR in which the Box was inserted. Specific GFP expression in PGCs is

indicated (arrow heads).

GFP:(Hs)Dmrt1 3'UTR

GFP:(Tr)Dmrt1 3'UTR

GFP:(O)Dmrt1bY 3'UTR

GFP:Box+[3-
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Table 1. The dmrtl 3¥ UTR cis-regulatory motif is well conserved from ecdysozoans to mammals

Oryzias latipes
Oryzias latipes
Oryzias curvinotus
Oryzias curvinotus
Takifugu rubripes
Tetraodon nigrovihdis

Epinephelus coioides
Danio rerio

Homo sapiens
Pan troglodytes
Macaca mulatta

Mus musculus

Anophele gambia
Anophele gambia

Dmrtlad-UTR(AF319994):
DmrtlbY 3-UTR (AB071534):
DmrtlbY 3-UTR (AB091695):
Dmrtlba 3-TR (AB091696):

Dmrtl 3-UR (CAC42778):
Dmrtl 3-UTR (CAC42783):

Dmrtl 3-UTR(EF017802):
Dmrtl 3-UTR(AAU11586):

Dmrtl 3-UTR(AJ276801):
Dmrtl 3-UTR (XM528528):
Dmrtl 3-UTR (XM001090081):

Dmrtl 3-UTR (NM175647):
Dsx 3-UR (Male-spe, AY903307):

Dsx 3-UTR (Female-spe, AY903308):

CUGCUGCAGGU
CUGCUGCAGGU
CUGCUGCAGGU
CUGCUGCAGGU

CUGCUGCAGGU
CUGCUGCAGGU

TUGCUGCAGGU
CUGCUGCAGAU

CUGCUGCCGAU
CUGCUGCCGAU
CUGCUGCCGAU

CUGGUGCUGAU

CUGCUGUAAGU
CUG_UGCAGAA

Bactocera oleae (olive fruit fly) Doublesex ORF (AJ547622):

ClCCTCCAGS]
- T ™ ™ < Ty © Té‘?‘@ =

CUGCUGCAGCU

‘Box’ present in Male form (dsxm) but absent in Female form (dsxf)

Musca domestica Doublesex ORF (AY461854/AY461853):

‘Box’ present for both dsxm anf dsxf

CUGCUGCAGGA

post-transcriptional regulation by this cis-regulatory motif
to the restricted expression pattern, Medaka dmrtlbY
3’-UTR was fused to the monomeric RFP mCherry and
injected either together with GFP.::Nos 3'-UTR into one-
cell stage embryos of wild-type Medaka or of the Olvas
transgenic strain. The GFP::Nos 3-UTR construct was
previously shown to drive PGC-specific fluorescence in
medaka (35-37). Similarly, in Olvas fish the PGCs are
marked by GFP expression from stage 25 [18—19 somite
stage (25)] onwards (38). RFP expression was compared to
germ cell-specific GFP expression due to the nanos
3’-UTR or the vasa promoter (Figure 2A—F). Starting at
stages 14—18 fluorescence was exclusively observed from
GFP in PGCs (data not shown; Figure 3A). Only by
stages 22-24 (nine somite stage) red fluorescence could
also be observed with specific gonadal localization
(Figure 2D-F). Noteworthy, although at this stage both
fluorescences (green and red) were confined to the same
embryonic structures, they are clearly expressed from dif-
ferent cell populations (Figure 2A-C). Additionally,
around stage 24-26 (1622 somite stage) cells expressing
both fluorochromes could be observed (Figure 2A-C).
Subsequently, at hatching stage, gonadal dmrtlbY
3’-UTR-driven GFP expression was then investigated in
Sertoli cell-specific  RFP expressing sox9prom:DsRed
transgenic fish (30) either at stage 34 (Figures 2G, I,
H and J) or just after hatching (Figure 2K, L and M) in

males and females, respectively. It revealed that although
no more supporting cell expression was apparent for these
later stages, two different populations of germ cells could
be discriminated according to their high or just above
background GFP fluorescence expression (arrowheads in
Figure 2G, H, K and L). The fact that the RFP reporter
gene product was only observed at later stages indicated
that mRNAs with the dmrt1bY 3'-UTR are translationally
repressed in migrating PGCs and in the somatic gonad
precursor cells.

Interestingly, such variation and diversity in germ cell-
specific Dmrtl expression is also reported for mouse
gonads for which two populations of germ cells could be
observed according to Dmrtl protein presence or absence
(39). Consequently, akin to what was observed during
medaka gonad formation (Figure 2G—N), it might be pos-
sible that mouse Dmrtl" and Dmrtl~ expressing germ
cells are the result of a similar mechanism since the ‘box’
motif is also found to be highly conserved in mouse dmrtl
3’-UTR (Table 1).

Embryonic expression of dmrtl mRNA has been exam-
ined in various vertebrates, including mammals (40-42),
birds (41), reptiles (41,43) and fish (44). In most cases,
dmrtl is expressed very early in the genital ridge—the struc-
ture from which the gonad derives—and later on in germ
and Sertoli cells of the male gonadal primordium [see
Zarkower et al. (45) for review]. It is then evident that
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GFP 4 RFP merge
GFP:Nos 3'UTR [ rt1bY 3'UTR GFP:Nos 3'UTR / RFP:Dmrt1bY 3'UTR GFP:Nos 3'UTR / RFP:Dmrt1bY 3'UTR

RFP GFP merge
RFP:Dmrt1bY 3'UTR RFP:Dmrt1bY 3'UTR RFP:Dmrt1bY 3'UTR

Stage 34 (XY) g Stage 34 (XX)

Stage 34 (XY) Stage 34 (XX)

Hatching (XY) y Hatching (XX)

Hatching (XY) Hatching (XX)

Figure 2. The dmrtl box drives specific stability in the somatic mesoderm of the gonadal primordium as well as in a sub-population of PGCs. (A-F)
RFP expression from dmrtlbY 3-UTR containing capped RNA compared to germ cell-specific GFP expression due to the nanos 3’-UTR at stages
24-26 (A-C). (D-F) RFP expression compared to germ cell specific GFP expression achieved with vasa promoter around hatching stage. (G-N)
Gonadal dmrtlbY 3'-UTR-driven GFP expression investigated in Sertoli cell specific DsRed expressing sox9prom:DsRed transgenic fish either at
stage 34 (G, I and H, J) or just after hatching (K, M and L, N) in males (XY) and females (XX). Arrow heads indicate either putative somatic
gonadal precursor cells (C) or different sub-populations of germ cells (A, B and D-N). Blue: DAPI or Olvas; Red: Sertoli cell specific expression
(sox9prom:DsRed transgenic fish) and Green: gonadal dmrtlbY 3'-UTR-driven GFP expression.



Nucleic Acids Research, 2009 7

| GFP-XI8-GlobinUTR

A GFP-DmrtlbY 3’UTR ‘ GFP-nos 3’UTR olvas-GFP GFP-zfvasa 3’'UTR

C "
E 250
%g 200
%g 150
53 100
is
i []
¢ ]
& & &
. S 3 Le &
bp'!: _l's 2 A P O
) NI s S &
) L& e &
& o & (<
R RIS &8 P
o(o'ssl‘ 0"' *_'D S o
¥ ' O
@P \/éo %0

Figure 3. Tissue-specific and temporal-restricted expression by a combination of dmrtl 3’-UTR induced differential mRNA stability and translational
regulation. (A) GFP:dmrtlbY 3'-UTR was injected. As controls, mRNA constructs such as GFP:nos 3'-UTR, olvas:GFP, GFP:zfvasa 3'-UTR and
GFP:x/f-globin 3’-UTR were also injected to be able to compare the expression with the pattern of known post-transcriptional mechanisms such as
micro-RNA mRNA induced decay, specific PGC translational regulation, and ubiquitous stability, respectively. (B) Subsequently in situ hybridiza-
tion using an antisense GFP probe was performed at different stages of development to reveal the spatial distribution of the injected GFP:dmrtibY
3-UTR RNAs. GFP fluorescence and the distribution of RNA were followed at different stages of development. Arrowheads and circles indicate
where the PGCs are or should be located respectively. (C) Luciferase expression in different cell lines transfected with a dmrt1bY 3’-UTR containing
construct reveals that translation of the reporter gene was significantly enhanced by the presence of dmrtlbY 3’'-UTR in Medaka spermatogonial cells
in contrast to either Medaka embryonic stem or fibroblast cells.
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GFP expressing cell are PGCs; likewise are the cells
expressing jointly both GFP and RFP. The question
remains what the identity of the RFP only expressing
cells at early stages (stages 24-26) is. Considering the tem-
poral appearance of these cells and a report identifying
and tracing different populations of gonadal precursor
cells in medaka (7), it is most likely that these cells are
representatives of a subset of gonadal precursors.
Interestingly, like observed for mouse Dmrtl, these
results point to the existence of at least two populations
of PGCs within the primordial gonad of Medaka with
possibly different regulations of dmrtl in relation to the
above described cis-acting element located in its 3'-UTR.

Tissue-specific and temporal-restricted expression is caused
by a combination of dmrt1 3'-UTR-induced differential
mRNA stability and translational regulation

Independently of promoter-induced transcription striking
examples of specifically localized messengers can be found
among the mRNAs of fly, fish and frog, most of them
being post-transcriptionally (dynamic relocalization and
stabilization) and translationally regulated. To test
whether dmrt1bY 3’-UTR was more involved in regulating
mRNA stability or controlling its translational regulation,
embryos were injected with GFP:dmrtlbY 3'-UTR and
subsequently analyzed for the spatial distribution of the
injected RNA by RNA in situ hybridization at different
stages of development (Figure 3). As controls, GFP.nos
3-UTR, olvas:GFP, GFP.:zfvasa 3-UTR and GFP.xI}-
globin 3’-UTR mRNA constructs were also injected in
order to compare the expression with the pattern of
known post-transcriptional mechanisms such as micro-
RNA mRNA-induced decay, specific PGC translational
regulation and ubiquitous stability, respectively
(Figure 3). GFP fluorescence and the distribution of
RNA were followed at different stages of development.
Remarkably, GFP expressed from the construct contain-
ing the dmrt1bY 3'-UTR, was shown to be quite stable in
the whole body, including the primordial gonad area like
with the GFP:zfvasa 3’-UTR and GFP:x/f5-globin 3'-UTR
mRNAs (Figure 3). This is in striking contrast to GFP:nos
3-UTR construct for which mRNA underwent rapid
somatic degradation [Figure 3; (22,24,36,46)]. This pattern
of decay is typical for a microRNA-mediated process (24).
Although an analogous germ cell-specific fluorescence was
observed in germ cells of olvas:GFP injected embryos,
in situ hybridizations showed homogenous olvas
RNA distribution. This pattern implies germ cell-specific
translational regulation (35). Accordingly GFP in situ
hybridization after GFP:dmrtlbY 3-UTR injection
revealed that the fused mRNA is first homogenously dis-
tributed in the whole embryonic body until stage 24 and
only then becomes progressively restricted to the gonad
area to be exclusively present in the gonadal primordium
around hatching (stage 39) (Figure 3). Hence, it can be
inferred that the apparent specific GFP:dmrtl-UTR
driven expression in primordial gonad is the result of dif-
ferential RNA stabilization.

Interestingly these results reflect also the probability
of another mechanism affecting mRNAs containing the

dmrt] UTR. The fact that strong fluorescence is observed
in the whole body (including PGCs) at early stages sug-
gests that the dmrt1bY box here contributes to enhanced
translation. To test whether the dmrt1bY 3’-UTR is able to
enhance translation, a plasmid construct containing a thy-
midine kinase promoter driven luciferase fused either to
SV40 3-UTR or dmrt1bY 3’-UTR was transfected in dif-
ferent cell lines and translation efficiency measured.
Translation of the reporter gene was significantly
(P <0.01) enhanced in the presence of dmrtibY 3’-UTR
in Medaka spermatogonial cells in contrast to either
Medaka embryonic stem cells or fibroblast cells where
protein production was even reduced (Figure 3). The sup-
pression of translation in non-gonad cell types is interest-
ing to note in relation to the non-gonad-specific expression
of dmrt1bY transcripts during early Medaka embryogen-
esis and in adult male spleen (10,14).

In summary, taking into account the endogenous
expression of dmrtla exclusively in the developing gonad
and the here observed late gonad-specific translation of
injected RFP:dmrtlbY 3-UTR mRNA, it appears that
the UTR mediates a translational regulation process spe-
cifically in a subset of PGCs and certain somatic cells of
the gonad. From RNA localization studies it is apparent
that the later gonad-specific expression is then primarily
due to the 11-bp cis-acting dmrtl motif conferring differ-
ential RNA stabilization in primordial gonad cells.

The dmvrt1 3'-UTR box specifically binds a protein possibly
involved in gonad-restricted expression

Obviously the 11-mer is involved in a cell-type-specific
stability of dmrtl RNAs. One explanation could be that
it is the target for a protein or small ribonucleoproteins
particles. To test this hypothesis, electrophoretic mobil-
ity shift assays (EMSAs) were performed using the
I1-mer box as a probe and different mutated boxes as
competitors (Figure 4). In a first step cell extracts from
three different cell lines were tested: (i) a medaka sperma-
togonia cell line, (ii) a medaka embryonic stem cell line
and (iii) a mouse sertoli cell line (TM4) (Figure 4A). While
no mobility shift was observed for the medaka embryonic
stem cell-like line in all conditions tested, a weak shift was
apparent for the TM4 cells and a quite robust one for
the Medaka spermatogonial cell line (Sg3) (Figure 4A).
As controls, using the medaka spermatogonial cell line,
a mutated version of the box used as competitor
(Mut(3)-Box) did not interfere significantly with the
DmrtlbY-Box binding, indicating the specificity of the
interaction (Figure 4B). Furthermore, competition of
radioactively with non-radioactively labeled box probes
(Dmrtl1bY-Box) resulted in progressive loss of the appar-
ent shift (Figure 4C). Next, to better characterize the inter-
action domain(s) of the box, different point mutations
were then introduced to the native dmrtlbY-box
(Figure 4D).

The first mutated RNA oligonucleotide [Mut(2)-Box]
regrouped the three main mutations observed for the dif-
ferent dmrtl boxes within fish and mammals (see also
Table 1). These introduced mutations did not significantly
interfere for binding (Figure 4D). Interestingly, this result
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Box Sequences

DmrtlbY-Box (Y) CUGCUGCAGGU
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Figure 4. A RNA-binding factor that recognizes the Box could be responsible for primordial gonad restricted stability. (A) Electrophoretic Mobility
Shift Assay (EMSA) using cell extracts from three different cell lines (i) a medaka spermatogonial cell line (Sg3), (ii) a medaka embryonic stem cell
line (MES-1) and (iii) a mouse sertoli cell line (TM4) and the 11-mer box as a probe shows shift for Sg3 and TM4 cells. (B) A mutated version of
the box [Mut(3)-Box] used as competitor (1-1, 1-5 and 1-10 ratios) did not interfere significantly with the binding, indicating the specificity of the
binding. (C) As control, using the spermatogonial cell line, competition of radioactively and non-radioactively labeled box probes resulted in
progressive loss of the apparent shift (1-1, 1-5 and 1-10 ratios). (D) Different mutated versions of the box [Mut(2-5)-Box] were then tested for
binding, and resulted in apparent different binding affinities. (E-H) Relative robustness of the shift was then tested by mean of competition assays
among the different mutated versions of the box (E: 1-1, 1-5 and 1-10; F: 1-1, 1-2 and 1-5; G and H: 1-1 and 1-5 ratios).

corroborates in vivo observations showing GFP stabiliza-
tion after injection of either human or zebrafish dmrtl
3-UTR containing constructs in medaka (Figure 4D).
Nevertheless, this affinity seems to be significantly
weaker when competing against the native DmrtlbY-
Box (Figure 4E). Noticeably, Mut(2)-Box competition
against another box mutated in its 3’ region [Mut(4)-
Box] could not appreciably interfere with the binding
(Figure 4F). Similarly, using this box [Mut(4)-Box] and
a box mutated in its core region [Mut(5)-Box] alternatively
against each other, revealed that although the entire
native box is required for efficient binding, its 3’ region
is important while the 5 and core regions are more likely
involved in modulating the affinity (Figures 4G and 4H).

In summary these experiments suggest that the
11-mer box is a preferential target for RNA-binding pro-
teins that may be involved in specifically regulating tran-
script stability.

CONCLUSIONS

The great majority of sequences that direct the subcellular
localization, translation and degradation have been found
within the 3'-UTRs [see (17,47) for review]. UTRs are
highly diverse in sequence, but often contain regulatory
motifs that are common to members of the same meta-
bolic family (48). Nevertheless, the analysis of such
cis-acting clements has been rather unsatisfying with
respect to the identification of common sequences that
direct localization of different RNAs (49).

We have identified an 11-nt motif in the Dmrtl 3’-UTR,
CUGCUGCAGGU, common to the great majority of
Dmrtl orthologs genes from fly to mammals that is
responsible for specific stabilization and translational con-
trol of dmrtl mRNA in the forming primordial gonad of
fish and probably of other species. Interestingly, for the
first time such stabilizing motif involving cis-regulatory
actor(s) has been shown to be not only present in a
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single organism [see Kloc et al. (49) for review], co-regu-
lating a very specific pool of few synexpressed transcripts
(50), but rather to be highly conserved across species for a
given transcript family, namely the Doublesex/Mab-3/
Dmrtl genes. The occurrence of such an 11-mer in the
3’-UTR of orthologs genes over a wide range of organisms
already indicates that different systems may employ
common RNA regulatory mechanisms. Hence, other
than a motif involved in specific localization of mRNAs
to a well defined subtype of cells, this box would be
responsible for mRNA-specific preservation of different
subsets of cells all together involved in primordial gonad
assembly and formation, namely putative gonadal pre-
curor cells and a specific subclass of PGCs.
Consequently, like synexpressed groups reflect the func-
tional compartmentalization of the eukaryote genome
(51) and have a striking parallel to the prokaryote
operon, our finding might be of particular interest since
it might reveal an otherwise hidden logic of cellular regu-
lation where cis-regulatory motifs couple spatial and tem-
poral gene expression in different subset of cells during
organogenesis.

Finally, our data indicate that transcript stabilization is
achieved by interaction of a specific protein with a
cis-acting stability element located in the dmrtl 3’-UTR.
Although the identity and the dynamic of action of this
stabilizing factor has still to be resolved, our findings point
to an obvious level of integrated regulation, namely the
presence and the accessibility of this cis-regulatory ele-
ment. The occurrence of multiple dmrtl-related spliced
variants in corals (52), insects (53-55), lizards (56), fish
(57,58), chicken (59), mice (60) and human (61) selecting
or splicing out parts of the UTRs also argue for such way
of regulation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

This work was supported by a grant of the Rudolf-
Virchow-Zentrum for Experimental Medicine (DFG
Forschungszentrum) and DFG-Graduiertenkolleg 1048
(Molecular Basis of Organ Development in Vertebrates)
through a PhD fellowship to T.W. Funding for open
access charge: XXX.

Conflict of interest statement. None declared.

REFERENCES

1. Wilhelm,D., Palmer,S. and Koopman,P. (2007) Sex determination
and gonadal development in mammals. Physiol. Rev., 87, 1-28.

2. Santos,A.C. and Lehmann,R. (2004) Germ cell specification and
migration in Drosophila and beyond. Curr. Biol., 14, R578-R589.

3. McLaren,A. (2001) Mammalian germ cells: birth, sex, and immor-
tality. Cell Struct. Funct., 26, 119-122.

4. Raz,E. (2004) Guidance of primordial germ cell migration. Curr.
Opin. Cell Biol., 16, 169-173.

S. Saito,D., Morinaga,C., Aoki,Y., Nakamura,S., Mitani,H.,
Furutani-Seiki,M., Kondoh,H. and Tanaka,M. (2007) Proliferation

(=)

~

oo

1

—

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

of germ cells during gonadal sex differentiation in medaka: Insights
from germ cell-depleted mutant zenzai. Dev. Biol., 310, 280-290.

. Delvin,R.H. and Nagahama,Y. (2002) Sex determination and sex

differentiation in fish. Aquaculture, 208, 191-364.

. Nakamura,S., Kobayashi,D., Aoki,Y., Yokoi,H., Ebe,Y.,

Wittbrodt,J. and Tanaka,M. (2006) Identification and lineage tra-
cing of two populations of somatic gonadal precursors in medaka
embryos. Dev. Biol., 295, 678-688.

. Kurokawa,H., Saito,D., Nakamura,S., Katoh-Fukui,Y., Ohta,K.,

Baba,T., Morohashi,K. and Tanaka,M. (2007) Germ cells are
essential for sexual dimorphism in the medaka gonad. Proc. Natl
Acad. Sci. USA, 104, 16958—16963.

. Morrish,B.C. and Sinclair,A.H. (2002) Vertebrate sex determina-

tion: many means to an end. Reproduction, 124, 447-457.

. Nanda,lI., Kondo,M., Hornung,U., Asakawa,S., Winkler,C.,

Shimizu,A., Shan,Z., Haaf,T., Shimizu,N., Shima,A. er al. (2002) A
duplicated copy of DMRT]! in the sex-determining region of the Y
chromosome of the medaka, Oryzias latipes. Proc. Natl Acad. Sci.
USA, 99, 11778-11783.

. Matsuda,M., Nagahama,Y., Shinomiya,A., Sato,T., Matsuda,C.,

Kobayashi,T., Morrey,C.E., Shibata,N., Asakawa,S., Shimizu,N.
et al. (2002) DMY is a Y-specific DM-domain gene required for
male development in the medaka fish. Nature, 417, 559-563.
Brennan,J. and Capel,B. (2004) One tissue, two fates: molecular
genetic events that underlie testis versus ovary development. Nat.
Rev. Genet., 5, 509-521.

Kobayashi,T., Matsuda,M., Kajiura-Kobayashi,H., Suzuki,A.,
Saito,N., Nakamoto,M., Shibata,N. and Nagahama,Y. (2004) Two
DM domain genes, DMY and DMRT]I, involved in testicular dif-
ferentiation and development in the medaka, Oryzias latipes. Dev.
Dyn., 231, 518-526.

Hornung,U., Herpin,A. and Schartl,M. (2007) Expression of the
male determining gene dmrtlbY and its autosomal coorthologue
dmrtla in medaka. Sex Dev., 1, 197-206.

Winkler,C., Hornung,U., Kondo,M., Neuner,C., Duschl,J.,
Shima,A. and Schartl,M. (2004) Developmentally regulated and
non-sex-specific expression of autosomal dmrt genes in embryos of
the Medaka fish (Oryzias latipes). Mech. Dev., 121, 997-1005.

. Moore,M.J. (2005) From birth to death: the complex lives of

eukaryotic mRNAs. Science, 309, 1514-1518.

Keene,J.D. (2007) RNA regulons: coordination of post-transcrip-
tional events. Nat. Rev. Genet., 8, 533-543.

Irish,V., Lehmann,R. and Akam,M. (1989) The Drosophila pos-
terior-group gene nanos functions by repressing hunchback activity.
Nature, 338, 646-648.

Struhl,G., Johnston,P. and Lawrence,P.A. (1992) Control of
Drosophila body pattern by the hunchback morphogen gradient.
Cell, 69, 237-249.

Deshpande,G., Calhoun,G. and Schedl,P. (2004) Overlapping
mechanisms function to establish transcriptional quiescence in the
embryonic Drosophila germline. Development, 131, 1247-1257.
Dahanukar,A. and Wharton,R.P. (1996) The Nanos gradient in
Drosophila embryos is generated by translational regulation. Genes
Dev., 10, 2610-2620.

Duchow,H.K., Brechbiel,J.L., Chatterjee,S. and Gavis,E.R. (2005)
The nanos translational control element represses translation in
somatic cells by a Bearded box-like motif. Dev. Biol., 282, 207-217.
Koprunner,M., Thisse,C., Thisse,B. and Raz,E. (2001) A zebrafish
nanos-related gene is essential for the development of primordial
germ cells. Genes Dev., 15, 2877-2885.

Mishima,Y ., Giraldez,A.J., Takeda,Y., Fujiwara,T., Sakamoto,H.,
Schier,A.F. and Inoue,K. (2006) Differential regulation of germline
mRNAs in soma and germ cells by zebrafish miR-430. Curr. Biol.,
16, 2135-2142.

. Iwamatsu,T. (2004) Stages of normal development in the medaka

Oryzias latipes. Mech. Dev., 121, 605-618.

Kluver,N., Kondo,M., Herpin,A., Mitani,H. and Schartl, M. (2005)
Divergent expression patterns of Sox9 duplicates in teleosts indicate
a lineage specific subfunctionalization. Dev. Genes Evol., 215,
297-305.

Thisse,C., Thisse,B., Schilling, T.F. and Postlethwait,J.H. (1993)
Structure of the zebrafish snaill gene and its expression in wild-
type, spadetail and no tail mutant embryos. Development, 119,
1203-1215.



28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lemaire,P., Garrett,N. and Gurdon,J.B. (1995) Expression cloning
of Siamois, a Xenopus homeobox gene expressed in dorsal-vegetal
cells of blastulae and able to induce a complete secondary axis. Cell,
81, 85-94.

Herpin,A., Fischer,P., Liedtke,D., Kluever,N., Neuner,C., Raz,E.
and Schartl,M. (2008) Sequential SDFla and b-induced mobility
guides Medaka PGC migration. Dev. Biol., 320, 319-327.
Nakamura,S., Aoki,Y., Saito,D., Kuroki,Y., Fujiyama,A.,
Naruse, K. and Tanaka,M. (2008) Sox9b/sox9a2-EGFP transgenic
medaka reveals the morphological reorganization of the gonads and
a common precursor of both the female and male supporting cells.
Mol. Reprod. Dev., 75, 472-476.

Koster,R., Stick,R., Loosli,F. and Wittbrodt,J. (1997) Medaka spalt
acts as a target gene of hedgehog signaling. Development, 124,
3147-3156.

Hong,Y., Liu,T., Zhao,H., Xu,H., Wang,W., Liu,R., Chen,T.,
Deng,J. and Gui,J. (2004) Establishment of a normal medakafish
spermatogonial cell line capable of sperm production in vitro. Proc.
Natl Acad. Sci. USA, 101, 8011-8016.

Komura,J., Mitani,H. and Shima,A. (1988) Fish cell culture:
Establishment of two fibroblast-like cell lines (OL-17 and OL-32)
from fins of the medaka, Oryzias latipes. In Vitro Cell Dev. Biol.,
24, 294-298.

Hong,Y., Winkler,C. and Schartl, M. (1996) Pluripotency and dif-
ferentiation of embryonic stem cell lines from the medakafish
(Oryzias latipes). Mech. Dev., 60, 33-44.

Herpin,A., Rohr,S., Riedel,D., Kluever,N., Raz,E. and Schartl,M.
(2007) Specification of primordial germ cells in medaka (Oryzias
latipes). BMC Dev. Biol., 7, 3.

Kurokawa,H., Aoki,Y., Nakamura,S., Ebe,Y., Kobayashi,D. and
Tanaka,M. (2006) Time-lapse analysis reveals different modes of
primordial germ cell migration in the medaka Oryzias latipes. Dev.
Growth Differ., 48, 209-221.

Saito,T., Fujimoto,T., Maegawa,S., Inoue,K., Tanaka,M., Arai,K.
and Yamaha,E. (2006) Visualization of primordial germ cells

in vivo using GFP-nosl 3’UTR mRNA. Int. J. Dev. Biol., 50,
691-699.

Tanaka,M., Kinoshita,M., Kobayashi,D. and Nagahama,Y. (2001)
Establishment of medaka (Oryzias latipes) transgenic lines with the
expression of green fluorescent protein fluorescence exclusively in
germ cells: a useful model to monitor germ cells in a live vertebrate.
Proc. Natl Acad. Sci. USA, 98, 2544-2549.

Lei,N., Hornbaker,K.I., Rice,D.A., Karpova,T., Agbor,V.A. and
Heckert,L.L. (2007) Sex-specific differences in mouse DMRT1
expression are both cell type- and stage-dependent during gonad
development. Biol. Reprod., 77, 466-475.

De Grandi,A., Calvari,V., Bertini,V., Bulfone A., Peverali,G.,
Camerino,G., Borsani,G. and Guioli,S. (2000) The expression pat-
tern of a mouse doublesex-related gene is consistent with a role in
gonadal differentiation. Mech. Dev., 90, 323-326.

Smith,C.A., McClive,P.J., Western,P.S., Reed.K.J. and
Sinclair,A.H. (1999) Conservation of a sex-determining gene.
Nature, 402, 601-602.

Moniot,B., Berta,P., Scherer,G., Sudbeck,P. and Poulat,F. (2000)
Male specific expression suggests role of DMRTI in human sex
determination. Mech. Dev., 91, 323-325.

Kettlewell,J.R., Raymond,C.S. and Zarkower,D. (2000)
Temperature-dependent expression of turtle Dmrtl prior to sexual
differentiation. Genesis, 26, 174-178.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

Nucleic Acids Research, 2009 11

Marchand,O., Govoroun,M., D’Cotta,H., McMeel,O., Lareyre,J.,
Bernot,A., Laudet,V. and Guiguen,Y. (2000) DMRT1 expression
during gonadal differentiation and spermatogenesis in the rainbow
trout, Oncorhynchus mykiss. Biochem. Biophys. Acta., 1493,
180-187.

Zarkower,D. (2001) Establishing sexual dimorphism: conservation
amidst diversity? Nat. Rev. Genet., 2, 175-185.

Aoki,Y., Nagao,l., Saito,D., Ebe,Y., Kinjo,M. and Tanaka,M.
(2008) Temporal and spatial localization of three germline-specific
proteins in medaka. Dev. Dyn., 237, 800-807.

Schier,A.F. (2007) The maternal-zygotic transition: death and birth
of RNAs. Science, 316, 406-407.

Mazumder,B., Seshadri,V. and Fox,P.L. (2003) Translational con-
trol by the 3’-UTR: the ends specify the means. Trends Biochem.
Sci., 28, 91-98.

Kloc,M., Zearfoss,N.R. and Etkin,L.D. (2002) Mechanisms of
subcellular mRNA localization. Cell, 108, 533-544.

Gao,F.B., Carson,C.C., Levine,T. and Keene,J.D. (1994) Selection
of a subset of mRNAs from combinatorial 3’ untranslated region
libraries using neuronal RNA-binding protein Hel-N1. Proc. Natl
Acad. Sci. USA, 91, 11207-11211.

Niehrs,C. and Pollet,N. (1999) Synexpression groups in eukaryotes.
Nature, 402, 483—487.

Miller,S.W., Hayward,D.C., Bunch,T.A., Miller,D.J., BallLE.E.,
Bardwell,V.J., Zarkower,D. and Brower,D.L. (2003) A DM domain
protein from a coral, Acropora millepora, homologous to proteins
important for sex determination. Evol. Dev., 5, 251-258.

Scali,C., Catteruccia,F., Li,Q. and Crisanti,A. (2005) Identification
of sex-specific transcripts of the Anopheles gambiae doublesex gene.
J. Exp. Biol., 208, 3701-3709.

Nagoshi,R.N. and Baker,B.S. (1990) Regulation of sex-specific
RNA splicing at the Drosophila doublesex gene: cis-acting muta-
tions in exon sequences alter sex-specific RNA splicing patterns.
Genes Dev., 4, 89-97.

Burtis,K.C. and Baker,B.S. (1989) Drosophila doublesex gene con-
trols somatic sexual differentiation by producing alternatively
spliced mRNAs encoding related sex-specific polypeptides. Cell, 56,
997-1010.

Sreenivasulu,K., Ganesh,S. and Raman,R. (2002) Evolutionarily
conserved, DMRTI, encodes alternatively spliced transcripts and
shows dimorphic expression during gonadal differentiation in the
lizard, Calotes versicolor. Mech. Dev., 119(Suppl. 1), S55-S64.
Guo,Y., Cheng,H., Huang,X., Gao,S., Yu,H. and Zhou,R. (2005)
Gene structure, multiple alternative splicing, and expression in
gonads of zebrafish Dmrtl. Biochem. Biophys. Res. Commun., 330,
950-957.

Huang,X., Guo,Y., Shui,Y., Gao,S., Yu,H., Cheng,H. and Zhou,R.
(2005) Multiple alternative splicing and differential expression of
dmrtl during gonad transformation of the rice field eel. Biol.
Reprod., 73, 1017-1024.

Zhao,Y., Lu,H., Yu,H., Cheng,H. and Zhou,R. (2007) Multiple
alternative splicing in gonads of chicken DMRTI1. Dev. Genes Evol.,
217, 119-126.

Lu,H., Huang,X., Zhang,L., Guo,Y., Cheng,H. and Zhou,R. (2007)
Multiple alternative splicing of mouse Dmrtl during gonadal dif-
ferentiation. Biochem. Biophys. Res. Commun., 352, 630-634.
Cheng,H.H., Ying,M., Tian,Y.H., Guo,Y., McElreavey,K. and
Zhou,R.J. (2006) Transcriptional diversity of DMRTI (dsx- and
mab3-related transcription factor 1) in human testis. Cell Res., 16,
389-393.



Divergent Expression Regulation of Gonad Development Genes
in Medaka Shows Incomplete Conservation of the Downstream
Regulatory Network of Vertebrate Sex Determination

Amaury Herpin,*' Mateus C. Adolfi,' Barbara Nicol,> Maria Hinzmann,' Cornelia Schmidt,’
Johanna Klughammer,' Mareen Engel,' Minoru Tanaka,® Yann Guiguen,” and Manfred Schart!’
'University of Wuerzburg, Physiological Chemistry, Biocenter, Am Hubland, Wuerzburg, Germany

’INRA, UR1037, LPGP, Fish Physiology and Genomics, Rennes, France

3Laboratory of Molecular Genetics for Reproduction, National Institute for Basic Biology, Okazaki, Japan
*Corresponding author: E-mail: amaury.herpin@biozentrum.uni-wuerzburg.de.

Associate editor: Takashi Gojobori

Abstract

Genetic control of male or female gonad development displays between different groups of organisms a remarkable
diversity of “master sex-determining genes” at the top of the genetic hierarchies, whereas downstream components
surprisingly appear to be evolutionarily more conserved. Without much further studies, conservation of sequence has
been equalized to conservation of function. We have used the medaka fish to investigate the generality of this paradigm.
In medaka, the master male sex-determining gene is dmrt1bY, a highly conserved downstream regulator of sex deter-
mination in vertebrates. To understand its function in orchestrating the complex gene regulatory network, we have
identified targets genes and regulated pathways of Dmrt1bY. Monitoring gene expression and interactions by transgenic
fluorescent reporter fish lines, in vivo tissue-chromatin immunoprecipitation and in vitro gene regulation assays revealed
concordance but also major discrepancies between mammals and medaka, notably amongst spatial, temporal expression
patterns and regulations of the canonical Hedgehog and R-spondin/Wnt/Follistatin signaling pathways. Examination of
FoxI2 protein distribution in the medaka ovary defined a new subpopulation of theca cells, where ovarian-type aromatase
transcriptional regulation appears to be independent of Foxl2. In summary, these data show that the regulation of
the downstream regulatory network of sex determination is less conserved than previously thought.

Key words: gene regulatory network evolution, divergent expression regulation, gonadal development, adaptive

evolution.

Introduction

Sex determination, the decision whether the bipotential
gonad anlage will become a testis or an ovary, is a complex
and tightly controlled developmental process. The fate deter-
mination and cell differentiation programs are regulated and
tuned by cascades or networks of genes. Comparative studies
on sex determination cascades of different organisms revealed
a remarkable diversity of “master sex-determining genes”
at the top of the genetic hierarchies, whereas downstream
components surprisingly appeared to be evolutionarily more
conserved and tend to converge upon the regulation of
common effectors. Hence, a comparative view on genetic
sex determination mechanisms led to the paradigm that
“masters change, slaves remain” (Graham et al. 2003).
A well-known example illustrating this paradigm is the SRY
gene, the master sex-determining gene of mammals, which
has not been detected outside of the therian mammals.
However, its subordinated genes (SOX9, WT1, DMRTI,
AMH, SF1, FOXL2) or signaling pathways (TGF-beta, WNT4/
beta-catenin, Hedgehog) have homologs in a much broader
spectrum of species, including nonvertebrates, where they
apparently are also involved in sex determination. These

observations led to the emergence of the subversive stereo-
type that master sex-determining genes individually spark
and orchestrate the irreversible action of uniform and inte-
grated gender-specific pathways. Conservation at the bottom
and diversity at the top could be convincingly explained by an
evolutionary scenario in which these hierarchies evolve from
common core downstream components that acquire new
upstream regulators (Wilkins 2007). Although the global
rule of sex determination evolution is intuitively appealing
and well accepted, only the variety at the top is well sup-
ported by comparative experimental data (Graham et al.
2003; Haag and Doty 2005; Herpin and Schartl 2008). The
downstream conservation is less studied and relies only on
a few gene expression studies. We have used the medaka as a
versatile model system to study gene regulatory interactions
and their evolutionary conservation (Wittbrodt et al. 2002;
Herpin and Schartl 2009).

In the medaka fish, which has XY-XX sex determination,
dmrt1bY, the duplicated copy on the Y-chromosome of
dmrt1a, was shown to be the dominant master regulator of
male development (Matsuda et al. 2002; Nanda et al. 2002),
similar to Sry in mammals. Interestingly, dmrt1, the ancestor
of dmrt1bY, is one of the downstream effectors of SRY in the
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mammalian male pathway. The duplicated copy of dmrt1 on
the Y-chromosome has acquired an upstream position in the
sex-determining cascade. Remarkably this evolutionary nov-
elty, requiring a rewiring of the regulatory network, was
brought about by co-optation of “ready-to-use” pre-existing
cis-regulatory elements contributed by transposable elements
(Herpin et al. 2010). With respect to their biochemical func-
tions, both medaka dmrt1 paralogs act as transcriptional reg-
ulators (Herpin et al. 2010). Dmrt1bY was shown to be
responsible for male-specific primordial germ cell mitotic
arrest in the developing gonad at the sex-determination
stage (Herpin et al. 2007). In contrast, the autosomal
dmrtia medaka gene is essential for testis maintenance
(Masuyama et al. 2012).

The medaka gonad is formed by the coordinated develop-
ment of two different cell lineages: the germ cells and the
somatic gonadal mesoderm surrounding the germ cells.
Shortly before hatching, at the time of expression of
dmrt1bY in the male gonad primordium, the germ cells in
the female gonad actively proliferate and undergo meiosis,
whereas this is not observed in male gonads (Kobayashi et al.
2004; Herpin et al. 2007). It is only 10 days later that the first
somatic gonadal dimorphisms are apparent with the forma-
tion of the acinus (the seminiferous tubule precursor) and the
follicles in gonads of male and female, respectively.
Interestingly, ovarian cords within the germinal epithelia of
medaka ovaries have been recently characterized (Nakamura
et al. 2010). These cords composed of somatic sox9b-express-
ing cells and mitotic nos2-expressing oogonia continually give
rise to germ cells and form a stem cell niche referred to as the
germinal cradle (Nakamura et al. 2010). These cradles con-
taining germline stem cells contribute to the production of
fertile eggs during the life cycle of the adult ovary.

Like in other vertebrates studied so far, many components
of the classical repertoire of mammalian sex-determining
genes could be inventoried in medaka as well (Matsuda
2005; Siegfried 2010). To elucidate the gene regulatory net-
work that controls specification and patterning of the gonads
in the medaka fish, in this study we report the in vivo expres-
sion dynamics of classical mammalian markers within the
forming and the adult gonads in medaka.

Because of their important roles in initiating male or
female gonadal development in mammals, the respective im-
plications of either Dmrt1 or FoxI2 transcription factors were
examined. Further on, two of the major signaling pathways
central for early gonadal induction and maintenance in mam-
mals, namely the canonical Hedgehog and Wnt4/[-catenin
signaling pathways (Wilhelm et al. 2007; Liu et al. 2010; Franco
and Yao 2012), were investigated.

The Hedgehog (HH) signaling pathway plays an essential
role in a wide variety of developmental processes (Ingham
and McMahon 2001). Three HH proteins have been identified
in mammals; SONIC (SHH), INDIAN (IHH), and DESERT
(DHH) (Hooper and Scott 2005). Dhh and Ihh are co-
expressed in the adult ovary where they stimulate prolifera-
tion and steroidogenesis of theca cells (Spicer et al. 2009). Dhh
is also required for maintenance of the male germ line and
spermatogenesis in mice (Bitgood et al. 1996; Clark et al.

2000). In mammals all three HH ligands signal by binding to
one of two homologous transmembrane receptors,
PATCHED homolog 1 and 2 (PTCH1 and 2). HH signaling is
modulated by HH-induced transcription of the HH antago-
nistic interacting protein (HHIP) that binds to HH ligands and
prevents their interaction with PTCH receptors (Chuang and
McMahon 1999).

R-spondin1 (RspoT), a member of a small family of secreted
growth factors, is a key female-determining factor. RSPO pro-
tein operates through the canonical WNT signaling pathway
(Tomizuka et al. 2008) to activate the [3-catenin pathway as
well as via upregulation of Follistatin (Fst) through WNT4
(Yao et al. 2004). It is well established that mammalian R-
SPO-1, WNT4, B-catenin, and FST are components of a single
pathway that promotes ovarian development and suppresses
the formation of testis cord (Chassot et al. 2008).

The winged helix/forkhead transcription factor FOXL2 is
mainly expressed in the somatic cells of the female gonad
(Crisponi et al. 2001). The major role of FoxI2 during gonadal
differentiation and maintenance has recently been shown via
the mutual antagonistic relationship of FoxI2 and Dmrt1.
FOXL2 suppresses expression of Dmrt1 and vice versa for
maintaining female or male gonadal fate, respectively
(Uhlenhaut et al. 2009; Matson et al. 2011). Additionally it
has been reported that FOXL2 and WNT4 (Yao 2005;
Ottolenghi et al. 2007; Garcia-Ortiz et al. 2009) cooperate in
regulating FST expression during ovarian development.
Interestingly in the ovary the expression profiles of FoxI2
highly correlate with that of Aromatase (Cyp19), suggesting
that FoxI2 is involved in the regulation of estrogen synthesis
via direct transcriptional upregulation of Aromatase
(Pannetier et al. 2006). On the other hand, several other fac-
tors (e.g, testosterone, TGF-B1, TNF-, and glucocorticoids)
have been shown to direct the expression of the aromatase
gene in Sertoli, Leydig and germ cells of rat testis (see
Bourguiba et al. 2003 for review).

Analyzing several fluorescent reporter lines established
from a bacterial artificial chromosome recombination (BAC
recombination) method resulting in optimal spatial resolu-
tion and high reliability of gene expression (Giraldo and
Montoliu 2001; Nakamura et al. 2008b; Suster et al. 2011),
we find major discrepancies between mammals and medaka,
notably amongst spatial and temporal expression patterns of
the canonical signaling pathways. Using in vivo whole tissues
chromatin immunoprecipitation and in vitro gene regulation
assays, we can reveal possible interactions between these
pathways that emphasize the importance of the cellular con-
text on modulating these regulations and call into question a
strict conservation of regulatory and functional interactions
of sexual development genes in vertebrates.

Results

Patched-2 Expression and Hedgehog

Pathway Regulation

To determine the role of the hedgehog signaling pathway in
gonadal development of medaka, we recorded the temporal
and spatial expression patterns of the key receptor, Ptch2.
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Although expressed quite early on during somatogenesis
(data not shown), patched-2 was surprisingly neither detected
throughout the early phase of gonadogenesis when the undif-
ferentiated gonad anlage grows up to hatching stage (fig. 1A)
nor further on up to the stage when the dimorphic gonad
develops 10 days after hatching (fig. 1B and C). The first
specific gonadal ptch-2 expression was detected in the
young ovary (fig. 1D—H). Here expression is restricted to the
somatic cells that express sox9b and surround the germline
stem cells of the germinal cradle within the ovarian cord
(Nakamura et al. 2010) (fig. 1G and H). Interestingly, r-spo-1
is also co-expressed with sox9b in these cells (figs. 1I-K and
2A-D compared with fig. 8A-F). In ovaries of fish of later
reproductive phase, when the cradle number has declined,
ptch-2 expression could be only noticed in the interstitium
(fig. 2E-G). Unexpectedly and in contrast to patched expres-
sion in mammals, ptch-2 expression was only detected at
background levels throughout stages of testis development
(data not shown). This inconspicuous role for the Hedgehog
signaling in gonad development and maintenance was also
apparent in real-time polymerase chain reaction (PCR) anal-
ysis. Although similarly expressed in different tissues, both
patched receptor transcripts (1 and 2) are only expressed at
background levels in adult gonads of both sexes (fig. 3A).

In vivo Dmrt1bY Binding to hhip Promoter Region

Given the pivotal role of Dmrt1 transcription factors during
medaka sex determination, patched-2 and the antagonistic
regulatory HH interacting protein (hhip) promoter regions
were scanned for putative Dmrt1bY and Dmrtla target
sites. Although no Dmrt1-binding sites could be identified
in the patched-2 promoter region (10 kb upstream scanned),
two sites were predicted with high fidelity in the hhip 5
region (fig. 4B). To assess the in vivo relevance of the predicted
Dmrt1 interaction, two stable transgenic lines expressing
either the full-length Dmrt1bY protein (Dmrt1:GFP) or a
truncated form lacking the DNA-binding domain
(ADmrt1:GFP), both fused to GFP, were utilized (Herpin
et al. 2010). These two lines were used for in vivo tissue
chromatin immunoprecipitation (in vivo tissue ChIP) on
testis tissue using GFP antibody for immunoprecipitation
(fig. 4A). For the predicted two proximal Dmrt1-binding
sites in the hhip promoter, a more than 2.3-fold enrichment
after immunoprecipitation validated Dmrt1 binding (fig. 4B).
Under the same conditions, no binding was detected in ovary
(data not shown). This indicates that, in vivo, Dmrt1bY and/
or Dmrt1a are potentially regulating the gonadal HH signaling
through direct transcriptional regulation of the antagonist
hedgehog interacting protein, hhip.

Dmrt1-Induced Hedgehog Pathway Regulation

Further functional characterization of Dmrt1-induced hhip
transcriptional regulation was performed by overexpression
of Dmrt1a or Dmrt1bY in spermatogonial (SG3) or fibroblast
(OLF) cell lines of medaka. In both cell lines, hhip transcription
was clearly induced (fig. 5A-D). Consistently, examination of
the hhip expression pattern disclosed high and specific
expression in testes (fig. 3A). Interestingly, at the receptor
level (patched 1 and 2), although no direct interaction with
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Dmrt1bY could be demonstrated, transcriptional down
regulation of patched-2 was observed after Dmrt1bY
overexpression in the spermatogonial cell line (fig. SE-H).
In line with the in vitro regulation data, patched-1/2 expres-
sion in gonads of both sexes was not above background
(fig. 3A). Due to the absence of the dmrt1bY gene in females,
and since a background level of dmrtla expression is de-
tected in ovary (Hornung et al. 2007), the high expression
of hhip and the suppression of ptch-2 must be exclusively
regulated by the autosomal dmrtla ortholog in the ovary
of medaka.

R-spondin 1 and Follistatin Expression and Wnt
Pathway Regulation

Although ubiquitously expressed at early stages of develop-
ment, neither medaka r-spo-1 nor fst expressions could be
detected in the presumptive gonadal mesoderm before the
PGCs reach the undifferentiated gonadal primordium at stage
30 (fig. 7A-G supplementary fig. S1, Supplementary Material
online). Subsequently, in the dorsal region of the hindgut, a
very furtive and time restricted pulse of r-spo-1 and fst ex-
pression appears in the male gonadal primordium between
stages 33 and 35 (fig. 7D—-F). Interestingly, this very brief pulse
of r-spo-Tand fst expression occurs shortly before the rise of
dmrt1bY expression at that stage (Kobayashi et al. 2004;
Hornung et al. 2007). At hatching stage when sex determina-
tion occurs, no r-spo-Tor fst expression could be detected in
the gonadal primordia of males and females (fig. 7G-I). This
lack of later gonadal expression is in line with similar findings
in zebrafish (Zhang et al. 2011), turtle (Smith et al. 2008),
chicken (Smith et al. 2008), and mice (Yao et al. 2004;
Parma et al. 2006). Further on, while the ovary develops in
juvenile females, r-spo-1 expression is restricted to few so-
matic cells surrounding germline stem cells of the germinal
cradle within the ovarian cord (fig. 8A—F). These somatic cells
of the germinal cradle are the same that also co-express sox9b
and patched-2 (fig. 2A-D compared with fig. 8A—F). Similar to
zebrafish (Zhang et al. 2011) and mouse (Smith et al. 2008),
expression of medaka r-spo-1 was also detected in granulosa
cells around young oocytes (fig. 8G—-L and table 1). Granulosa
expression is then progressively lost while the oocytes are
growing. In male gonads, only a low expression of r-spo-1 is
detected (fig. 3B-D). Medaka fst could not be detected in
the ovary at this stage. In contrast to germ cell expression of
r-spo-1 in chicken (Smith et al. 2008), zebrafish (Zhang et al.
2011) and mouse (Smith et al. 2008) ovaries or zebrafish testis
(Zhang et al. 2011) or fst in rat testis (Meinhardt et al. 1998),
neither r-spo-1 nor fst could be detected in gonadal germ cells
or spermatogonia in medaka (fig. 8 and table 1). In older
ovaries, r-spo-1 and fst are also expressed in the interstitium
as well as in the ovarian epithelium (fig. 8M, N, and Q-S5).
Of note, sparse clusters of fst expressing interstitial somatic
cells were detected in testes (fig. 80 and P).

In vivo Dmrt1bY Binding to the r-spo-1 and dkk1 Promoter
Regions and Regulation of the r-spo-1 Pathway

We next analyzed the capacity of Dmrt1 to transcriptionally
regulate positive (r-spo-1 and fst) and negative (dkkT)
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Fic. 1. Spatial and temporal expression patterns of patched-2 during medaka early gonad formation and in adult gonads. A patched-2 BAC reporter
transgenic medaka line expressing GFP was established to follow patched-2 expression dynamics in vivo during gonad formation. Although expressed
early on during somatogenesis (A), patched-2 expression was never detected during the early phase of gonadogenesis at hatching stage (B and C). In the
young ovary, patched-2 expression is restricted to somatic cells of the ovarian cord (D-H) where it is co-expressed together with sox9b (I-K).
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Fic. 2. Specific patched-2 expression in the germinal cradle of the ovary. Patched-2 expression is specifically restricted to the somatic cells that express
sox9b and surround the germ line stem cells of the germinal cradle within the ovarian cord but is absent in the germ line stem cells (A-D). In ovaries of
fish of later reproductive phase, patched-2 expression is only apparent in the interstitium (E-G).
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Fic. 3. Real-time PCR expression patterns of Hedgehog and Wnt pathway components and in vivo reporter expression of R-spondin1 in medaka adult
testis. Expression patterns of different components of the Hedgehog (A) and Wnt (B) pathways in organs of adult male and female medaka determined
from pooled (3—4 animals) total RNA extracts. In adult testes, background levels of R-spondin1 expression are detected either by real-time PCR (B) or
BAC reporter fluorescence (C and D) methods.
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Fic. 4. In vivo tissue chromatin immunoprecipitation (in vivo tissue-ChIP) analysis of Dmrt1bY targets. Chromatin immunoprecipitation using
both Dmrt1bY:GFP and deltaDmrt1bY transgenic lines respectively expressing either Dmrt1bY or as control a truncated Dmrt1bY (delta DM
form lacking the DNA-binding domain) fused to GFP revealed in vivo specific Dmrt1bY protein affinities to target sites nested within hedgehog inter-
acting protein 1 (hhip1), r-spondin-1, and dkk-1 respective promoter regions. (A) Transgenic lines established for in vivo tissue-ChIP. (B-D) Specific
enrichment of hhip-1 (B), r-spondin-1 (C), and dkk-1 (D) promoter-nested Dmrt1 binding sites subsequent to Dmrt1bY immunoprecipitation.

effectors of the Wnt/Rspo1/Fst pathway. Hence, the ability
of Dmrt1 to directly bind in vivo to the fst, r-spo-1, and
dkk1 promoters was investigated. Out of several putative
Dmrt1-binding sites within the r-spo-1 and dkk1 promoter
regions, in vivo ChIP revealed direct Dmrt1bY interaction
with both promoters (fig. 4C and D). Of note, robust binding
of Dmrt1bY to dkk1 promoter region was seen in testes,
but similar interactions did not occur in ovaries (fig. 4D).
Although not highly significant, an analogous trend is ob-
served for Dmrt1bY binding to r-spo-1 promoter (fig. 4C).
Furthermore cell transfection experiments overexpressing
either Dmrtla or Dmrt1bY showed a Dmrt1bY-specific
slight transcriptional upregulation of dkk1 (fig. 6A-D).
Interestingly, although fst does not seem to be under
Dmrt1bY regulation (fig. 6/ and L), Dmrt1a does upregulate
fst transcription (fig. 6/ and K). Astonishingly and in con-
trast to our in vivo expression data, Dmrt1-induced transcrip-
tional upregulation was observed for r-spondin-1 (fig. 6E-H).
Real-time PCR quantification nevertheless revealed r-spo-
1and fst to be only expressed at background levels in
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gonads (fig. 3B), surprisingly also including adult testis
(fg. 3C and D).

FoxI2 Expression in the Adult Gonad

To investigate the role of FoxI2 in ovarian differentiation, we
analyzed Foxl2 protein distribution in the medaka ovary
(figs. 9 and 10). During the transition process of germ line
stem cells to oocytes within the germinal cradle, medaka
FoxI2 expression starts within the germ line stem cells and
continues during meiosis until early oogenesis (fig. 9A-L).
On the contrary, no FoxI2 protein could be detected in the
interwoven threadlike ovarian cords of sox9b-expressing
cells where the supporting follicular cells reside (fig. 9A-L).
During the following steps of oogenesis, the accompanying
cells of the supporting layer progressively loose sox9b expres-
sion while FoxI2 expression rises (fig. 9A-L). Consistent
with mRNA localization (Nakamoto et al. 2006), FoxI2 protein
in the medaka ovary was localized within the follicular
cells of the previtellogenic and vitellogenic follicles and
then gradually lost while maturation proceeds (fig. 10A).
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Fic. 5. Hedgehog pathway transcriptional regulation after Dmrt1a/Dmrt1bY overexpression in different cell lines. hhip (A-D), patched-1 (E and F), and
patched-2 (G and H) expression were monitored in different cell lines (SG3 and OLF) after Dmrt1a or Dmrt1bY overexpression. Hhip transcription is
mainly upregulated by both Dmrt1s (A-D). Patched-2 transcription is only clearly downregulated by Dmrt1bY (G and H) and patched-1 expression

levels remain unaffected (E and F).

Particularly, FoxI2 is present in the nuclei of all granulosa
cells (fig. 10B-D). Interestingly, while FoxI2 has been re-
ported to be a strong inducer of the steroidogenic activity
of granulosa cells via upregulation of the aromatase gene
(the ovarian-type Cyp19a1) (Hudson et al. 2005; Wang et al.
2007; Guiguen et al. 2010), unexpectedly, and in contrast
to mammals, a minority of theca cells do also express
FoxI2 in medaka (fig. T0E-G). Our results reveal two subpop-
ulations of cyp19ail-positive theca cells, which are either
Foxl2 positive or do not express the transcription factor
(fig. TOH-K).

Discussion

Comparative studies on sex determination cascades of differ-
ent organisms revealed that the genetic control of male
or female gonad development displays between different
groups of organisms a remarkable diversity of “master sex-
determining genes” at the top of the genetic hierarchies,
whereas downstream components surprisingly were found
more widespread and are evolutionarily more conserved.
Without much further studies, these observations led to
the reasoning that conservation of sequence equalizes to
conservation of function. While vertebrates have at least
a common set of transcriptional regulators, including
DMRT1 and FOXL2, as well as some signaling molecules
and pathways such as the Hedgehog and R-spo-1/Wnt4
pathways, their molecular interplay and epistatic

relationships are nevertheless far from being understood.
The purpose of our work was to examine this molecular in-
terplay in fish.

Absence of R-spo-1, fst, and ptch-2 in Medaka
Germ Cells

In the mouse it was proposed that activation of the R-spo-1/
Wnt/Fst signaling pathway in both somatic and germ cells,
besides triggering meiosis in fetal germ cells, is required for
ovarian differentiation and maintenance of ovarian cell iden-
tity (Chassot et al. 2008). Indeed inherent to their inductive
epigenetic mode of specification, the germline sex is likely to
be determined early on by Sry acting in the somatic cells
(MclLaren and Southee 1997; Sekido and Lovell-Badge 2008;
Bowles et al. 2010) in a noncell-autonomous manner (see
De Felici 2009 for review). Sry controls whether bipotential
precursor cells differentiate into testicular Sertoli cells or
ovarian granulosa cells (Koopman et al. 1991). This pivotal
decision in a single gonadal cell type ultimately controls sexual
differentiation throughout the body. Sex determination can
be viewed as a battle for primacy in the fetal gonad between
a male regulatory gene network in which Sry activates Sox9
and a female network involving WNT/B-catenin signaling
(Uhlenhaut et al. 2009; Herpin and Schartl 2011; Matson
et al. 2011).
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Fic. 6. Canonical Wnt pathway (dkk-1, r-spondin-1, and fst) transcriptional regulation after Dmrt1a/Dmrt1bY overexpression in different cell lines. dkk-1
(A-D), r-spondin-1 (E-H), and fst (I-L) expression was monitored in different cell lines (SG3 and OLF) following Dmrt1a or Dmrt1bY overexpression.
Transcription of dkk-1 and r-spondin-1 is upregulated by both Dmrt1s (A-H). Differential regulation of fst is observed. While no regulation was observed
after Dmrt1bY overexpression, fst transcription is clearly upregulated in both cell lines overexpressing Dmrt1a (I-L).

In contrast, the sexual plasticity of medaka germ cells
seems to be retained much longer than in mammals as illus-
trated by XX/XY transplantation chimeras. Although XY
somatic cells differentiate into male cells according to their
sex chromosome composition, in this environment XX
germ cells differentiate into male cells regardless of their sex
chromosome composition (Shinomiya et al. 2002). Hence,
while unlike their mammalian counterparts none of the dif-
ferent medaka marker genes analyzed (r-spo-1, fst or ptch-2)
were detected in germ cells at any time of gonadal develop-
ment, this major inconsistency between mammals and
fish certainly reflects intrinsically divergent modes of germ
cell commitment and interaction between germ and somatic
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cells possibly accounting for a higher sexual plasticity of
germ cells in fish.

Expression of the RspoT/Fst and Hedgehog Pathways
Role of the Rspol/Wnt/Fst Pathway during Gonad
Development and Maintenance

In line with observations made in zebrafish (Zhang et al.
2011), turtle (Smith et al. 2008), chicken (Smith et al. 2008),
and mice (Yao et al. 2004; Parma et al. 2006), the absence in
medaka of r-spo-1 and fst dimorphic expression during sex
determination stages does not support a role during gonad
induction. Of particular interest and unlike in mammals,
the lack of medaka ptch-2 expression during the same
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Fic. 7. R-spondin-1 and follistatin spatial and temporal expression patterns during medaka gonad primordium formation. Two BAC reporter fish
transgenic lines expressing either GFP or mCherry were established to follow r-spo-1 and fst expression dynamics during gonad formation in vivo.
Neither r-spo-1 nor fst expression was detected in the presumptive gonadal mesoderm at early stages of development (A-C). Between stages 33 and 35
in the dorsal region of the hindgut r-spo-1 and fst are co-expressed (D-F). At hatching stage, although ubiquitously expressed, neither r-spo-1 nor fst

were detected in the gonadal primordium (G-I).

period additionally rules out any involvement of the
Hedgehog pathway for gonad induction. Further on, while
the ovary develops in the juvenile female, the strict co-expres-
sion of r-spo-1 and ptch-2, together with sox9b in the somatic
cells of the germinal cradles, likely indicates a role in differen-
tiating and specifying the somatic supporting lineage of the
ovary. Of note the early decoupling of r-spo-1 and fst expres-
sion patterns, although expected to be involved in the same
signaling pathway in mammals (Yao et al. 2004), de facto
invalidates such an interplay in the medaka ovarian cradle.
Our results support the view that r-spo-1 has a globally
conserved female-specific expression profile in vertebrate
gonads despite some slight but intriguing divergences. In all
analyzed vertebrate species it is apparent that r-spo-1 expres-
sion goes along with the process of somatic cell organization
within the young ovary (table 1). In mouse, chicken, and
medaka, r-spo-1 expression at that time, predominantly or

exclusively in the somatic cells, suggests its implication in a
conserved pathway leading to folliculogenesis. On the other
hand, the absence of medaka r-spo-1 expression in gonad
embedded germ cells, unlike in zebrafish, mice, chicken,
and turtle, reveals that a role for germ cell development
might not be accordingly conserved in the adult gonad
of medaka.

In mammals, R-spo-1 engages the effector pathway of Wnt
signaling and B-catenin and thereby activates Fst expression
(Carmon et al. 2011). Hence, also medaka fst spatial and
temporal expression pattern was expected to overlap with
r-spo-1. While medaka r-spo-1 and fst indeed display similar
expression in adult tissues (fig. 3B), medaka fst was, however,
absent during the early and late stages of ovarian induction
and development. Fst expression was perceptible only in
the interstitium and epithelium of old ovaries together with
r-spo-1 (fig. 8M, N, and Q-S). Unexpectedly, fst was also
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Fic. 8. R-spondin-1 and follistatin expression in the adults gonads. In the ovary of juvenile females, r-spondin expression is restricted to somatic
cells surrounding the germ line stem cells of the germinal cradle within the ovarian cord (A-F). Co-expression with sox9b (A to F) and patched-2 (see
fig. 2A-D) is observed. R-spondin-1 expression in granulosa cells is also detected around young oocytes (G-L). In the ovary, follistatin expression was only
detected in the interstitium (M and N) and in the ovarian epithelium together with r-spondin-1 (Q-S). Sparse clusters of follistatin expressing interstitial
somatic cells are also detected in adult testes (O and P).
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Table 1. Comparative Analysis of Gonadal Expression of R-spondin1, Follistatin, Patched2, and FoxI2 in Vertebrates.

Genes Gonadal Expression Patterns (Adult Ovaries/Testes)
Medaka Mouse Other Vertebrates

O (A) Somatic cells surrounding the (E) Predominantly in the somatic cells  Chicken: (E) outer cortical zone of the
germ cells and germline stem cells of the developing ovary (Smith developing ovary and germ cells during
of the ovarian cord. Granulosa cells et al. 2008). (E) Germ cells (during meiosis (Smith et al. 2008). Danio:
of the young oocytes. (E) Not meiosis at low levels) (Smith et al. (A) granulosa and theca cells.
expressed during early gonadal 2008). Premature germ cells, oogonia, primary

R-spondin 1 development. oocytes (Zhang et al. 2011).
T N.D. N.D. (Smith et al. 2008). Chicken: (E) not detected (Smith et al.
2008). Danio: (A) Leydig cells,
spermatogonia, and spermatocytes
(Zhang et al. 2011).
O (A) Ovarian eptithelium and intersti- (E) Somatic cells of the embryonic Sheep: (A) granulosa cells of the growing
tium of old ovaries. ovary (Menke and Page 2002; Yao follicles Il and Il (Tisdall et al. 1994).
et al. 2004), (A) co-localization with
Foxl2 (Kashimada et al. 2011).
Follistatin
N.D. (E) Not detected in embryonic testes Rat: (A) Sertoli and endothelial cells,

(Menke and Page 2002). germ cells, spermatogonia,
spermatocytes, and round spermatids
(Meinhardt et al. 1998).

O (E) Not expressed during early gonadal (A) Highly expressed (testis-specific Tammar wallaby: (E) expressed through-
development. (A) Somatic cells sur- splice variants) (Szczepny et al. out the development of the embryonic
rounding the germ cells and germ- 2006). ovary. (A) Abundant in granulosa,
line stem cells of the ovarian cord cumulus, and theca cells of the adult
(co-expression with r-spondint). ovary. Very weak in germ cells (O’Hara

Patched 2 Additional expression. in the intersti- et al. 2011).
tium of the old ovaries.
T N.D. (A) Lowly expressed (Spicer et al. Tammar: (E) Leydig cells in the
2009). interstitium of the developing testes.
(A) Restricted to Sertoli cells of the
adult testes (O’Hara et al. 2011).

O (A) Ovarian germline stem cells, initial (E) From 12.5 dpc in mesenchymal Chicken: (A) medullar part of the ovary,
stage of post meiotic oocytes. pre-granulosa cells and (A) later in maturing and ovulated oocytes.
Sub-population of theca and granulosa cells (Schmidt et al. Granulosa cells, weak in theca cells

FoxL 2 granulosa cells together with 2004). (A) Small and medium size layer (Govoroun et al. 2004).
aromatase (Cyp19a1) expression. follicles (Pisarska et al. 2004).
T ND. N.D.

Note.—(E) embryonic expression; (A) adult expression.

detected in testes (fig. 80 and P). This expression pattern
indicates that in medaka and unlike in mammals, Fst is prob-
ably neither acting throughout early female gonad patterning
nor during maintenance of cell identity in the adult ovary.
Instead medaka fst expression appears to be more a marker of
the aging ovary, probably acting during follicular atresia. Of
interest, while exclusive ovarian expression is generally de-
scribed for R-spo-1 and Fst in vertebrates, such strict female
dimorphism was not observed for r-spo-1 and fst in zebrafish,
rat, and medaka (table 1 and fig. 3).

Role of the Hedgehog Pathway during Gonad Development
and Maintenance

The gonadal expression pattern of two components of the
Hedgehog pathway in medaka is peculiar and different from
what has so far been reported for other vertebrates including
mammals (table 1). Unlike in mammals it appears that
medaka gonadal HH signaling through the patched-2 receptor

is not involved in inducing and specifying the gonad primor-
dia. It would rather act late exclusively in the process of so-
matic cell differentiation in the ovarian cradle. In strict
contrast to its mammalian counterparts, the quasi-absence
of medaka patched-2 expression during testis formation in
larvae and for testis cell identity maintenance in the adult
rules out any functions during these processes (table 1).
Certainly, the low testicular expression of patched-2 together
with Dmrt1a/1bY-induced transcriptional upregulation of
the HH antagonist hhip indicates a general function of
Dmrt1 in actively downregulating the Hedgehog pathway in
medaka testes. Taken together, we can conclude that al-
though apparently downregulated at the transcriptional
level, a background expression of patched-2 remains. This
phenomenon is known as illegitimate transcription (Chelly
et al. 1989; McLeod and Cooke 1989). We speculate that the
high expression of the hhip hedgehog pathway antagonist in
gonads (about 5 to 10 times higher than patched1/2
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Fic. 9. FoxI2 protein localization in the ovarian cradle. During development from germ line stem cells to oocytes within the germinal cradle, foxI2
localization is first detected in the germ line stem cells and remains during meiosis until early oogenesis (A-L). Concomitantly, the accompanying
somatic cells of the supporting layer progressively loose sox9b expression while foxI2 expression rises (A-L).

expression [fig. 3]) likely prevents any hedgehog activation
resulting from leaky background expression of patched recep-
tors. Interestingly, several putative Sox9 binding sites are pre-
sent in the patched-2 promoter region and might explain the
strict sox9b/patched-2 co-expression observed in the support-
ing cells of the ovarian cradle.
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A Newly Identified Subpopulation of Theca Cells
Expressing Aromatase but Not FoxI2

Examination of FoxI2 protein distribution in the medaka
ovary allowed us to define a new subpopulation of theca
cells expressing Fox|2. Also expressing cyp19al (aromatase)
these cells are then suspected of having a steroidogenic
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Fic. 10. Protein expression and localization of foxI2 in the ovary. foxI2 immunostaining is present in the nuclei of the follicular cells of the previtellogenic
and vitellogenic follicles (A). In vitellogenic follicles, foxI2 protein is detected in all granulosa cells (B-D). Nuclear localization of foxI2 in few theca cells
(E-G). foxI2 expression occurs only in a sub-population of theca cells (arrow heads vs. asterisk in E-G) as shown by comparison with the thecal layer

marker aromatase cyp19a1 (H-K).

activity. In contrast to mammals where ovarian-type aroma-
tase is only produced by granulosa cells, the biological signif-
icance of such cells expressing cyp19a1 and FoxI2 within
the thecal layer remains unclear. Of note, in ovaries of
¢yp19a1/p450c17l double transgenic medaka reporter lines,
two subpopulations of theca cells were previously identified,
being either cyp19a1 or p450c17l positive in a mutually
exclusive manner (Nakamura et al. 2009). The cyp19a1
expressing subpopulation of theca cells was already consid-
ered as the precursors of the theca lineage (Nakamura et al.
2009).

The strict co-expression of FoxI2 and Aromatase (Cyp19) in
the mammalian ovary led to the further demonstration that
FoxI2 is involved in the regulation of estrogen synthesis via
direct transcriptional upregulation of ovarian-type Aromatase
(see Pannetier et al. 2006 for review). Surprisingly in medaka
we found, within the thecal layer, aromatase-only positive
theca cells that remained FoxI2-negative. In that perspective
it is interesting to note that birds also have multiple

populations of theca cells some of which are also steroido-
genic (Nitta et al. 1991). In contrast to the main consensus,
the discordance of spatial expression patterns of FoxI2 and
ovarian-type aromatase (cyp19al) calls into question an
exclusive transcriptional regulation of cyp19al by FoxI2 in
the ovary of medaka (fig. 11). Although we cannot exclude
that aromatase-only positive cells have not been previously
also positives for FoxI2, implying the requirement of FoxI2
for the induction of the aromatase expression, our results
indicate that foxI2 is nevertheless not required for the main-
tenance of the aromatase expression.

Variable Molecular Interplay among the Repertoire of
Gonadal Markers during Medaka Gonad Formation
and Maintenance

We could show a direct regulation of the Hedgehog
and R-spo-1 pathways by Dmrt1bY (fig. 12). It is thus
becoming apparent that despite its tangible requirement
for mammalian testis formation and later on in regulating

2341

€10Z ‘81 JoqUIOAON U0 FINQZINAA JBISIOATUN I /310" s|euInolpIioyxo-aqui//:dny woiy papeojumod]


-
)
-
-
http://mbe.oxfordjournals.org/
http://mbe.oxfordjournals.org/

Herpin et al. - doi:10.1093/molbev/mst130

MBE

Mus musculus

Granulosa cells are the only cell type with
steroidogenic activity,
expressing FoxI2 and aromatase

FoxI2 and aromatase

£ o)

FoxI2

- = |
- |
g g
t’
:;) Androgen % Androgen (')
S S
:Z> Aromatase 2 Aromatase
: J < I
5 Estrogen % Estrogen

All medaka granulosa cells express

FoxI2

Oryzias latipes

3 types of theca cells in medaka

Aromatase™
P450¢17-1®
FoxI2®
Androgen /
Estrogen
P450¢17-1¢
Aromatase®
FoxI2©

Aromatase®

FoxI2©
P450¢17-1©

Fic. 11. Schematic representation of granulosa and theca cell populations in mouse and medaka. In mammals, granulosa cells are the only cell type with
steroidogenic activity, expressing both foxI2 and aromatase. Aromatase expression is directly induced by fox/2. In medaka, like in mammals, granulosa
cells express both FoxI2 and aromatase. Examination of FoxI2 protein distribution in the medaka ovary revealed a new subpopulation of theca cells

expressing FoxI2.

Leydig and myoid cell function (Clark et al. 2000; Pierucci-
Alves et al. 2001; Canto et al. 2004), the Hedgehog pathway
might not only be dispensable during medaka male gonado-
genesis and maintenance but even needs to be suppressed as
itis actively repressed by Dmrt1 genes. This would also explain
the specific lack of ptch-2 expression in medaka testes shown
to be indirectly downregulated by Dmrt1bY (see fig. 12 for
summary). In contrast the female-specificc Dmrt1a-triggerd
upregulation of follistatin transcription might nevertheless
point out the importance of the R-spo-1 pathway during
female gonad differentiation although the upstream compo-
nents of this same pathway are tightly regulated by the Dmrt1
co-orthologs (fig. 12).

Importantly, showing that under certain conditions Dmrt1
paralogs are able to strongly upregulate the female-specific
r-spondin-1 gene expression, we could also demonstrate that
Dmrt1bY/Dmrt1a-triggered regulations are highly dependent
of the cellular context and might suggest requirement of
co-factors (fig. 12). These findings are reminiscent of obser-
vations showing Stra8 transcription to be directly repressed
by DMRT1 in mouse testes while activated in the fetal ovary
(Krentz et al. 2011).

Interestingly, the canonical Wnt/ -catenin (R-spo-1 and
Fst) pathway strongly antagonizes FGF9, a robust component
of the male sex-determining cascade in mammals (Kim et al.
2006; Matson et al. 2011). However, FGF9 is absent in the fish
lineage and no indication of a redundant action of related
FGF has been obtained, questioning the importance of FGF
signaling in fish sex determination (Forconi et al. 2013). Into
that direction the importance of the FGF9 signaling in verte-
brates is actually also challenged by the finding that in chicken
embryos Fgf9 does not show any sexually dimorphic
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expression pattern during gonadal differentiation (Cutting
et al. 2013). Similarly, although phylogenetically preserved,
the Sox9 gene, a direct target of Sry in mammals, has been
shown to be functionally dispensable for medaka testis de-
termination (Nakamura et al. 20083, 2012). In this context our
data might reflect a profound reorganization of that part of
the fish gonadal regulatory network compared with mam-
mals. While some components such ase DMRT1, SOX9,
FOXL2 and pathways such as Hedgehog or R-spo1/Wnt/Fst
of the gonadal gene regulatory network are conserved on the
DNA sequence level across phyla, their functions, regulation,
and interplays might be considerably different.

Materials and Methods

BAC Recombination

Bacterial artificial chromosome clones encompassing medaka
patched-2 (ola1-199K19), follistatin (ola1-124N21), or r-spon-
din-1 (ola1-158A23) genomic regions were obtained from
NRBP Medaka (http://www.shigen.nigacjp/medaka/, last
accessed August 12, 2013). A BAC transgenic method using
homologous recombination was employed to generate the
reporter constructs as previously described (Nakamura et al.
2008b; Herpin et al. 2010). The following primers were used to
amplify eGFP/mCherry fragments for homologous recombi-
nation into the different BAC clones: BAC-Ptchd2-GFP-Fw: G
CTGAACTCGCACCGATTCTGCGTCGCCTCCTGTTACCCGT

CTTTGGACTATGGATATCATTTCTGTCGCCTTAAAG, BAC-
Ptchd2-GFP-Rv: CGCAAGCGGCTGGGAGCGCGTATAACTC
GGGGGTAAATCTCCAAAGACGCCAGAACAAACGACCCAA
CACCGTGCG; BAC-Fst-Cherry-Fw: CTTTTGCGCTGCTTGTG
TCAAATACGTGGCTCACTTTGCCTCTCCATCATGCTTGGG

CCACCGGTCGCCACCATGGT, BAC-Fst-Cherry-Rv: CTTACC
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Fic. 12. The Dmrt1bY/Dmrt1a gene regulatory networks during gonadal formation in medaka. Interaction scheme of the possible Dmrt1bY/Dmrt1a-
triggered regulations of the Hedgehog and Wnt4 pathways during gonadal formation in medaka. Solid red arrows indicate for both Dmrt1bY and
Dmrtla positive regulation while dashed lines indicate sex-specific regulations. The green dashed line indicates a Dmrt1a, female-specific, indirect
positive regulation favoring the expression of follistatin, while the blue dashed line reports a Dmrt1bY, male-specific, indirect repression of patched-2
transcription. For the Dmrt1bY/Dmrtla-triggered transcriptional regulation of R-spondini, depending on the cellular contexts, the involvement of a

sex-specific co-factor is proposed.

TTGAACCTTCTGATGTTCCATGAGGTGACAAAGCCACATG
AAGAAGAGAGTCGACCAGTTGGTGATTTTG, BAC-Rspo1-
GFP-Fw: GATCCATCTGGTTGCAGGGGGGGACCTTGCACA
GCCTGGAAGGCAGCAGGGACTCCACCGGTCGCCACCATG
GTG, BAC-Rspo1-GFP-Rv: CTTCTCGCCTTGGAGAGTTTGAC
AACATCCCTGTGACCCATGGAGCTGAGAATGAGTCGACC
AGTTGGTATTTTG. After homologous recombination, the
generated fragments were inserted into the BAC clones in
frame downstream of the translation initiation site of the
targeted genes.

Generation of BAC Transgenic Medaka Lines and
Imaging Analyses

The Carbio (WLC# 2674) strain of medaka (Oryzias latipes)
was used for establishment of the transgenic lines.
Microinjection of DNA was performed as described previ-
ously (Herpin et al. 2009) using BAC clone DNA at a concen-
tration of 50-100 ng/mL. Adult GO fish were then screened
for fluorescence, and positive individuals were raised to adult-
hood. Siblings from positive GO fish were mated to each other
and the offspring were again sorted for fluorescence. Sox9b

and ¢yp19a1 (aromatase) transgenic lines were described ear-
lier (Nakamura et al. 2008a, 2009). For imaging embryos,
hatchlings or tissues were mounted with 1.2% low melting
temperature agarose. Confocal pictures and image stacks
were acquired using a Nikon C1 (eclipse Ti) confocal laser
scanning microscope and the NIS elements AR software.

Immunochemistry

Ovaries or testes from juvenile and adult fish were fixed with
4% paraformaldehyde/balanced salt solution (111 mM NaCl,
537 mM KCl, T mM CaCl,-H,0, 0.6 mM MgSO,-7H,0, 5 mM
Hepes, pH 7.3) for 30 min on ice. After fixation samples were
washed three times for 10 min with MABT buffer (100 mM
maleic acid, 150 mM NaCl, pH 7.5, 0.1% Triton X-100) and
subsequently twice for 30 min with MABDT buffer (MABT
buffer complemented with 1% BSA and 1% DMSO). After
blocking in MABDT-blocking buffer (MABDT buffer supple-
mented with 2% lamb or sheep serum), the tissues were in-
cubated in MABDT-blocking buffer together with the primary
antibody (1:150 dilution) overnight at 4°C. Samples were
then washed three times 5min in MABDT buffer and
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washed again four times for 30 min in MABDT-blocking
buffer on ice. Thereafter samples were incubated overnight
at 4°C with the secondary antibody diluted at 1:600 in
MABDT-blocking buffer. Finally the tissues were washed in
PBS, stained with Hoechst solution for 3 h at 4 °C, mounted,
and imaged with a confocal microscope (Nikon C1 confocal
microscope).

In vivo Chromatin Immunoprecipitation

For in vivo chromatin immunoprecipitation, the EpiQuik
Tissue Chromatin Immunoprecipitation kit (Epigentek) was
used according to the manufacturer’s instructions, using
20 mg of testis tissue samples either from dmrt1bY:GFP or
deltadmrt1bY:GFP transgenic fish (Hornung et al. 2007
Herpin et al. 2010) (20 testes for each) and GFP antibody
(3 1g Upstate) for immunoprecipitation. After tissue disag-
gregation and cell re-suspension, DNA was sheared by soni-
cation (9 pulses of 10s with an amplitude of 10%). After
immunoprecipitation ([DKK1-(1/2) Fw01]: 5-GATAACTCC
GGCTGGGACGTTGAC-3'/[DKK—(1/2) Rv01]: 5'-ACAACAC
TGAAGTGCTACAGAAGTC-3; [DKK1-(3) Fw02]): 5'-AGTAT
CAAGTGCTCAAGACGATCC-3'/[DKK1-(3) Rv02]: 5'-TACGA
GCTGACATGTTCACATCTGCC-3'; [DKK1-(4/5) Fw03]: 5'-GC
TGCAAGACAGGAAGAC-3'/[DKK1-(4/5) Rv03]: 5'-GTTAAT
AGTCATGCTCAGTCTG-3; [R-spo1-(1) Fw01]: 5'-CATCGGA
TTTAACAGTTATGATTGC-3'/[R-spo1-(1) Rv01]: 5'-CGATAG
TGATTGGTCAGTTA-3'; [R-spo1-(2/3) Fw02]: 5'-CATCGTGC
CAACTTACAGCCAATC-3'/[R-spo1-(2/3) Rv02]: 5'-CTACCA
AGACACGCTAGAAGCTCG; [R-spol-(4) Fw03]: 5-AAGTTG
CTCAACACTTGTACAC-3'/[R-spo1-(4) Rv03]: 5'-AAGCAGA
GACAATAGAATGCATC-3; [R-spo1-(5) Fw04]: 5'-ATAAAC
ATGTACAACAGTCATCTG-3'/[R-spo1-(5) Rv04]: 5-TTCCA
CTCTCGGCAAGAAATCAG-3'; [HHIP-FwO01]: 5'-TAGAGTAC
GTCCGTCTACTG-3/[HHIP-RvO1]:  5'-TGACAACAAAGTCG
CAA-3") primer sets were used for enrichment quantification
by real-time PCR.

Bioinformatic Analyses

Binding sites for Dmrt1bY were identified using the matrix
provided by (Murphy et al. 2007) together with the
Regulatory Sequence Analysis Tools portal; RSat (http://rsat.
ulb.acbe/rsat/, last accessed August 12, 2013).

In Vitro Expression Regulation Analyses and
Real-Time PCR

Medaka spermatogonial (SG3) and fibroblast-like (OLF)
cell lines were cultured as described (Etoh 1988; Hong et al.
2004). For transfection cells were grown to 80% confluency
in 6-well plates and transfected with 5 g expression vector
using FuGene (Roche) reagent as described by the
manufacturer.

Total RNA was extracted from fish tissues or transfected
cells using the TRIZOL reagent (Invitrogen) according to the
supplier's recommendation. After DNase treatment, reverse
transcription was done with 2 g total RNA using RevertAid
First Strand Synthesis kit (Fermentas) and random primers.
Real-time quantitative PCR was carried out with SYBR Green
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reagents and amplifications were detected with an i-Cycler
(Biorad). All results are averages of at least two independent
reverse transcription reactions. Error bars represent the stan-
dard deviation of the mean. Relative expression levels (accord-
ing to the equation 2-DeltaCT) were calculated after
correction of expression of elongation factor 1 alpha
(ef1alpha) and brain expression was set to 1 as a reference.

Supplementary Material

Supplementary figure S1 is available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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Plasticity of gene-regulatory networks controlling
sex determination: of masters, slaves, usual
suspects, newcomers, and usurpators

Amaury Herpin®? & Manfred Schartl*3”

Abstract

Sexual dimorphism is one of the most pervasive and diverse
features of animal morphology, physiology, and behavior. Despite
the generality of the phenomenon itself, the mechanisms control-
ling how sex is determined differ considerably among various
organismic groups, have evolved repeatedly and independently,
and the underlying molecular pathways can change quickly during
evolution. Even within closely related groups of organisms for
which the development of gonads on the morphological, histologi-
cal, and cell biological level is undistinguishable, the molecular
control and the regulation of the factors involved in sex determi-
nation and gonad differentiation can be substantially different.
The biological meaning of the high molecular plasticity of an
otherwise common developmental program is unknown. While
comparative studies suggest that the downstream effectors of sex-
determining pathways tend to be more stable than the triggering
mechanisms at the top, it is still unclear how conserved the down-
stream networks are and how all components work together. After
many years of stasis, when the molecular basis of sex determina-
tion was amenable only in the few classical model organisms (fly,
worm, mouse), recently, sex-determining genes from several
animal species have been identified and new studies have eluci-
dated some novel regulatory interactions and biological functions
of the downstream network, particularly in vertebrates. These data
have considerably changed our classical perception of a simple
linear developmental cascade that makes the decision for the
embryo to develop as male or female, and how it evolves.
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Introduction

Developmental cascades are generally headed by evolutionary
conserved master regulators that determine the developmental fate
of a cell lineage toward distinct tissues or organs during embryogen-
esis. In contrast, determination of the development of the reproduc-
tive organs does not follow this rule. Studies over the last decades
have revealed that the gene-regulatory cascades triggering sexual
differentiation from worms and flies to mammals are composed of
substantially different factors. In particular, a remarkable diversity
of master sex-determining genes that govern the genetic hierarchies
has become apparent. On the other hand, the downstream compo-
nents seemed to be evolutionarily more conserved and appear to
converge on the regulation of a few central common effectors. A
well-known example illustrating this paradigm is the master sex-
determining gene of mammals, the SRY gene. A corresponding
homolog has not been detected outside of therian mammals (Marsu-
pials and Placentalia). Conversely, those genes that act downstream
of SRY as transcription factors (SOX9, DMRTI) or signaling path-
ways (TGF-B/Amh, Wnt4/B-catenin, Hedgehog), and genes
involved in SRY regulation (SFI, WTI) have homologs with a
known or presumed role in gonadogenesis or gonadal differentiation
in many vertebrate species, and some even in non-vertebrate
deuterostomes and protostomes. These findings suggested that a
central paradigm of sex determination is that “masters change,
slaves remain”.

This appealing global rule was quickly commonly accepted, in
particular as the diversity at the top was confirmed experimentally
[1-3]. Remarkably, some master sex-determining genes were recur-
rently identified and became the “usual suspects” for future studies
in the search for master regulators (Table 1). All of these are genes,
or duplicates and paralogs of genes, which were previously known
to act in the regulatory network of gonad development. Much
progress has also been made in understanding some of the regula-
tory interactions of the networks or cascades governed by the long
known master sex-determining genes as well as, although to a lower
extent, for the newly detected ones. We review here the current
knowledge about the different molecules that have been demonstrated
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Glossary

Amh

Anti-Millerian hormone

Autosome

On contrary to a sex chromosome, autosomal chromosomes
are chromosomes that are not involved in primary sex
determination

Csd

Complementary sex determiner

CTD

C-terminal domain

DKK1

Dickkopf-related protein 1

Dmd3

Doublesex and Mab-3 domain family member 3
DMRT1 or 3

Doublesex and Mab-3 related transcription factor 1 or 3

Dosage sensitive gene

Gene where the amount of gene product that determines the
phenotype is dependent on the number of copies. Two copies are
usually sufficient to establish the phenotype, while one is not
(haploinsuffiency). For example, in birds two copies of the Dmrt1 gene
trigger male gonadal development, while one copy is not sufficient to
make a male and then leads to female development

Dsx

Doublesex

Environmental sex determination (ESD)

When the sex of an individual is driven by different external factors
including temperature, pH, social interactions (dominance, stress. . .)
Esrl

Estrogen receptor 1 is the human estrogen receptor alpha

Fem

Feminizer

FGF9

Fibroblast growth factor 9

FoxI2

Forkhead box transcription factor L2

Fru

Fruitless

Fst

Follistatin

Gene regulatory network

Set of interactions between different regulators (DNA, RNA, proteins)
leading to their interdependent modulation of expression and
regulation

Genotypic sex determination (GSD)

When the sex of an individual is triggered by its genotype only (can
be mono or polygenic)

Gonadal maintenance

Establishment of a genetic programm in order to maintain the fate
and differentiation state of the different cellular types composing the
gonad, keeping either the male or female identity

Gsdf

Gonadal soma derived factor

Her-1

Hermaphroditization of XO-1

Hetero-/homo- gamety

When individuals produce gametes with either different sex
chromosomes (hetero-) or similar sex chromosomes (homo-). It is
refered to male heterogamety when males produce X and Y
chromosome-containing gametes or female homogamety for
females producing only X chromosome-containing gametes (XX-XY
sex determination system, like in most mammals). For instance in
birds, snakes and butterflies males are (ZZ) homogametic and
females (ZW) heterogametic (ZZ-ZW sex determination

system)

EMBO reports

Sex determination gene-regulatory networks

Heteromorphic sex chromosomes

When sexual chromosomes are morphogically distinguishable
(different degrees of heteromorphism exist, depending on the age of
the sex chromosomes)

Hhip

Hedgehog-interacting protein
HMG

High mobility group

irfo

Interferon regulatory factor 9
Mab-3

Male abnormal 3

masc

Masculinizer

Master sex-determining gene

A gene (not necessarilly coding for a protein) responsible for the
initial trigger leading to sex determination

Neofunctionalization

The process by which a gene changes its function or adds a new one
by mutations that change the structure of its gene product and/or its
expression pattern

Nix

Male-determining factor in the mosquito Aedes aegypti

NTD

N-terminal domain

piRNA

PIWI-interacting RNA

Primordial germ cells

In the embryo the precursors of the stem cells that will give rise to
the germ cell lineage. During sex determination and gonad
differentiation they become committed to either produce male or
female germ cells as spermatogonia or oogonia, which after meiosis
will become the gametes. Primordial germ cells continiously express
a certain set of genes in order to maintain their unique
undifferentiated/pluripotent state

Ptch

Patched

Rspol

R-spondin 1

Sdc

Sex determination and dosage compensation defective

sdy

Sexual dimorphic on the Y chromosome

Sex chromosome

Chromosome involved in the primary sex determination. They usually
harbour a master sex determining gene/trigger

Sex determination

Primary mechanism leading to the expression of the phenotypic sex.
Sex determination is mostly triggered either by the genome
(genotypic sex determination) or by the environment (environmental
sex determination)

Sexual differentiation

Developmental consequence of the sex determination process.
Regroups the events dealing with internal and external genitalia and
secondary sex characters

SF1

steroidogenic factor-1

Somatic gonad

The non-germ line component of the gonad. The somatic gonad
consists of mainly two characteristic cell types in female: the
granulosa and theca cells of the ovary and three specific cell types in
the testis: Sertoli, Leydig and peritubular myoid cells

SOX9

Sry-related HMG box 9

© 2015 The Authors
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SRY

Sex determining region Y

STRAS8

Stimulated by retinoic acid gene 8
Sxl

Sex lethal

TAD

Transactivation domain

TESCO

Testis-specific enhancer core
TGF-B

Transforming growth factor beta

Table 1. Master sex-determining genes in vertebrates.

Sex determination gene-regulatory networks

EMBO reports

Therian mammals

Non-egg-laying = marsupials and placental mammals
TRA

Transformer

Wnt

Wingless-related MMTV integration site

WT1

Wilm’s tumor gene 1

Xol

XO lethal

Master SD SD gene SD gene generated
SD gene Organism system ancestor from ancestor by Ancestor gene function
SRY Therian mammals XY Sox3 Allelic diversification Transcription factor, required in formation of the
hypothalamo—pituitary axis, functions in neuronal
differentiation, expressed in developing gonads
Dmrtl Birds Wz Dmrtl Allelic diversification Transcription factor, key role in male sex
determination and differentiation
DM-Y Xenopus laevis Wz Dmrtl Gene duplication Transcription factor, key role in male sex
determination and differentiation
DmrtlbY Medaka (Oryzias latipes, Xy Dmrtl Gene duplication Transcription factor, key role in male sex
O. curvinotus) determination and differentiation
Sdy Rainbow trout (Oncorhynchus XY Irf9 Gene duplication Interferon response factor, no gonadal function
mykiss) known
GsdfY Luzon ricefish (Oryzias XY Gsdf Allelic diversification TGF-B factor, important role in fish gonad
luzonensis) development
Sox3Y Indian ricefish (Oryzias XY Sox3 Allelic diversification Transcription factor, required in formation of the
dancena) hypothalamo—pituitary axis, functions in neuronal
differentiation, expressed in developing gonads
amhY Perjerrey (Odontesthes XY Amh Gene duplication Anti-Muellerian hormone, growth factor
hatcheri)
amhr2y Fugu (Takifugu rubripes) XY Amh Allelic diversification Type Il receptor for Amh, important function in
receptor 2 gonad development, medaka mutant shows sex
reversal
Dmrtl Chinese tongue sole Wz Dmrtl Allelic diversification Transcription factor, key role in male sex
(Cynoglossus semilaevis) determination and differentiation
GsdfY Sablefish (Anoplopoma XY Gsdf Allelic diversification TGF-P factor, important role in fish gonad

fimbria)

development

to determine sex in a variety of animals and what has been learned
about the maintenance of the sexual identity of ovary and testis.

Master sex-determining genes: case studies from Sox and
DM domain factors to emerging “unusual” suspects

From Sry down to Sox3 across vertebrates

SRY belongs to a family of transcription factors, which are charac-
terized by an evolutionary conserved high-mobility group (HMG
box) DNA-binding domain flanked by weakly conserved N- and
C-terminal sequences. In mice, both, gain- and loss-of-function stud-
ies have shown that SRY is not only sufficient but also necessary for
triggering testis development [4,5]. With the exception of only two
species (the mole vole Ellobius [6] and the spiny rat [7]) which have

© 2015 The Authors

probably lost the gene), SRY is the universal master male sex regula-
tor of all therian mammals [8]. Cytogenetic and comparative molec-
ular studies of mammalian sex chromosomes provided evidence
that SRY most probably arose after two major events: (i) a dominant
mutation of the SOX3 allele (giving rise to the proto-Y) as well as
(ii) fusion of the gene with regulatory sequences from another gene
already located on the X chromosome [9] (Fig 1). Necessarily occur-
ring before the divergence of the therian lineage, these events could
be estimated to have happened ~146-166 million years ago [10,11].
Sharing an overall identity of 67% at the amino acid level and up to
90% identity when specifically considering the HMG DNA-binding
domain, the X-chromosomal SOX3-encoded protein is most similar
to SRY [12]. Consistent with this hypothesis, the expression of SOX3
has been documented in the developing gonads of mice, chicken
[13], fish [14], and frog [15]. Only the absence of SOX3 expression
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Transactivating domains
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Figure 1. Independent evolution of SOX3 genes toward a master sex-determining function in mice and Indian rice fish.

While SRY appears to be restricted to the therian mammals, evidence accumulates that SOX3 has independently been recruited as a “precursor” of master sex-
determining genes also outside mammals. Hence, although not a priori destined to have a direct function during sex determination, common mechanisms of evolution
seem to be repeatedly employed. Given that SOX3 is not generally expressed during gonadal induction or during gonadal development, the first step toward a sex-
determining function is a transcriptional rewiring in order to acquire a timed pattern of expression compatible with sex determination. Such transcriptional rewiring,
although not unique to SOX3 (see DmrtlbY in medaka fish for example [56]), generally involves either fusion of the gene to new promoters or insertions of
transposable elements into their pre-existing promoter, bringing in cis-regulatory elements compatible with the timing of gonadal induction. Interestingly and
surprisingly, it seems that at least in mice and rice fish, this step alone was sufficient to endow SOX3 with a sex-determining function. Usually, the transcriptional
rewiring steps seem to be accompanied by neo-functionalization or functional specialization processes. These include specialization of the protein activity itself in
therian mammals (adapted from reference [20]) or more surprisingly adaptation of the downstream gene-regulatory network (target genes) in the Indian rice fish.

in the developing marsupial gonad is not consistent with a
conserved role in mammalian sex determination [16,17]. Although
SOX3 has no obvious primary function in sex determination, as the
Sox3 knockout mice have no gonadal phenotype [18], the clear
evolutionary relationship between SOX3 and SRY raised the ques-
tion whether gain-of-function point mutations may account for
SOX3-induced XX male sex reversal in mice or humans. This has
been shown only recently using a transgenic mouse model in which
ectopic expression of SOX3 in the developing XX gonads resulted in
complete XX female to male sex reversal [19]. Interestingly, the XX
gonads of the transgenic hemizygous mice (Tg/t) did not only
display an up-regulation of Sox9 but also started to differentiate
Sertoli cells, forming testis cords together with the appearance of a
male-specific vasculature. Interestingly, using co-transfection assays
it was shown that, similar to SRY, SOX3 only modestly trans-
activated the SOX9 testis-specific enhancer “TESCO” element [20]
and synergistically interacted with steroidogenic factor-1 (SF1).

EMBO reports

Interestingly, the development of SOX3-triggered testes in XX
animals was not possible in the absence of Sox9. In the same direc-
tion, patients displaying XX female to male sex reversal due to rear-
rangements of the genomic regions encompassing the regulatory
sequences of SOX3 have been reported [19]. Together, these data
suggest that gain of function of SOX3 during gonadal development
can in principle substitute for SRY to trigger testis development.
These findings provide functional evidence supporting the long-
standing hypothesis that SOX3 is the evolutionary precursor of SRY
(Fig 1). It is also reasonable to postulate that rearrangements of the
SOX3 gene might be an underappreciated cause of XX female to
male sex reversal in human patients [19].

While SRY appears to be specific to the therian mammals, there
is accumulating evidence that SOX3 has spawned independently
other sex chromosomes outside mammals. Though being expressed
in the ovary of frogs [21] without any sex-determining function
determined so far, sox3 might be involved in the switch responsible

© 2015 The Authors
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for sex determination in the Japanese wrinkled frog (Rana rugosa).
Members of this species are either ZW or XY depending on which
side of the island they are located [22]. Curiously, the Z and X chro-
mosomes are not only homologous but share many genes with
the X chromosome of humans including the sox3 gene. Further
molecular characterization and genetic mapping could disclose the
presence of a Y-specific allele for sox3 [23,24]. So far, this is an
intriguing finding, but further studies are needed to ascertain a func-
tion for sox3 in the sex developmental decision process of the
embryonic gonad. If sox3 has such a function, then the next ques-
tion would be how the different genetic systems (ZW or XY) impact
on sox3 function.

Stronger evidence comes from the Indian ricefish (Oryzias
dancena) (Fig 1), in which the XY sex chromosome pair also shares
homology with the human X, including the presence of the sox3
gene [14]. Using positional cloning to identify the sex-determining
locus, it was found that the male-specific region on the Y chromo-
some harbors a cis-regulatory DNA segment that up-regulates
expression of the Y-chromosomal copy of sox3 during gonadal
development (Fig 1). Sex reversal of XX fish transgenic for the regu-
latory segment linked to sox3 to become males, and fish with
targeted deletion of the Y-chromosomal sox3 gene developing as
females confirmed its major role during sex determination. Further-
more, it was demonstrated that Sox3 initiated testicular differentia-
tion by up-regulating expression of gsdf, a gene highly conserved in
fish male sex differentiation pathways [14]. Interestingly, a BAC
clone carrying the sox3 gene of O. dancena was not able to induce
male gonadal development in the closely related species O. latipes,
which has a different male sex determination gene. This supports
the hypothesis that the acquisition of Sox3 function as a master sex-
determining gene has occurred with a concomitant change in the
downstream gonadal gene-regulatory network (Fig 1). Taken
together, the results provided strong evidence for the recruitment—
even in distantly related species—of Sox3 into the pathway leading
to male gonadal development.

SRY reveals plasticity of sex-determining mechanisms among
mammals Despite substantial variations in expression profiles,
structure, and amino acid sequences within mammals, the function
of SRY to activate a conserved target gene—SOX9—during testis
development appears to be conserved [20]. SRY directly binds to the
TESCO sequence of the SOX9 gene [20]. Once activated, the SOX9
protein initiates the differentiation of somatic precursors into Sertoli
cells that will then coordinate the gonadal development toward
testes [25]. In the absence of SOX9 activation, the fetal gonad will
develop toward ovaries. While the function of SRY as a regulator of
SOX9 appears to be conserved, the molecular details underlying
transcriptional regulation of SOX9 by SRY [26] are not fully known
and their conservation among mammals has not been deeply inves-
tigated. Such information would be important to evaluate whether
under a conserved master determiner, the subordinate network is
strictly conserved as well or shows variation in its regulatory inter-
actions.

In contrast to most known transcriptional activators, most SRY
proteins that have been studied in different mammalian species do
not exhibit a well-defined transactivation domain (TAD). For
instance, the N- and C-terminal domains (NTD and CTD) flanking
the evolutionary conserved DNA-binding domain of human SRY are
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poorly preserved and do not seem to display any intrinsic transacti-
vation activity [27]. Hence, it is assumed that the transcriptional
activation of the human SOX9 gene by SRY is possible only after the
recruitment of a transactivating protein partner through its NTD
and/or CTD sequences [28]. However, mouse SRY does not only
lack the NTD but also displays an unusual CTD made of a bridge
domain together with a poly-glutamine (polyQ) tract encoded by a
CAG-repeat microsatellite [27]. It has recently been shown that this
poly-glutamine domain does not only prevent mouse SRY from
proteasomal degradation, but additionally functions as a bona fide
TAD. Due to the fact that it allows the direct transcriptional induc-
tion of Sox9, this poly-Q domain plays a central role for the male-
determining function of SRY in vivo [27]. Such data suggest that
during evolution, mouse SRY has gained a functional unit, which is
absent in other mammals [27]. Given such important transactivating
properties for that poly-Q CTD in mice, it is puzzling that SRY
proteins from either human or goat lacking a TAD are able to induce
testicular development in transgenic XX mice embryos [29,30]. It
appears reasonable to consider that both human and goat SRY
proteins are able to bind to the highly conserved mouse TESCO
target sequence using their respective DNA-binding HMG boxes. For
the activation of SOX9 transcription, it is assumed that transactiva-
tion is then mediated after the recruitment of a third TAD-containing
protein partner. It can be further hypothesized that acquisition of a
poly-glutamine stretch after insertion of a CAG microsatellite in a
rodent ancestor made the recruitment of a transactivating partner
unnecessary. Consequently, it is assumed that mouse SRY’s ability
to employ such a transactivating partner was lost during evolution.
This assumption is supported by the observation that the acquisition
of the poly-glutamine stretch is concomitant with an increase of
variation in different parts of the SRY protein. These include the loss
of the NTD as well as accumulation of deleterious amino acid
substitutions in the HMG box [31]. Though no longer required, the
third partner protein—probably a pleiotropic effector—may still be
expressed at the sex determination stage. It would then potentially
enable human and goat SRYs to trigger male gonadal development
when expressed in transgenic mice. This reveals an unanticipated
level of plasticity of the molecular mechanisms in the implementa-
tion of the primary sex-determining signal even among mammals.
Identification of such putative partners of SRY may help in under-
standing human primary sex reversal pathologies, which are not
explained by alterations in the known players of male sexual devel-
opment [32].

Roles of DM domain factors in sex determination, differentiation, and
gonadal maintenance

DMRT1, wherever you look Among the evolutionary conserved
downstream effector genes of genetic sex-determining cascades, the
DMRT gene family holds an outstanding position. This family is
involved in sexual development of organisms as phylogenetically
diverse as mammals, birds, fish, frogs, flies, worms, and corals
[33-38] (Figs 2 and 3). Characterized by a highly conserved DNA-
binding core motif—known as the DM (Doublesex and Mab-3)
domain—, DMRT proteins act as transcription factors. Initially
described to be involved in sex determination in worms and flies,
they have been shown to regulate diverse aspects of somatic
sexual dimorphism in these organisms. The ability to functionally
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Figure 2. Gene-regulatory network of gonadal sex induction and
maintenance in vertebrates.

Schematic representation of main interactions within the regulatory network. In
gonadal fate determination of mammals, Sry initiates activation of the male
pathway (blue) through up-regulation of Sox9. Dmrtl is not only important for
keeping the male pathway on but also in suppressing the two female networks
(red). These two female networks involve FoxI2 as well as the Wnt/B-catenin
signaling pathways. Maintenance of gonadal identity in the differentiated
gonads is a result of the cross-inhibition activities of Dmrt1 and FoxI2. A critical
equilibrium between these conflicting pathways underlies the bipotentiality of
the gonadal somatic cells. Tipping the balance into one direction or the other
will regulate the gonadal fate as a consequence of the activation of the male or
female pathways. Solid lines define negative regulations. Dashed lines designate
positive regulations. Beside the Sry ancestor Sox3 and Dmrt1, other genes (pink)
can become the master sex-determining genes by similarly impacting on the
seesaw between the male and female programme.

substitute for each other across species led to the picture that sex
determination cascades might—at least partially—rely on preserved
molecules and pathways [37] (Figs 2 and 3; Table 1). Consistent
with this, many of the DMRT homologs so far characterized among
metazoans have been shown to be predominantly expressed during
the development of the primordial gonad [35]. Interestingly, DM
domain genes have also recently been described to be primarily
involved in gonadal differentiation of the male flatworm (Schmidtea
mediterranea) [39]. Similarly, in the water flea Daphnia magna, a
crustacean with environmental sex determination, DMRT homologs
have been found to trigger the switch in male versus female devel-
opment of many dimorphic structures [40]. Thus, this widespread
gene family appears to be directly involved in sexual development
in all major animal groups. Nevertheless, DM domain factors were
long considered as one of the underdogs of sexual determination
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because of their recurrent subordinate role in the cascade. A deeper
interest in the field of sex determination for this group of genes only
came with the discovery of a dmrtI homolog located on the Y chro-
mosome of the medakafish (Oryzias latipes). Resulting from a gene
duplication of the autosomal dmrtla gene, it was designated
dmrt1bY [41] or dmy [42]. It is the only functional gene in the
Y-specific region of the sex chromosome, and it was shown to be
not only necessary but also sufficient for triggering male develop-
ment (see also Fig 2).

In humans, haploinsufficiency of the genomic region that
includes DMRT1 and its paralogs DMRT2 and DMRT3 leads to XY
male to female sex reversal [43]. This suggested that the DMRTI
gene is an important dosage-sensitive regulator of male develop-
ment in vertebrates. In chicken and other avian species and in a
fish, the smooth tongue sole (Cynoglossus semilaevis) [44]), DMRTI
is located on the Z chromosome, but absent from W, and shows
the expected expression pattern for a dosage-dependent male sex-
determining gene of birds [45] and flatfish. In chicken, it was
demonstrated through RNA interference experiments that DMRTI is
indeed required for male gonad development [45]. While in these
organisms DMRT] acts as a dosage-dependent male determiner, in
Xenopus laevis, a duplicated copy of dmrtl on the W, which
lacks the dimerization domain, appears to fulfill its function as a
dominant-negative version. It is proposed to interfere with the
transcriptional activation of the target genes of Dmrtl and thus acts
as a suppressor of male development [46].

Remarkably, all these DMRTI genes have acquired their new
roles as master sex determination genes through different mecha-
nisms: via gene duplication and translocation in medaka, duplica-
tion, translocation and truncation in Xenopus, or loss of function of
the W allele in birds or tongue sole (Table 1).

In mice, it is apparent that Dmrt]l is not required for male
primary sex determination since newborn Dmrtl mutants are males
with testes [36]. However, Dmrt1 is required for male gonadal dif-
ferentiation of somatic cells and germ cells [47-49]. This is a parallel
situation to mammalian Fox[2 [S0], which plays a conserved role in
ovarian development but in mouse (opposed to some other
mammals, including human and goat [51]) is not required for initia-
tion of female development (see [52] for review). Targeted deletion
of mouse Dmrtl and also of the autosomal dmrtla of medaka,
which is not involved in primary male sex determination, have
revealed a major role in male gonad maintenance: when DmrtI is
lost, even in adults, this triggers sexual cell-fate reprogramming, in
which male Sertoli cells trans-differentiate into their female counter-
parts, the granulosa cells [49]. This is accompanied by testicular
reorganization toward a more ovarian morphology [49]. Ectopic DMRT1
expression in the ovary silenced the female sex-maintenance
gene Fox[2 and reprogrammed juvenile and adult granulosa cells
into Sertoli-like cells, triggering formation of structures, which
resemble male seminiferous tubules [53]. In the same direction,
deletion of the dmrtl gene in medaka resulted in transition of the
developing testis to ovary [54]. Hence, DMRT1’s range of action is
not limited to function in initiating the male gonadal phenotype
during early development but also accounts for the livelong active
repression of the two “anti-testis” pathways of FOXL2 and WNT4/
B-catenin [49], and can do so even in the absence of the testis-
determining genes SOX8 and SOX9 (Fig 2). Additionally, mRNA
profiling revealed that DMRT1 activates many testicular genes and
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down-regulates ovarian genes [53]. Interestingly, transient expres-
sion of DMRTI has also been reported in the fetal gonad of both
sexes. The involvement in the regulation of germ cell development
in testes and ovaries indicates that DMRT1 has different functions in
males and females [55].

DMRT]1 is required in female germ cells for entry into meiotic
prophase, and in male germ cells for the control of mitotic arrest
until birth [55]. Control of the decision to enter meiosis versus
mitotic arrest is mediated by the ability of DMRT1 to selectively
modulate retinoic acid signaling through context-dependent regula-
tion of STRA8. DMRT]1, for example, directly represses STRA8 tran-
scription during testicular differentiation [55]. Thus, a picture
emerges where DMRT1 controls a regulatory network that on the
one hand can drive sexual fate and on the other hand can maintain
the program of sexually differentiated cells, depending on the
cellular context.

DMRT1, a jack-of-all-trade From studies in mouse and medaka
[49,53,54,56,57], it is emerging that DMRT]I holds a key position as
the master switch or gatekeeper controlling the cell fate of the
somatic cells of the gonads in female and male [33,34,53,58,59]. If
this is so, then one could ask, why such a complex regulatory
network upstream of DMRT1 would be necessary to flip the switch,
because numerous examples indicate that DMRT1 can do it on its
own as for instance in birds, Xenopus and medaka [41,42,45,46].
DMRTTI orthologs in these species appear to have undergone muta-
tional events causing either loss or gain of function. Such altered
DMRT1 activity may have favored evolutionary transitions leading
to new genetic sex determination systems (see [59] for review). The
ability of DMRT1 to toggle Sertoli/granulosa cell fate supports the
hypothesis that loss- or gain-of-function mutations in DMRT1 can
elevate it into a master sex-determining role. Such mutations would
help to promote changes between genetic sex determination mecha-
nisms that are commonly observed among vertebrates.

DMRTI1 is one of the sex determination network genes that
appears more often also as master regulator (Table 1). It can be
hypothesized that its strategic position at the interface of sex deter-
mination and the process of sex-specific gonadal differentiation,
integrating a developmental fate decision with activation of organ
differentiation programmes (Fig 2), made DMRTI1 suitable to be
selected either as new controller at the top or at least for being one
of the few key genes to be regulated.

Emerging suspects from gonadal TGF-f signaling
The anti-Miillerian hormone (Amh) is a growth factor from the
TGF-p family and plays a major role in mammals for the degradation
of the Miillerian duct-forming part of the female reproductive tract in
male embryos. It is not required for mouse testis development.
However, in non-mammalian vertebrates, it appears to play a central
role in testis formation. For instance, in chicken embryonic gonads,
AMH is expressed much higher in males and is predicted to be
responsible for organizing the early testis in birds [60]. In the
medaka hotei mutant, Amh signaling is disrupted by a mutation in
the type II receptor for Amh. As a consequence, a male to female sex
reversal with an over-proliferation of germline stem cells occurs [61].
Although being clearly a subordinate member of the sex regula-
tory network in mammals and at least in those species that make
use of DMRT1 as master regulator of male development, the Amh/
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Amh-receptor system has, like DMRTI, sometimes made it to the
top (Table 1). In the pejerrey, a freshwater fish species from Patago-
nia, a duplicated version of the amh gene became the male sex-
determining gene on the Y chromosome [62], reminiscent of the
situation for dmrtl in medaka fish. In the pufferfish, Fugu rubripes,
the receptor for Amh exists in two versions that differ by one amino
acid (H384D) in the kinase domain [63]. The 384 allele is a Fugu-
specific (conserved in several other pufferfishes) mutation that
confers lower activity to the receptor and is encoded on the X chro-
mosome [63]. Thus, a quantitative difference in Amh signal trans-
duction in females, which are homozygous for the mutant, versus
males, which have kept one allele of the wild-type receptor on their
Y, is responsible for male development [63]. Like in the medaka
hotei mutant [61], low signaling from the receptor is connected to
feminization of the gonad.

Gonadal soma-derived factor (Gsdf) is another growth factor
from the TGF-f family that is closely related to Ambh. It is only found
in fish, and its biochemical function is not well studied. It is
assumed to have a role in male gonad development due to its
exclusive expression in the early differentiating testis of all fish
looked at so far [64-68]. Despite its proposed role in the down-
stream regulatory network, gsdf has made it up to the top in Oryzias
luzonensis [69] a sister species to medaka, and most likely also in
the sablefish [70].

Taken together, it appears that certain genes, which are members
of the regulatory network, namely sox3, dmrtl, and TGF-f signaling
components, can become the master sex-determining gene indepen-
dently again and again, while other important components of the
sex-determining pathways have not appeared as masters so far
(Fig 2 and Table 1). Whether we just have to wait for the analyses
of primary genes for sexual development in more species, in order to
put genes like foxl2, sox9, sox8, wntd4, etc., on the list of usual
suspects, or whether there is a biological reason that makes some
genes more prone to become the top regulator, is currently unsolved.
We could imagine that some genes remain “too difficult to recruit”
as master regulators, for instance if they have also non-reproductive
but vital functions in other organs. In such case, interferences between
a duplicated new master gene and its homolog may not be tolerated,
except for the case that the neo-gene would have an appropriate
gonad-specific regulation as soon as the founder event occurs. Many
of those genes that did not appear as master sex determiners so far
indeed have important functions in other tissues and organs.

Recurrent actors in invertebrate sex determination

The invertebrate ancestors of DMRT1 DM domain-containing genes
have been shown to be primarily involved in gonad differentiation
in a flatworm [39] and to direct male versus female development of
dimorphic structures in water flea [40]. Interestingly, this functional
convergence is common among insects (see [3,71-73] for reviews).
In Drosophila, the initial trigger of sex is dependent on the ratio of
the number of X chromosomes versus the haploid autosome
complement (X:A). In the female situation, an X:A ratio of one will
enable the transcription of the Sex lethal gene (Sxl), a splicing regu-
lator. The SXL protein will then promote the female-specific splicing
of Transformer (Tra), a direct downstream target, and lead to the
production of functional TRA proteins. Similarly, a complex made
of TRA and TRA-2 proteins will then favor the female-specific
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splicing of the Doublesex (Dsx, the Dmrtl homolog) gene tran-
scripts. This results in the production of the female-type DSX protein
DSXF, which initiates up-regulation of the downstream gene-
regulatory network for female development. In males, an X:A ratio
of 0.5 will prevent the production of the SXL protein and, by default,
results in the production of the male-specific splice form of the Tra
gene. This splice variant translates into a non-functional protein due
to a premature stop codon. In the absence of TRA, by default the
male-specific splice form from the Dsx gene will be produced. The
male-type DSX protein DSX™ will then orchestrate the downstream
gene-regulatory network for male development [71,74] (Fig 3).
Orthologs of Drosophila dsx have been identified and studied in a
large number of insects [75-77]. Mediation of alternative sex-
specific splicing of dsx by TRA and TRA2 is also widely conserved
in insects although variations of the sex determination systems
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occur [3], suggesting that different molecular mechanisms involving
splicing activators or repressors are employed to preferentially
generate sex-specific variants of dsx mRNA [78].

Despite considerable efforts, similar sex-specific alternative splic-
ing events in the molecular regulation of sex determination of verte-
brates have not been shown. Conceptually similar is the fact that
DSX translates the sexual determination process of a cascade of
alternative splicing events into the transcriptional control of a large
number of sex-specific effector genes. Similarly, DMRT1 in verte-
brates appears to hold such a “translational” function at the inter-
face where a fate-determining signal is put into effect at the level of
sex-specific somatic cell differentiation (Figs 2 and 3).

In invertebrates, the homologs of vertebrate Dmrtl (e.g. Dsx in
Drosophila and Mab3 in C. elegans) are typical downstream factors
of sex determination and so far, it is not reported that a DM domain
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Molecular and genetic pathways leading to the formation of the gonad in the worm C. elegans, the mosquito Aedes aegypti, the fly D. melanogaster, the honey bee A. mellifera,
and the silkworm B. mori. Conservation of the Dsx, Mab-3 and Dmrt1, Tra-like, (Tra-2), or Fru homologs is designated with either pale brown, pale blue, pale green, or pale
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of Bombyx mori. In C. elegans and D. melanogaster, a ratio between X chromosomes and autosomes determines the sex. This leads to the on/off state of Xol or SxI, respectively.
Heterozygosity turns on Csd in the honeybee Apis melifera, leading to female development, and hemizygosity or homozygosity leaves Csd unexpressed and produces a drone.
In the mosquito (Aedes aegypti), sex determination is triggered by a dominant male determiner (Nix). Nix is a distant homolog of the splicing factor Tra-2 of Drosophila and
likely regulates the sex-specific splicing of Fru and Dsx. Sex in the silkworm Bombyx mori is controlled via a ZW sex chromosome system. Produced only from the sex-
determining locus on the W, the piRNAs suppress the male sex-determining factor MASC.
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gene has made it up to the top in any invertebrate species [3]. But
like in vertebrates, genes that are known as downstream members
in one species can also usurpate a position as an initial genetic trig-
ger in another species [3]. In insects, paralogs of the gene tra that is
a well-studied component of the sex determination cascade in
Drosophila, evolved as the master sex-determining switch gene in
the housefly (Musca domestica), a wasp (Nasonia vitripennis), and
the honeybee (Apis mellifera) [72,79,80]. In this regard, studies
about complementary sex determination in the honeybee give excit-
ing insights into how molecular diversity of regulatory pathways
can evolve [81,82], as discussed in more detail below.

Complementary sex determination in honeybees uses a conserved
module from chromosomal sex determination Genetic sex determi-
nation in the honeybee does not depend on the presence of
hetero- or homomorphic sex chromosomes with different genetic
compositions but rather follows a haplodiploid mode. Males develop
from haploid unfertilized eggs, while diploid fertilized eggs develop
into females. Hence, male or female sexual development occurs as
the result of a signal originating from either a single or two different
alleles from one gene, called complementary sex determiner (Csd)
(Fig 3). Consequently, maleness or femaleness is determined by
either homo-, hemi-, or heterozygosity of the Csd locus. The Csd
gene products belong to an arginine-/serine-rich protein family.
Interestingly, the C-terminal end of Csd also displays high similarity
with the TRA protein, an essential downstream genetic factor of the
sex-determining pathway in Drosophila ([81] and Fig 3).

Intriguingly and in contrast to the situation in Drosophila with
Tra and other downstream genes (see Fig 3), neither transcriptional
nor splicing variations of the Csd gene could be detected as sex-
specific triggers. It is currently presumed that the regulation of the
downstream regulatory network is mediated by the tendency of the
CSD proteins to form heterodimers. Interestingly, the sex determina-
tion locus of the honeybee harbors a second gene also required for
sex determination: feminizer (Fem) [82]. Further, phylogenetic stud-
ies revealed that Fem—as Csd—is also a close homolog of the Tra
gene from Drosophila. It has been shown that Csd arose after dupli-
cation of the Fem gene 10-70 million years ago while the honeybee
lineage was specifying. Knockdown experiments using RNA interfer-
ence (RNAIi) of either Csd or Fem resulted in female to male pheno-
typic sex reversions, implying that both factors are required for sex
determination in the honeybee downstream of sex-specific splicing
of the Fem gene by the CSD protein ([81,83] and [3] for review).

The situation in the honeybee resembles the roles of dmrtl in
medaka and Xenopus and of amh in the pejerrey: A highly
conserved downstream component of the network underwent a
gene duplication, and then, one of the duplicates evolved a new
function at the top of the cascade (Figs 2 and 3).

Another usurpator in mosquito? In the yellow fever mosquito,
Aedes aegypti, like Drosophila a member of the order Diptera, sex is
dependent on the presence or absence of a Y chromosome. Recent
work has uncovered the molecular nature of the male-determining
gene [84]. Intriguingly, this gene, called Nix, shows some sequence
similarity to the Tra-2 gene. This gene in Drosophila melanogaster is
a downstream member of the sex determination cascade. Further
downstream in the fruitfly cascade are the Fru and Dsx genes, and
also in Aedes aegypti, both genes are regulated by the Tra-2
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homolog Nix (Fig 3). It is tempting to propose that in the mosquito,
we have another example of a subordinate sex determination gene
that has made it to the top.

The “unusual” suspects

All the above discussed cases of turnovers and novel master sex
determiners include genes that have been previously known as
components of downstreams sex determination networks, for exam-
ple, from mouse, human, Drosphila, and C. elegans. Unexpectedly,
there are two recent reports on sex-determining genes which were
neither known nor suspected to be involved in the molecular regula-
tion of this process.

An immune-related gene evolved into the master sex-determining
gene in rainbow trout In the rainbow trout Oncorhynchus mykiss,
a gene expressed only in the testis, predominantly during testicular
differentiation, was recently characterized [85]. Localized at the
sex-determining locus, this gene was named sdY for sexual dimor-
phic on the Y chromosome. Astonishingly and unlike other master
sex-determining genes characterized so far, sdY has no homology
with any known gene in sex determination pathways but with an
immunity-related gene, the interferon regulatory factor irf9 [85].
SdY arose by duplication and truncation of the autosomal irf9 gene
(Table 1). It lost the DNA-binding domain but preserved its
protein—protein interaction domain. So far, the molecular mecha-
nism through which SdY triggers male gonad development is
unknown.

A single female-specific piRNA is the primary determiner of sex in
the silk worm Sex in the silkworm Bombyx mori and all butterflies
is determined by a ZW sex chromosome system. The W chromo-
some lacks any protein-coding genes but consists predominantly of
transposons and non-coding RNAs. The only transcripts produced
from the sex-determining region on the W are PIWI-interacting
RNAs (piRNAs). After deep sequencing and isolation of dimorphi-
cally expressed RNAs, the Fern piRNA (Femn standing for “feminizing
factor”) was shown to be specifically expressed in females at all
stages of development [86]. Furthermore, Ferm piRNA targets and
cleaves the Masculinizer (Masc) RNA molecule transcribed from a
gene located on the Z chromosome. Interestingly, MASC, a CCCH-
type zinc finger protein, favors male-specific splicing of Bm-dsx,
leading to male development [86]. Hence, in ZW embryos, Masc
RNA level is down-regulated by fern piRNAs, inhibiting male devel-
opment. By default, female-specific splicing of Bm-dsx then occurs,
triggering female development [86] (Fig 3). Interestingly, genetic
inhibition of Masc resulted in the premature death of ZZ embryos
before they hatched. In light of this observation, it was shown that
the MASC protein is necessary for dosage compensation in order to
lower Z gene transcription in ZZ embryos to the same level as in
ZW embryos [86]. Whether or not this sex determination pathway
is conserved across all lepidopterans remains to be explored, but
coupling two important mechanisms namely sex determination and
dosage compensation within the same genetic pathway and addi-
tionally distributing their genes onto the sex chromosomes should
strongly promote evolutionary conservation.

SdY from rainbow trout and Fem piRNA are paradigms showing
that unrelated genes are able to acquire de novo sex-determining
functions. It can, however, not be excluded that they are representing
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factors of the sex determination regulatory network that have been
overlooked so far.

Plasticity of the downstream sex determination
regulatory network

What happens when “masters change”? The slogan “slaves remain”
could imply that not much happens downstream of the changing
master sex determiner. However, the findings on the diversity of
SRY structure and its way to act as a transcriptional activator (see
above) indicate that even under the same master gene, the regula-
tory interactions of the network undergo changes and that biology is
not that simple.

In Drosophila, it has been shown that at the very downstream
end of the sex determination, cascade pathways diverge by cooption
of new effector genes [73] explaining the divergence of secondary
sex characters between species. In vertebrates, some transcription
factors like DMRT1, FOXL2, SOX9, and components of pathways
such as Rspol/Wnt/Fst or Hedgehog of the gonadal gene-regulatory
network are well conserved on the DNA sequence level; however,
their specific functions, regulations, and interplays can be substan-
tially different. In medaka, down-regulation of the Hedgehog path-
way by DmrtlbY was shown [87]: Transcription of the Hedgehog
receptor Ptch-2 in medaka testis is down-regulated by DmrtlbY/
Dmrtla, while the antagonist Hhip is up-regulated [87]. The Hedge-
hog pathway is usually up-regulated by DMRT1 in mammals. It
appears that despite its necessity for mammalian testis induction
and development and later on in regulating Leydig and myoid cell
function [88-90], the Hedgehog pathway might not only be dispens-
able during medaka male gonadogenesis and maintenance, but
needs to be suppressed by DMRT]I genes.

For R-spondin 1 (Rspol), preferential ovarian expression is
generally described. However, such strict female dimorphism was
not observed in zebrafish [91], where the gene is also expressed in
adult testes. Here, Rspol has a crucial role in testis cell proliferation
[92] and it has further been shown to be involved in skin and
mammary gland differentiation in mammals [93]. Follistatin (Fst)
expression in the mouse co-localizes with Fox[2 in the ovary [94],
but in rat, it is expressed very broadly in germ and somatic cells of
the testis [95]. Sparse expression of fst was also noted in the intersti-
tial cells of the medaka testis, together with an up-regulation of fst
expression in vitro after transfection of dmrtla [87].

SOX9 has been shown to be expressed in the developing testes
of all vertebrate embryos examined so far (see [60] for review).
However, whereas SOX9 is upstream of AMH in mammals, the
reverse applies in birds, and in medaka, Sox9 even appears to be
not involved in primary sex determination at all [96,97]. In
mammals, the current understanding is that SRY acts together with
SF1 to activate SOX9, while in return, SRY is turned off by SOX9.
SOX9 further maintains its expression in an autoregulatory loop.
SF1 is still required, but SRY becomes dispensable later during
development [20]. In non-mammalian vertebrates, Sox9 activation
must then rely on other factors than Sry. Intuitively, one could
think that DM domain genes might have taken over. However, in
chicken embryos, DMRTI expression is occurring at least 2 days
before that of SOX9 [60], implying that other genes mediating the
DMRT1 signal to SOX9 are involved. In medaka sox9b, the
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homolog of tetrapod sox9 genes is rather involved in germ cell
function than gonad determination although being expressed in the
somatic part of the primordial gonads [96]. In addition, while in
mammals, SOX9 activates the expression of FGF9 [98], the gene
does not exhibit any sexually dimorphic expression in chicken [60]
and has even been lost in fish [99]. It is obvious that the gonadal
function of SOX9 underwent several changes during vertebrate
evolution.

Genetic networks are indeed more complex than a straight top-
down scenario. We have to add now that the differences in gene
expression do not only reflect differences in cell biology and
morphogenesis of the gonads but definitively are also the conse-
quences of changes in the initial trigger for activating the network.
That master sex-determining genes are prone to regulatory putsches
in order to acquire an upstream position might only be possible
because of the flexibility of the downstream gene-regulatory
network. Hence, while Graham proposed a few years back that
“Masters change, slaves remain” [1], it is now time to change this
paradigm: “When masters change, some slaves remain, others are
dismissed or acquire new tasks, and new ones can be hired”.

Conclusions and perspectives

The variability and plasticity of the mechanisms that govern the
development of the gonads is unmet by any other organ systems or
tissues. While for instance the Pax6 gene that is a master regulator
of mammalian eye development is highly conserved (ectopic expres-
sion of human PAX6 is able to induce eye development in Droso-
phila [100]), the downstream components of this cascade are not
conserved (the induced eye is a typical composite insect eye).
Surprisingly, it appears to be the other way round for sex determina-
tion genes. The evolution of genetic interactions in the sex-deter-
mining pathways and cascades is characterized by a relative
conservation at the bottom and an apparent diversity at the top.
This was explained in a classical hypothesis by A. Wilkins with an
evolutionary scenario in which these hierarchies during evolution
build up from a common downstream component (Sox or DM
domain factors for instance), which acquires new upstream regula-
tors. Those new additions would naturally vary in different evolu-
tionary lineages [101]. Recent studies on the molecular
identification of such upstream regulators and the downstream regu-
latory network, some of which provided the backbone for this
review, brought new insights into how sexual development is regu-
lated in different organisms, and how new sex determiners have
evolved.

The “bottom-up hypothesis” formulated by Wilkins has to be
revisited now taken into account the discoveries of the new master
regulators. It seems that the master regulator/switch is not necessar-
ily elected from the existing cascade usurping the top position but
could be equally recruited from outside to accomplish a new sex-
determining function after neo-functionalization. We also have to
modify the hypothesis as we now know that in vertebrates, unlike
in invertebrates, sex determination is not brought about by a simple
linear cascade, but by a complex network of multiple regulatory
interactions. Such a network might offer multiple opportunities
where a newly added factor can trigger the outcome of the network
signal toward male or female. There is also evidence accumulating
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that regulatory cascades can become shorter, rather than being
topped up, when a new sex determiner appears, for example, in
honeybees [72,102].

Gonad development appears to cope well with such changes of
primary triggers as the many examples of different master sex regu-
lators show, which finally all guarantee the developmental switch to
either a testis or ovary. An intriguing situation has been recently
reported for zebrafish, where the laboratory strains used worldwide
have all lost their original sex-determining chromosome, but still
produce normal males or females [103]. New upstream sex deter-
miners appear to evolve quickly in those domesticated strains—
similar to a situation in the other small aquarium fish model, the
medaka [104]—which might take care in the future of the current
sex bias observed at present for many laboratory strains. These are
instances of “evolution in action,” which offer prospects to observe
in the laboratory how new sex determiners evolve and to obtain
insights into the underlying molecular mechanisms. Certainly, we
also need more information from different species about their
master sex-determining gene and how it acts on the downstream
regulatory network to obtain a reasonable understanding of the vari-
ety of sex-determining mechanisms.

Somehow unexpected are the accumulating findings that also
the downstream network is not as strictly conserved as the
“masters change, slaves remain” paradigm was imposing. Whether
these differences in the expression pattern and function are related
to specific adaptations of varying reproductive biology is a chal-
lenging question for the future. On the other hand, such changes
may be due to the impact of the new upstream regulator. Intrigu-
ingly, even in a setting of the same master sex-determining genes,
intricate differences downstream can be found, as seen for SRY in
different mammals. It has also been argued that genetic networks,
including sex determination, in general can change randomly with-
out necessarily impacting on the final phenotype and thus evolve
neutrally (see Sidebar A). Again, we need more details on the
molecular biology of the sex-determining networks from different
organisms; for instance, on a comparative basis from birds, Xeno-
pus and those fish that all use dmrtI as their common master sex-
determining gene.

Unexpectedly, it turned out that sex determination is not only
needed as the molecular switch for the undifferentiated gonad
primordium to develop either as testis or ovary, but that the sexual
identity of the gonadal soma needs to be maintained as long as the
organ has to provide its function(s). In vertebrates, two genes that
appear to have a more downstream function in the determination
network of the embryo are the top players here: DMRTI and FOXL2.
The dichotomous developmental potency of the gonadal soma is
apparently kept throughout the entire life. The reason for this is
unknown. In particular among fishes, hermaphroditic species are
common. Those fish can switch during their reproductive life from
one sex to the other. Whether these organisms have found a way to
make a controlled use of the livelong plasticity of the gonad or
whether the plasticity seen even in the mammalian gonads is a relic
of an evolutionary past are just two questions that emerge from
those new findings.

The recent progresses reviewed here have considerably increased
our understanding of the diverse molecular mechanisms underlying
the amazing variation and plasticity of sexual development, and we
might so far just only see the tip of the iceberg.

© 2015 The Authors
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Sidebar A: Evolutionary concepts for the diversity of sex deter-
mination mechanisms

Sex determination is a very basal and ubiquitous developmental
process, and the fact that it is so variable even between closely related
organisms poses many fascinating questions. Molecular biologists are
most interested to understand how these different mechanisms work,
what factors are involved, upstream and downstream, and how they are
regulated to bring about the amazing plasticity of the respective genetic
cascades and networks. These are the so-called proximate causes of the
observed variability. Organismic biologists focus more on the “ultimate”
causes that lead to the changes from one to the other sex determina-
tion mechanism within and between certain lineages. A number of
scenarios and hypotheses have been put forward to explain which
evolutionary forces could favor such transitions and turnovers [105].
One explanation is that a mutation, which creates a new sex determi-
nation mechanism, gives a fitness advantage to its carriers. Then, by
natural selection, this mutation will sweep through the population and
take over, while the previous mechanism is lost [106]. Such new muta-
tions could for instance alter the sex ratio, and if the ecological condi-
tions favor such a bias, this mutation will be beneficial. As another
example, a new sex determination mechanism might for instance be
more efficient under certain ecological conditions, for example, works
faster or is less or more susceptible to environmental influences.

If sex is determined through sex chromosomes, a common feature is
the reduction of recombination around the sex-determining gene,
which spreads out from there over almost the entire chromosome
and finally fully arrests. As a consequence, deleterious loss-of-function
mutations will accumulate in genes on the chromosomes carrying the
sex locus [107]. Hence, such a chromosome will become less fit in
evolutionary terms because of its mutational load, and once these
disadvantages accumulate to a critical level, an emerging “younger”
and less degenerated sex chromosome can take over [108].

Another hypothesis is based on linkage of sex-determining genes to
other genes that favor one sex or are antagonistic to the other sex
[109]. Many examples exist for such genes, which for instance are
involved in gonad development or sexual dimorphism. If such a gene
is closely linked to a gene that can influence the developmental deci-
sion toward male or female, the sex-determining gene will be co-
selected as a hitchhiker and enjoy the fitness advantage that the
linked sex beneficial or sexually antagonistic gene has under condi-
tions of natural or sexual selection.

Rather than postulating a fitness advantage for the emerging novel sex
determination mechanism, it is also considered that neutral or non-
adaptive processes of genetic drift, mutation, and recombination can be
instrumental. Such hypotheses are based on an analysis by M. Lynch how
in general genetic networks can evolve [110]. He pointed out that only
the final gene product of a genetic network or cascade produces a pheno-
type, which is exposed to selection. Thus, many changes in the upstream
system can occur without necessarily altering the finally expressed
phenotype. These changes can become fixed in a population by random
genetic drift. As a result, the regulatory network has changed, but the
phenotype will be constant. Such considerations were then applied to the
genetic cascades and networks that govern sex determination [102].
Indeed, the final outcomes of the sex determination process are morpho-
logically and functionally surprisingly similar in related groups of organ-
isms, which have very different master sex regulators [111].

For all of these theoretical explanations, which appear to be to a certain
extent opposing or even contradictory, examples to support them can
be found. A single one obviously cannot explain all the different cases of
sex determination systems and the multitude of turnovers and transi-
tions. Rather than being alternatives, they may be complementary to
explain the biodiversity of mechanisms that make the undifferentiated
gonad anlage of an embryo to develop toward testis or ovary. To further
our understanding of the trajectories that lead to the evolution of
diverse mechanisms, we need not only detailed molecular knowledge
about the proximate causes of such diversity but also more information
about the ecology and population genetics under which they occur.
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Sidebar B: In need of answers

() What are the protein partners of SRY in human and goat that
directly activate Sox9 expression?

(i) Are the differences in the expression pattern and function of the
genes in the downstream cascades or networks related to specific
adaptations of varying reproductive biology? Or are they the
result of neutral evolution and genetic drift?

(i) Have the naturally occurring hermaphroditic species of fish found
a way to make a controlled use of the livelong plasticity of the
gonad? Or is the plasticity seen in the mammalian gonads a relic
of an evolutionary past?

(iv) What are the evolutionary forces driving the outstanding high
variability of molecular and genetic mechanisms of sex determi-
nation? Is this all due to stochastic variation? Or is there a global
(so far unknown?) reason? Or do all evolutionary mechanisms
postulated so far cooperate, with differing importance depending
on the species or phylogenetic lineage?

(v) Are Sox3 and Irf9 in vertebrates and Fem piRNA components of
the downstream sex determination cascades or networks that
have been overlooked so far?

(vi) Why do some members of the regulatory networks of sexual
development frequently become master sex-determining genes
while others never appear at the top position?
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Abstract

Background: Sex determination relies on a hierarchically structured network of genes, and is one of the most plastic
processes in evolution. The evolution of sex-determining genes within a network, by neo- or sub-functionalization, also
requires the regulatory landscape to be rewired to accommodate these novel gene functions. We previously showed
that in medaka fish, the regulatory landscape of the master male-determining gene dmrt1bY underwent a profound
rearrangement, concomitantly with acquiring a dominant position within the sex-determining network. This rewiring
was brought about by the exaptation of a transposable element (TE) called /Izanagi, which is co-opted to act as a
silencer to turn off the dmrt1bY gene after it performed its function in sex determination.

Results: We now show that a second TE, Rex], has been incorporated into [zanagi. The insertion of Rex1 brought in a
preformed regulatory element for the transcription factor Sox5, which here functions in establishing the temporal and
cell-type-specific expression pattern of dmrt1bY. Mutant analysis demonstrates the importance of Sox5 in the gonadal
development of medaka, and possibly in mice, in a dmrt1bY-independent manner. Moreover, Sox5 medaka mutants

have complete female-to-male sex reversal.

Conclusions: Our work reveals an unexpected complexity in TE-mediated transcriptional rewiring, with the exaptation
of a second TE into a network already rewired by a TE. We also show a dual role for Sox5 during sex determination:
first, as an evolutionarily conserved regulator of germ-cell number in medaka, and second, by de novo regulation of
dmrt transcriptional activity during primary sex determination due to exaptation of the Rex1 transposable element.

Keywords: Exaptation, Master sex-determining gene, Transcriptional rewiring, Medaka, Dmrt1bY, Sox5

Background

Sex determination (SD) is one of the most plastic pro-
cesses in evolution. The trigger for the bipotential undif-
ferentiated embryonic gonad anlage to develop into
either testis or ovary can be provided by various signals
from the environment, the genetic constitution of the in-
dividual, or a mixture of both [1, 2]. Studies of the
modes of genetic SD revealed that the genes at the top
of the regulatory network and the genes of the network
itself are subject to rapid changes in evolution. New
master SD genes evolved repeatedly and independently
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[3]. This situation is particularly obvious in fish, since
closely related sister species can have different genetic
SD systems or master SD genes [3-7].

Clearly, such a high turnover of genetic determinants
can work only if the evolutionary innovations are accom-
panied by the ability of the respective genes to neo-
functionalize or sub-functionalize quickly and efficiently
[8, 9]. In addition to changes in protein structure, differ-
ences in gene regulation have an important role in evolu-
tion and are considered a quick and effective way to adapt
gene functions to novelty [10-12]. Hence, the necessity
for the transcriptional rewiring of the architecture of the
SD regulatory network and connecting novel master SD
genes to it requires high-capacity and fast mechanisms.
Such a mechanism was proposed by Britten and Davidson
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almost 50 years ago [13, 14]. They hypothesized that
transposable elements (TEs) carry preformed transcription
factor binding sites, which, after mobilization and inser-
tion into novel locations of the genome, would contribute
novel regulatory features to nearby genes through
these motifs. However, examples of authentic co-
option, or exaptation [15], of TEs, where most or all
gene transcriptions initiate within a TE, remain sparse
(see [16] for a review).

Intriguingly, of the handful of examples of this process,
one of the best documented comes from a novel SD
gene. The master male-determining gene dmrtlbY of
the teleost fish Oryzias latipes (medaka) arose approxi-
mately 5 to 10 million years ago from an autosome
encompassing the dmrtl gene. Dmrtl is a highly con-
served transcription factor that usually functions at a
downstream position of the sexual regulatory cascade. In
medaka, the dmrtl gene was locally duplicated and
inserted into another chromosome that became the Y-
chromosome [5]. To exert its novel function at its new
upstream position, dmrt1bY acquired a divergent expres-
sion pattern and effector gene profile compared to its
autosomal ancestor, dmrtla [5 17]. We previously
showed that this evolutionary innovation, which re-
quired a complete rewiring of the regulatory network,
was partly brought about by exaptation of a ready-to-use
pre-existing cis-regulatory element contributed by a TE,
called Izanagi [17]. This element acts as a silencer. It
recruits proteins DmrtlbY and Dmrtla to turn off the
dmrtlbY gene after it has fulfilled its function as the pri-
mary male SD gene.

We report here that TE-mediated transcriptional re-
wiring can reach an unexpected level of complexity that
exceeds this simple feedback regulation. We find that
another TE, RexI, has jumped into Izanagi. Through the
disruption of Izanagi, RexI immobilized this TE and
fixed the Dmrtl-mediated downregulation. Moreover,
Rex1 brought in a preformed regulatory element for the
transcription factor Sox5. We show that medaka Sox5
binds to the sox5-responsive elements of the dmrtibY
promoter and downregulates its transcriptional activity.
Interestingly, in vivo analysis of double transgenic fluor-
escent reporter fish additionally revealed a complemen-
tary pattern of expression of both genes. The higher
expression of sox5 correlates with a lower expression of
dmrtlbY and vice versa. Our results underpin the im-
portance of the RexI TE for the establishment of a new
SD mechanism in medaka and likely contribute in estab-
lishing the temporal and cell-type specific expression
pattern of dmrt1bY.

Several transcription factors of the Sox family (Sox3,
SRY, Sox 9, and sox8) play crucial roles in SD, but Sox5
has not been previously implicated in SD in any meta-
zoan so far (neither Sox5 in vertebrates, nor its
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Drosophila homologue Sox102F). Interestingly, in me-
daka, disruption of sox5 leads to XX female-to-male sex
reversal. From an analysis of mutants, we find the crit-
ical involvement in gonadal development in medaka by
regulating primordial germ cells (PGCs). In overexpres-
sion experiments, there is an ectopic induction of germ-
cell markers including dmrtl. With all necessary notes
of caution, our preliminary expression pattern data, also
detecting SOX5 expression in the fetal gonad of mice,
may indicate an evolutionarily conserved role for SOX5
during early mammalian gonad development.

Our work reveals a dual role for sox5 during SD: (i)
first being an evolutionarily conserved important regula-
tor of germ-cell number in medaka and possibly beyond
and (ii) second, de novo regulation of medaka dmrtl
transcriptional activity during primary SD after it has
been recruited for transcriptional rewiring of the dmrtl
promoter due to exaptation of a TE.

Results

Identification of putative Sox5 transcription factor
binding sites in the dmrt1bY promoter

In an initial analysis of the promoter of the medaka
male-determining gene dmrt1bY, we found that after du-
plication from its autosomal progenitor dmrtla, an in-
sertion of an Izanagi DNA transposon brought in a
novel transcriptional repressor element [17]. It functions
by binding Dmrtla and DmrtlbY transcription factors
and is essential for the downregulation of dmrtibY after
fulfilling its SD function in the male gonad.

In addition to this repressor element [17], the pro-
moter region contains an unexpectedly high density of
putative binding sites for Sox5 (see the [B] region in
Fig. 1a and [17]). It harbors seven Sox5 binding sites; a
random prediction would expect only 0.46 sites over the
whole sequence. Interestingly, a unique putative Sox5
binding site is also found within a Rex! TE [«], and two
within repeat 3 [y] of the dmrtlbY proximal promoter
region (see [a], [S], or [y] in Fig. 1a and Additional file 1:
Figure S1 for sox5 binding site locations). These regions
were all inserted into the promoter after the duplication
event and, thus, during the evolution of the novel male-
determining function of dmrt1bY.

In particular, the Sox5 binding site nested within the
Rex1 TE of the dmrtlbY proximal active promoter
showed high prediction probability (weight 9.4, p value
54x10°, InPval -9;831; [a] in Fig. 1la, see also
“Methods” for the positional weight matrix employed).
To address the question whether this Sox5 binding site
has evolved de novo after insertion or was already an in-
tegral part of the RexI element that was inserted into
the dmrt1bY promoter, we blasted the RexI sequence of
the dmrtlbY promoter against the medaka and other
fish genomes (Fig. 1b,c). RexI elements are present in
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Fig. 1 Comparative analysis of the dmrtla and dmrt1bY co-ortholog promoters and presence of Rex! element sequences in the genomes of selected fish
species. a Comparative analysis of the medaka dmrt7 co-ortholog promoter regions. Differences in length for the two promoter regions are caused by
Rex1 and lzanagi transposable elements as well as repeats 3 and 4 that were inserted into the dmrt1bY promoter after the duplication event that gave rise
to the dmrtibY gene approximately 10 million years ago [17]. Regions q, 3, or v (brackets [] underlined in red) contain multiple Sox5 binding sites within
Rex1, lzanagi, and repeat 3, respectively, that have been subjected to chromatin immunoprecipitation (ChIP) (see also Additional file 1: Figure S1). The red
star (¥) identifies the Dmrt1 binding site described in [17]. b Alignment of the Y-chromosomal RexT element together with the 19 remaining Rex! copies
encompassing the sox5 binding site in the medaka genome. Dots indicate conserved nucleotides. Black arrows define primers used for chro-
matin immunoprecipitation. ¢ Presence of Rex! element (i) partial sequences, (ii) sequences encompassing the dmrt1bY-nested sox5 binding
site, and (i) sequences encompassing the dmrt1bY-nested sox5 binding site with the intact sox5 binding site in the genomes of medaka (Oryzias atipes),
tilapia (Oreochromis niloticus), zebrafish (Danio rerio), cavefish (Astyanax mexicanus), cod (Gadus morhuay), gar (Lepisosteus oculatus), stickleback (Gasterosteus
aculeatus), platy (Xiphophorus maculatus), Amazon molly (Poecilia formosa), fugu, tetraodon, and coelacanth (Latimeria chalumnae)

100 copies in the genome of medaka. Many copies are
also found in tilapia (100) and zebrafish (59), but there

(Fig. 1c). Interestingly, among Rex! elements, the region
encompassing the predicted sox5-binding site is very

are fewer in cavefish (20), cod (15) and gar (10). They
are scarce in stickleback (3), platyfish (4), and Amazon
molly (2), and absent in fugu, tetraodon, and coelacanth

poorly conserved despite being part of the reverse
transcriptase-coding region (region 6) of the RexI elem-
ent (Additional file 2: Figure S2). It can be detected with
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some divergence to the consensus sequence in only 47,
20, 10, 5, 2, and 1 copies in tilapia, medaka, zebrafish,
cavefish, cod, and Amazon molly, respectively (Fig. 1c).
An intact sox5 binding site is predicted in only two spe-
cies. In tilapia, a single copy has a high-fidelity site,
whereas 20 copies in medaka, including the one in the
dmrtlbY promoter, have putatively intact sox5 binding
sites (Fig. 1b,c and Additional file 3: Table S1). Hence,
RexI-nested sox5 binding sites appear to be a medaka-
specific feature.

Sox5 has been correlated with dmrtl expression in
zebrafish [18] and the wrasse, Halichoeres tenuispinis
[19], in in vitro promoter studies. Thus, we hypothesized
that the identified sox5 binding sites could be involved
in the transcriptional rewiring of dmrt1bY.

Sox5 binds to the putative Sox5-responsive elements of
the dmrt1bY promoter with different affinities

To assess the relevance of the predicted Sox5 binding sites
[a], [B], and [y] (see Fig. 1a,b) in the dmrt1bY promoter,
two different medaka cell lines, Oryzias latipes spermato-
gonial (Sg3) and fibroblast (OLF) cells, were transfected
with a FLAG-tagged version of Sox5 and then subjected
to chromatin immunoprecipitation (ChIP) using an anti-
FLAG antibody. DNA amplification with specific sets of
primers from the Sox5 immunoprecipitates revealed that
the Sox5 protein binds to the predicted sites ([a], [5], and
[y]) of the dmrt1bY promoter. However, much stronger
binding is apparent for the proximal site [a] (up to tenfold
higher enrichment, Fig. 2a) located within the Rex1 elem-
ent. Of note, although two DNA-binding sequences for
Sox5 were predicted within the dmrtla proximal pro-
moter (at positions [-286/-300] and [-1100/-1116] up-
stream of the ATQ), they do not appear to be functional,
as Sox5 does not target them in the ChIP experiments
(data not shown).

Of note, the predicted sox5 binding region [S] has pre-
viously been shown to overlap with a high affinity bind-
ing site for Dmrtl [17]. Hence, competition between
Sox5 and Dmrtl for access to this sequence motif can-
not be excluded. If Dmrtl already occupies the motif,
this might explain the low amount of recovery in the
Sox5 ChIP experiment.

Sox5 downregulates the activity of the dmrt1bY

promoter

Next, we examined (i) the respective contributions of
each part of the promoter for dmrtlbY transcriptional
regulation and (ii) the direction of that regulation
(up- or downregulation) using transcriptional reporter
assays. Thus, 5 deletions of the dmrtlbY promoter
([0/-1593], [0/-2995], [0/-6207], and [0/-8996]) were
produced and analyzed after transient transfection for
their ability to drive luciferase expression (Fig. 2b).
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In the medaka spermatogonial cell line, the highest
promoter activity was detectable for the [0/-2995] prox-
imal promoter region encompassing sites [a] and [f]
(Fig. 2b2). Promoter activity was significantly lower
(Fig. 2b3,4), when more distal sequences ([-2996/-6207])
containing site [y] were present in the construct. The
shortest proximal promoter region (encompassing site
[a] only) had intermediate transcriptional activity
(Fig. 2b1). Interestingly, the transcriptional activity of
the most proximal parts of the dmrt1bY promoter—en-
compassing the sites [a] in RexI (Fig. 2bl) and [f] in
Izanagi (Fig. 2b2)—was reduced by between 43% and
68% when Sox5 was overexpressed (Fig. 2b1,2). This
effect of Sox5 overexpression was not apparent for the
longer constructs including further distal sequences dis-
playing strong constitutive repression (Fig. 2b3,4). Of
note, the highest repression of dmrti1bY promoter tran-
scriptional activity was observed for the proximal pro-
moter region encompassing the [a] site in RexI (68% in
Fig. 2bl). Next, modulation of transcriptional activity
was tested for the [a], [a]-MUT, and [f] regions alone
(Fig. 2c¢). Interestingly, only the [a] region was able to
downregulate promoter activity (by about 40%) when
fused to a minimal thymidine kinase promoter. Neither
the [f] or a mutated version of the [a] region ([a]-MUT)
were able to modulate the activity of the minimal thymi-
dine kinase promoter (Fig. 2c).

To obtain a more precise readout for the regulation of
medaka dmrtlbY expression by Sox5, spermatogonial
and fibroblast medaka cell lines were transiently trans-
fected with a Sox5-expressing construct and endogenous
dmrtlbY expression was quantified by the real-time
polymerase chain reaction (RT-PCR) at different time
points post-transfection (24, 48, and 72 h). Our findings
reveal that the transcription of dmrtibY is highly re-
pressed in the presence of Sox5 (up to 90% 48 h after
transfection, Fig. 3a) in both the OLF and Sg3 medaka
cell lines.

Next, to validate our in vitro results, Sox5 coding
mRNAs were microinjected into one-cell-stage embryos,
and the expression of dmrtlbY and several germ-cell
markers (nanos2, nanos3, dead-end, vasa, tra2a, and
piwi) was monitored (Fig. 3b). The results confirm the
transient cell transfection experiments and demon-
strated that in vivo Sox5 can act as a negative modulator
of dmrt1bY expression (Fig. 3b). Overexpression of Sox5
also resulted in the repression of all analyzed germ-cell
genes regardless of their intrinsic endogenous expression
levels (Fig. 3b). Our in vivo results identify Sox5 as a
strong negative regulator of germ-cell gene expression,
including dmrt1bY. Interestingly, although most of the
germ-cell marker genes (nanos3, dead-end, vasa, and
piwi) are maternally deposited, their lower relative abun-
dances compared to controls after Sox5 overexpression
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are likely attributable to a total arrest of background
transcription after zygotic transcription started, or pos-
sibly accelerated mRNA decay.

Expression of sox5 during early gonad primordium
formation

Medaka sox5 mRNA, which is expressed in embryonic
and early larval development, has a distinct spatially and
temporarily restricted expression pattern (Fig. 4). Be-
tween stages 18 and 22, sox5 transcripts localize mainly

in the head and tail bud regions of the embryos
(Fig. 4a—d). At stage 22, expression is additionally de-
tected in the lateral plate mesoderm (arrowheads in
Fig. 4c,d), from which the somatic gonadal primordium
will develop shortly thereafter [20]. Later, sox5 expres-
sion is observed over the entire dorsal neural tube
(Fig. 4ee'ff) and pre-migratory neural crest cells
(NCCs, Fig. 4f). At stage 29, sox5 transcripts are present
in migrating NCCs ventrally [21] (Fig. 4g and arrow-
heads in g). A higher resolution of the dynamic
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expression pattern of sox5 in vivo was obtained with a
transgenic line, which has the 3288-bp upstream pro-
moter region of sox5 fused to a fluorescent (mCherry)
reporter. The reliability of sox5 gene expression was con-
firmed by comparison of the observed fluorescence with
the in situ hybridization data (Fig. 4c and f' compared to
d, h, and i, respectively). Sox5 promoter-driven fluores-
cence was detected as early as stage 22 in the lateral
plate mesoderm (Fig. 4d). This region has been shown
to have already the properties of a gonadal field because
somatic gonadal precursors arise from the most poster-
jor part of the lateral plate mesoderm [20]. Consistently,
at stages 26/28, when the gonadal primordium just has
formed, faint sox5 expression is still observable in the
somatic tissues surrounding the germ cells that express
DmrtlbY (Fig. 5a—c).

At stages 33 to 34, the gonadal expression of sox5 is
restricted to the germ cells (Fig. 5d—i). Of note, varia-
tions in the levels of sox5 expression are clearly visible
between different germ cells (Fig. 5d,e). Interestingly,

dmrtlbY (DmrtlbY:GFP) is also expressed in germ cells
at that specific stage of development [22] and displays
variations in expression between individual germ cells
[23, 24] (Fig. 5d,f). Analysis of the [Sox5:mCherry and
Dmrt1bY:GFP] double transgenic line revealed a comple-
mentary pattern of expression of both genes: those germ
cells that have a higher expression of sox5 have a lower
expression of dmrt1bY and vice versa (Fig. 5d—i).

During the following developmental stages (stages 38/
39), the expression of sox5:mCherry increases in all germ
cells, whereas dmrt1bY:GFP concurrently switches from
germ cells to the somatic, germ-cell-surrounding cells
(Fig. 5j,k). Taken together, these results show that ex-
pression of sox5 and dmrt1bY is highly dynamic during
gonadal primordium formation, switching from germ
cells to somatic cells (Fig. 51).

To determine whether the expression of sox5 during
early gonadal development is a medaka-specific feature or
is more widely conserved, we used immunofluorescence
on 13.5 and 14.5 days post coitum (dpc) mouse embryos.
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PatcH&d2
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Fig. 4 Expression of medaka sox5 during embryogenesis. a to ¢ and e to g Medaka sox5 expression investigated by whole-mount in situ hybridization
ord, h, and i fluorescence using a transgenic reporter line for which a 3288-bp sox5 promoter fragment drives the expression of mCherry. a-c Between
stages 18 and 22, sox5 mRNA localizes predominantly in the head and tail bud regions of the embryos. ¢,d At stage 22, additional expression is detected
in the lateral plate mesoderm of the embryos (arrows). e-g' From stage 24 onward, sox5 expression spans over the dorsal neural tube and pre-migratory
neural crest cells (arrowheads). g,g' At stage 29, sox5 expression is also seen in ventral migrating neural crest cells @rrowheads). h and i Fluorescent sox5

notochord at stage 39 [11]

expression is monitored in the neural tube and neural crest cells of hatching embryos (stages 38/39). h For comparison, patched? highlights the

This revealed that SOX5 was expressed in peritubular
myoid cells surrounding cords in the fetal testis (Add-
itional file 4: Figure S3, left and middle panels) and in a
subset of somatic and germ cells in the fetal ovary (Add-
itional file 4: Figure S3, right panels). Of note, a substantial
fraction of SOX5 expression also displayed cytoplasmic
localization. Although reported for other SOX factors (see
SOX2 [25], SOX9 [26, 27], and [28] for reviews), the func-
tional significance of the SOX5 non-exclusive nuclear
localization in mice gonads remains to be investigated.

Expression of sox5 in adult gonads

Given reduced dmrtlbY expression in the fully devel-
oped testis [29], we also monitored the expression of
sox5 in fully mature gonads of both sexes (Fig. 6). In
adult testes, sox5 fluorescence was mainly restricted
to the interlobular cells (see Fig. 6a—d). In contrast,
dmrtlbY expression is clearly localized within the
Sertoli cells [17] of the testicular lobules (Fig. 6a). No
co-localization of dmrtlbY and sox5 transcripts
whatsoever was observed (Fig. 6a). To define the na-
ture of the interlobular sox5-positive cells better,

immunofluorescence of 11-B-hydroxylase protein, a
specific marker of Leydig cells, was performed
(Fig. 6b). Interstitial cells of Leydig are found adjacent
to the seminiferous lobules in the testes and produce
androgens [30]. A perfect co-localization of sox5 tran-
scripts and 11-B-hydroxylase protein confirmed that
the interlobular sox5-positive cells are indeed Leydig
cells (Fig. 6¢,d). Interestingly, another discrete popula-
tion of soxS5-positive cells is discernable between but
close to the lobules (Fig. 6e—g). These cells are very
small compared to their neighboring germ cells, and
their nuclei appear compact (Fig. 6h—j). The expres-
sion of the germ-cell marker vasa (Fig. 6e—j) assigns
these cells to the germ-cell lineage, which are prob-
ably at a very early stage of differentiation. These
germ cells do not express dmrtlbY (Fig. 6k—n). The
adult ovary displays only a very few sox5-positive cells
with small and condensed nuclei (Fig. 60—q). At
present, the identity of these cells is difficult to ascer-
tain, but oocytes and somatic supporting cells (granu-
losa or theca cells) can be excluded from their
morphology and location.
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Fig. 5 Comparative analysis of sox5 and dmrt1bY expression dynamics during gonadal primordium formation. Expression of sox5 compared to dmrt1by in
a double transgenic fluorescent reporter line. a—c During early gonadal formation, sox5 is first detected in the somatic tissues surrounding the germ cells at
stages 26 to 28. At the same time, dmrt1bY is expressed in germ cells. d—i By stages 33 to 34, sox5 expression becomes restricted to the germ cells.
dmrt1bY is also expressed in the germ cells at those specific stages of development. Variations within the respective levels of sox5 and dmrt1bY expression
are clearly observable (d compared to e and f and g compared to h and i). jk Around hatching (stages 38/39), the expression of sox5 strengthens in all
germ cells while parallel dmrt1bY expression quickly switches from germ cells only to somatic germ-cell-surrounding cells only. I In vivo visualization of the
dynamics of expression localization of sox5 and dmrt1bY during male gonadal primordium development. The expression of sox5 and dmrt1bY is highly
dynamic during primordium gonadal formation, switching from somatic to germ cells and vice versa, respectively, from stage 26 until hatching. Being
mutual repressors of each other, a seesaw of expression is observed, finally finely restricting dmrt1bY expression in the somatic part of the primordium
gonad. Blue and red represent cellular expression localizations only and should not been interpreted as expression levels

PGC number is decreased in sox5 mutants premature stop codon results in the production of a
To obtain functional data on the role of sox5 in go- truncated Sox5 protein lacking the HMG box do-
nadal development, we next analyzed early gonadal main and causing Sox5 loss of function [21, 31, 32].
development in mutants. The ml-3 mutant (N541S) Considering that sox5 is first expressed in the lateral
is a naturally occurring mutation, for which a plate mesoderm and then in germ cells during
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Fig. 6 Expression of sox5 in adult gonads. a-d In adult testes, sox5 fluorescence is restricted to the cells located between the lobules where the
germ and Sertoli cells lie. a,b In double transgenic reporter fish, fluorescence of sox5 and dmrt1bY (marking the Sertoli cells) is distinct. ¢, d The
interlobular expression of sox5 co-localizes with 11-B-hydroxylase, a marker of Leydig cells. ej Expression of sox5 is also detected in another discrete
population of cells between but always close to the germinal lobules. h-j Small in size, these sox5-positive cells also express vasa, a specific marker of
germ cells. k-n The sox5- and vasa-positive cells do not express dmrt1bY. o-q In adult ovaries, only extremely few sox5 positive cells are detected.

primordial gonad formation, we investigated whether
Sox5 plays a role in regulating PGC number. Whole-
mount in situ hybridizations utilizing the PGC-
specific marker vasa were performed in wild-type
and sox5”” mutant fish embryos (Fig. 7a,b). At stage
22, during the formation of the primordial gonad
when sox5 has a first expression peak in wild-type
embryos, a drastic reduction in the PGC number is
evident in mutants (Fig. 7a compared to b). This
emphasizes a possible role for Sox5 as being a regu-
lator of PGC proliferation although such a reduction
in PGC numbers might also be ascribed to reduced
proliferation, reduced survival, or defects in fate
specification.

PGC number is rescued in sox5 mutants by in vivo
conditional knock-in of Sox5

Given that absence of functional Sox5 expression in the
sox5”" mutant resulted in a reduced number of PGCs,
we next attempted to rescue the gonadal phenotype by
wild-type sox5 expression to show that this gene is cru-
cial in regulating PGC numbers. Thus, we established a
transgenic line that expresses sox5 after controlled hom-
ologous recombination in the sox5 mutant genetic back-
ground (Fig. 7c). In this line, the sox5 promoter drives
the expression of a mCherry-stop cassette flanked by
LoxP sites. This cassette is followed by the wild-type
sox5 open reading frame (ORF) fused to a 2A self-
cleaving system [33] with nuclear-addressed green
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Fig. 7 Regulation of PGC numbers by Sox5. ab As early as stage 22, a drastic reduction of the germ-cell number (vasa in situ hybridization) is
observed in sox5”" mutants compared to wild-type embryos. ¢ For conditional knock-in and rescue of the sox5”" mutant fish, a transgenic line
expressing sox5 was produced. See “Methods” for details. d,e In vivo visualization of the effective recombination and expression of sox5 is
apparent after a switch from red cytoplasmic to green nuclear-localized fluorescence. After Cre recombinase injection at the one-cell stage, an
almost total recombination is observed, leading to the expression of the sox5 transcript as monitored by green fluorescence. Stars indicate auto-fluorescent
pigment cells and arrows indicate recombined germ cells. f Germ-cell numbers in sox5 mutant medaka after in vivo recombination and expression of sox5.
Of note, for that specific experiment, embryos were additionally injected with a GFP-Nanos 3" untranslated region (UTR) mRNA construct allowing effective

PGC monitoring. Statistical significance was assessed with the Wilcoxon-Mann-Whitney test (N = 30, 28, and 42 for Sox5”", Sox5”" recombined, and
wild-type embryos, respectively; * p value < 0.05, ** p value < 0.01). GFP green fluorescent protein, ns non-significant, PGC primordial germ cell

fluorescent protein (GFP) (H2B-GFP) (Fig. 7c). After
injection of mRNAs encoding for the Cre-NLS protein
and effective recombination, the mCherry-stop cas-
sette is excised, and the sox5 ORF is expressed to-
gether with nuclear-localized GFP (see recombination
in Fig. 7d for the trunk and 7e for germ cells). We
employed this system as being preferable to conven-
tional overexpression because it allows us to bypass
the deleterious effect of overexpressing the pleiotropic
sox5 gene during early development. Using this sys-
tem, we show that in terms of germ-cell numbers, a
partial rescue of the Sox5”" phenotype at stage 20 oc-
curred in the sox5’" mutant genetic background
(Fig. 7f). This provides evidence that Sox5 is indeed
required for controlling PGC numbers during the

formation of the early gonadal primordium as early as
stage 20.

Female-to-male sex reversal of Sox5 mutant fish

Since germ-cell number was reduced in the sox5”
mutant fish, we further investigated whether sexual
development was affected. Phenotypic and genotypic
sex was determined in a sox5”" mutant line [31, 34].
A complete XX female-to-male sex reversal (up to
95%) was recorded (Fig. 8a). The female-to-male sex-
reversed phenotypic males were fully fertile, so this
s0x5”" mutant line could be maintained exclusively on
a XX genotypic background (see Fig. 8b for pheno-
types). Genotypic XY sox5”" mutant fish were never
detected in the progeny (Fig. 8b) nor in outcrosses.
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Fig. 8 Phenotypic versus genotypic sex of sox5~/~-mutants and regulation of the dmrt1 co-orthologs and a set of germ-cell markers in sox5-/-
mutant embryos. a Phenotypic versus genotypic sex of sox5”" mutant fish. Complete XX female-to-male sex reversion was obtained. b Sexual
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The absence of XY s0x5”" male-to-female sex-
reversed fish, predicted to overexpress dmrtlbY ac-
cording to our results, is in line with the scarcity of
surviving YY zygotes—carrying two copies of the
dmrtlbY gene—reported in the literature [35].

Monitoring gene expression in the XX embryos of that
line, we find the upregulation of PGC marker genes, in-
cluding nanos2, nanos3, dead-end, and piwi, whereas
tra2a and vasa did not show significant changes com-
pared to wild-type embryos (Fig. 8c). Of note is the
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upregulation of the autosomal dmrtla in the Sox5 mu-
tant background. The precocious expression of this gene
at early stages of development (stages 28 and 32 in
Fig. 8¢c) is intriguing because dmrtla expression is not
expected before 10 days after hatching. This untimely
expression may be related to the XX female-to-male sex
reversal, because a similar untimely expression of
dmrtla has been seen in high-temperature-induced XX
male-to-female sex reversals [36] (and our own unpub-
lished data).

Discussion

SD relies on the proper control of a hierarchically struc-
tured, multilayered network of genes. The genes at the
top orchestrate complex transcriptional and post-
transcriptional regulations (see [3, 4, 6, 37] for reviews).
Despite such a critical function, they appear to be dis-
pensable in evolutionary terms and can be quickly re-
placed with the emergence of new lineages. Our present
analysis provides evidence that concomitantly to the ac-
quisition of a dominant position within the SD network,
the medaka master male determiner, dmrt1bY, was sub-
jected to a profound rearrangement of its regulatory
landscape. We found that sequential insertions of both
Izanagi and the Rex1 transposon were instrumental for
rewiring the dmrt1bY promoter in the process of diversi-
fication from its autosomal progenitor dmrtla.

First, the integration site itself appears to be highly
relevant. We have previously reported that a P-element-
like DNA transposon, Izanagi, brought in a regulatory
sequence that mediates specific transcriptional regula-
tion of dmrtlbY, which was important for the Y-
chromosomal duplicate to evolve its new function [17].
A common feature of class II transposons is that they
can excise. The insertion of the Rex! element in the
dmrtlbY promoter occurred in the DNA-binding
domain of the transposase and thereby fixed the Izanagi
element and the contained Dmrtl transcription factor
binding motif to the promoter of the new SD gene.

Second, the Rex! transposon contributed a functional
high-affinity binding site for the transcription factor
Sox5 as a novel regulatory element for dmrt1bY expres-
sion. Thus far, neither Sox5 in vertebrates nor its Dros-
ophila homolog Sox102F [38] have been shown to be
implicated in SD. In medaka, the expression pattern of
sox5 already indicated a function in gonad formation. In-
deed, independently of dmrt1bY, sox5 is expressed in the
lateral plate mesoderm that later gives rise to the gonad.
Thereafter, during gonadogenesis stages, sox5 expression
switches toward the germ-cell lineage. There the sox5
expression pattern in PGCs is mutually exclusive with
the expression of the master SD gene dmrt1bY, which,
during the formation of the gonad primordium, concur-
rently changes from germ cell to somatic cell expression
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during this period. This is consistent with the in vitro
findings of a suppressive action of Sox5 on the dmrtibY
promoter, although the early expression of sox5 in the
lateral plate mesoderm as well as in the adult gonads
suggests other additional gonadal functions de-
correlated from dmrt1bY activity.

It has been shown that DmrtlbY has a suppressive
effect on cell proliferation by mediating a G2 arrest
[39]. Thus, continued expression of dmrtibY in PGCs
during early embryonic stages, which precede the
actual SD stage at hatching, could have a negative ef-
fect on the number of PGCs that is presumed to be
decisive at the SD stage [40, 41]. Clearly the observed
suppressive action of sox5 toward dmrtlbY expression
in vitro and in vivo at stages 33/34, down-modulates
this negative effect.

Later, the persistence of sox5 expression—indepen-
dently of dmrtibY expression—in germ cells within the
gonadal primordium and in the early-differentiated germ
cells of mature gonads indicates another independent
major role in germ-cell physiology from gonad induction
to adult development and maintenance. Hence, it is
likely that following the transcriptional rewiring of
dmrtlbY first by Izanagi and then by RexI TEs, Sox5
has been hijacked in the primary SD cascade for control-
ling and fine-tuning dmrtlbY expression during the
male-determining period. Independent of the regulatory
function of dmrt1bY, Sox5 appears to have a more gen-
eral involvement during gonadal formation (visible by
expression in the lateral plate mesoderm) and germ-cell
physiology (apparent from persistence of sox5 expression
in germ cells).

Although not directly related to dmrtlbY regulation
during the formation of the male gonadal primordium,
the most convincing evidence for a sexual development
function of Sox5 comes from medaka strains that carry
knockout alleles for this gene. We find that lack of
Sox5 leads to a decrease in PGC numbers, which is res-
cued by re-introducing the wild-type version of the
gene in mutant embryos. Strikingly, at the molecular
level, we found an upregulation of several germ-cell
markers in the mutants, even though the germ-cell
number is sensibly reduced. It can be assumed that
such overexpression in mutants is an indication of an
insufficient compensatory mechanism needed to rescue
germ-cell numbers properly. These findings demon-
strate that germ-cell marker expression levels upon
Sox5 modulation are primarily the result of gene ex-
pression regulation and are not due to the number of
cells that express these genes.

The XX female-to-male sex reversal in the Sox5 mu-
tant is in line with an inferred important function of
maintaining the appropriate number of PGCs. The num-
ber of PGCs at the SD stage is critical for determining
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male or female sex in medaka [39, 42]. It is higher in fe-
males at the SD stage. Lowering the number of germ
cells in medaka or zebrafish results in female-to-male
sex reversal [43, 44]. Hence, when the number of PGCs
falls below the threshold in sox5’" mutant XX fish, it
will permit male development. Interestingly, we find an
ectopic and earlier than normal expression of dmrtla in
the primordial gonad of the mutants. This has also been
observed in environmentally induced XX female-to-male
sex reversal in medaka and has been interpreted as a
compensatory mechanism to supply the necessary
trigger for testis development in the absence of
dmrtlbY [36, 45].

Sox5 regulation of dmrt1bY and the importance of this
gene for sexual development in medaka raise the ques-
tion of whether this co-option of Sox5 regulation
through RexI insertion brought a novel member into
the SD regulatory network as a medaka-specific evolu-
tionary innovation or whether this event provided a
necessary connection to an indispensable gonad-
development downstream pathway. This is difficult to
answer at present but should motivate further studies on
the role of Sox5 in the formation of ovaries and testes in
other species.

The in vitro data of sox5 effects on dmrtl transcrip-
tional regulation in zebrafish and wrasse [18, 19] point
to an evolutionarily conserved function of Sox5 that
have been unnoticed so far. Members of the SOX family
of transcription factors play essential roles during SD in
mammals. Both the founding member of the SRY family
and the closely related factor SOX9 have been shown to
be necessary and sufficient for mammalian male SD [46,
47]. In addition, other SOX family members, such as
SOX3 and SOXI10, can take over this role if they are
expressed ectopically in the developing testis at the time
of SD, as demonstrated in transgenic mice and in human
patients with duplications in these genes [48-53]. In
contrast, Sox5 has been implicated in spermatogenesis in
the adult [54, 55] but not in embryonic gonad develop-
ment and/or SD in mouse. With all necessary notes of
caution, our preliminary data detecting SOX5 expression
in the fetal gonad of mice may indicate an additional
role for SOX5 during embryonic gonad development in
mice after SD.

The finding that a preformed transcription factor
binding site contributed by the RexI transposon modu-
lates the regulation of dmrt1bY promoter highlights the
important role that mobile elements play in the genome
for shaping the evolution of new functions. Intriguingly,
although bona fide examples of this process are still rare
[16], RexI is the second such event found in the same
promoter. It will be interesting to analyze whether the
other repeats present in the dmrt1bY, but not in the pro-
moter region of dmrtla, provide further instances of TE
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exaptation. Genes that arose by gene duplication such as
dmrtlbY are primarily dispensable and can only escape
degeneration through sub- or neo-functionalization. As
dmrtlbY and dmrtla both have exclusive functions in
male sexual development in line with the highly con-
served role of dmrtl in invertebrates and vertebrates
[56], a change in transcriptional control via the insertion
of two different TEs might initially have led to sub-
functionalization; dmrtlbY acquired its transient early
expression, whereas the transcription of dmrtla was
pushed back to the later testis differentiation phase. In
other fish species, and in mouse and chicken, dmrti,
which represents the evolutionary precursor of the two
genes in medaka, is expressed starting in very early male
SD stages and continues to be expressed during testis
differentiation and specialization and in the post-
pubertal reproductively active organ [6, 37, 57-59].

Conclusion

In summary, the evolutionary history of the promoter of
a newly arising SD gene in medaka not only provides a
new example for TE-mediated rewiring that created evo-
lutionary novelty but also shows the unexpected com-
plexity and richness of such elements. It will be
interesting to have a closer look at the SD genes of other
fish that have been subject to fast evolutionary change
and thus, might also be targets for TE exaptation.

In addition to showing that sox5 was recruited—or more
exactly promoted thanks to neo-functionalization—to the
very top of the primary SD cascade after insertion of Rex1
and that it controls the fine-tuning of dmrt1bY expression,
our results provide evidence for a more general and ances-
tral SD function of Sox5 in regulating germ-cell number
and, in consequence, gonadal identity.

Methods

Immunohistochemistry

Testes from adult fish were fixed with 4% paraformalde-
hyde in balanced salt solution (111 mM NaCl, 5.37 mM
KCl, 1 mM CaCl,H,0, 0.6 mM MgSO;7H,0, and 5 mM
Hepes, pH 7.3) for 30 minutes on ice. After fixation, sam-
ples were washed three times for 10 minutes with MABT
buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5, and
0.1% Triton X-100) and subsequently twice for 30 minutes
with MABDT buffer (MABT buffer complemented with
1% bovine serum albumin and 1% dimethyl sulfoxide).
After blocking in MABDT-blocking buffer (MABDT buffer
supplemented with 2% lamb or sheep serum), the tissues
were incubated in MABDT-blocking buffer together with
anti-11-B-hydroxylase primary antibody (1:150 dilution)
overnight at 4 °C. Samples were then washed three times
for 5 minutes in MABDT buffer and washed again four
times for 30 minutes in MABDT-blocking buffer on ice.
Thereafter, samples were incubated overnight at 4 °C with
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the secondary antibody diluted at 1:600 in MABDT-
blocking buffer. Finally, the tissues were washed in
phosphate-buffered saline, stained with Hoechst solution
for 3 hours at 4 °C, mounted and imaged with a confocal
microscope (Nikon C1 confocal microscope). For Add-
itional file4: Figure S3, immunohistochemistry was per-
formed according to [60] using the mouse anti-SOX5
antibody from Abcam (ab26041).

Chromatin immunoprecipitation

For ChIP, the EpiQuik ChIP kit (Epigentek) was used
according to the manufacturer’s instructions, using 1 mil-
lion cells (Sg3 spermatogonial or OLF fibroblast cell lines)
of transiently transfected cells with FLAG-tagged Sox5
and 3XFLAG antibodies for immunoprecipitation. After
fixation and cell re-suspension, DNA was sheared by son-
ication (nine pulses of 10 seconds with an amplitude of
10%). After immunoprecipitation, specific primer sets
were used for enrichment quantification by real-time
PCR. For controls, primer sets encompassing regions
without any sox binding sites were used. The results are
presented as enrichment compared to input. All primer
sets were checked for the specificity of the amplifications.

Bioinformatic analyses

Binding sites for DmrtlbY were identified using the
matrix provided by [61] together with the Regulatory
Sequence Analysis Tools portal (RSat) [62]. Sox5 tran-
scription factor binding sites were determined using
Matlnspector from the Genomatix portal [63] using the
following positional weight matrix: [A, C, G, T: (4, 6, 3,
9), (7, 4, 3, 8), (21, 0, 1, 1), (22, 0, 1, 0), (0, 22, 0, 1), (23,
0,0, 0), (22, 1,0, 0), (0, 0, 0, 23), (10, 3, 6, 4), (5, 7, 6, 5)].

In vitro expression regulation analyses and real-time PCR
Medaka spermatogonial (Sg3) and fibroblast-like (OLF)
cell lines were cultured as previously described [64—66].
For transfection, cells were grown to 80% confluency in
six-well plates and transfected with 5 pg of expression
vector using FuGene (Roche) reagent as described by the
manufacturer.

Total RNA was extracted from fish tissues or trans-
fected cells using the TRIZOL reagent (Invitrogen) ac-
cording to the supplier’s recommendation. After DNase
treatment, reverse transcription was performed with
2 pg of total RNA using a RevertAid First Strand Syn-
thesis kit (Fermentas) and random primers. Real-time
quantitative PCR was carried out with SYBR Green
reagents and amplifications were detected with an i-
Cycler (Biorad). All results are averages of at least two
independent real-time reactions. Error bars represent
the standard deviation of the mean. Relative expression
levels were calculated (according to 2 — 2“T where CT is
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the number of cycles) after correction of the expression
of elongation factor 1 alpha (eflalpha).

Luciferase assay

For promoter analysis, a 9107-bp fragment upstream of
the Dmrt1bY ORF was isolated by restriction enzyme di-
gestion (Xhol/EcoRI) from BAC clone Mn0113N21 [17]
and cloned into pBSII-IScel plasmid (pBSII-IScel:[0/-
8927] Kb DmrtlbY. Subsequently, the Gaussia luciferase
gene from the pGLuc-basic plasmid (New England
Biolabs) was inserted between EcoRI and Notl sites of
pBSII-IScel:: [0/-8927] Kb DmrtlbY prom (pBSIIIScel:
[0/-8927] Kb DmrtlbY prom:GLuc plasmid, Fig. 2).
pBSII-IScel:: [0/-1593] Kb DmrtlbY prom:GLuc, pBSII-
IScel:: [0/-2963] Kb DmrtlbY prom:GLuc and pBSII-
IScel:: [0/-6162] Kb DmrtlbY prom:-GLuc plasmids
were constructed in the same way, removing 5" frag-
ments of the 9107-bp DmrtlbY promoter region using
Kpnl, Eco47Ill, and Hindlll restriction enzyme digestion,
respectively, and re-ligation.

Gaussia luciferase activity was quantified using the Lu-
ciferase Reporter Assay System from Promega and nor-
malized against co-transfected firefly luciferase
expressing plasmid (ptkLUC+). For Fig. 2c, [a], [a]-
MUT, and [f] fragments (same as used for the ChIP
assay shown in Fig. 2a) were PCR amplified and cloned
into ptkLUC+ plasmid (accession number AF(027128)
between HindIIl and BamHI restriction sites.

Establishment of transgenic reporter lines and in vivo
recombination and imaging

A transgenic line was created for the in vivo
visualization of endogenous sox5 expression as well as in
vivo functional knock-in of sox5. The Sox5 upstream
promoter region of the Sox5 gene was cloned in front of
an [mCherry-stop] cassette flanked with LoxP sites
(Fig. 7c). In detail, in a first line, the sox5 promoter re-
gion drives the expression of an mCherry-Stop cassette.
This cassette is followed by a Sox5 ORF fused (2A self-
cleaving system [33]) with a nuclear-addressed GFP
(H2B-GFP). For recombination, direct microinjection of
one-cell-stage embryos with mRNA encoding for the
Cre-NLS protein was performed (Fig. 7d—f). Sox5
homozygosity of the fish was determined according to
the pigmentation pattern of the embryos (see [21]).

To generate stable transgenic lines, the meganuclease
protocol was used [67]. Briefly, approximately 10 to
15 pg of total vector DNA in a volume of 500 pl injec-
tion solution containing I-Scel meganuclease was
injected into the cytoplasm of one-cell-stage medaka
embryos (Carbio strain). Adult FO fish were mated to
each other and the offspring were tested for the presence
of the transgene by checking for fluorescence. Siblings
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from positive F1 fish were raised to adulthood and tested
again for fluorescence.

For PGC visualization and counting, the GFP-nosl 3’
UTR construct that includes the mmGFP5 ORF cloned
upstream of the 3" UTR of the zebrafish nanosl gene
[68, 69] was injected at the one-cell stage (Fig. 7f).

For imaging, embryos, hatchlings, or tissues were
mounted with 1.2% low melting temperature agarose.
Confocal pictures and image stacks were acquired using
Nikon C1 (eclipse Ti) confocal laser scanning and the
NIS element AR software.

Whole-mount in situ hybridization

RNA whole-mount in situ hybridizations were performed
as previously described [70]. Hybridization signals were
detected using alkaline phosphatase conjugated anti-DIG
antibody (Roche) and BM-purple (Roche) as chromogen.

Bioresources and animals
The Sox5 medaka mutant strain (N541S) has been depos-
ited with the National Bioresource Center [71].

Additional files

Additional file 1: Figure S1. Annotation of the dmrt1bY promoter. Bold
underlined: Rex! element. Bold red: location of sox5 binding sites.
Dmrt1bY exon 0 is in blue letters. Primer sets used for ChIP are provided.
(DOCX 169 kb)

Additional file 2: Figure S2. Comparison of medaka Rex1 reverse-
transcriptase (RT) sequence with other non-LTR retrotransposons. RT
conserved domains are given according to Malik, Burke, and Eickbush
[72]. RT sequences are CR1 from Gallus gallus (U88211); Maui from Fugu
rubripes (AF086712); Jockey, R1, and | from Drosophila melanogaster
(P21328, X51968, and M14954, respectively); and Tad1 from Neurospora
crassa (L25662). The degree of amino acid conservation between
sequences is shown at the foot of the alignment. (JPG 811 kb)

Additional file 3: Table S1. Location and adjacent genes of Rex]
elements containing Sox5 binding sites in the medaka genome. (PDF 70 kb)

Additional file 4: Figure S3. SOX5 protein expression in fetal mouse
gonads. Double immunofluorescence of SOX5 (green) and MVH (red) on
sagittal sections of 13.5 dpc (left panel) and 14.5 dpc (middle panel)
mouse testes, as well as 14.5 dpc mouse ovaries (right panel). Gonads are
demarcated with dotted lines. The lower panels are a higher magnification
image of the area marked by a square in the upper panels. Scale bars

100 um (upper panels) and 30 um (lower panels). JPG 1710 kb)

Additional file 5: Supporting data. Raw supporting data for
Figs. 2AB1-B4,C, 3AB, 7F, and 8C. (XLS 215 kb)
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ABSTRACT

Chaperone-mediated autophagy (CMA) is a major pathway of lysosomal proteolysis essential
for the control of intermediary metabolism. So far, the absence of any identifiable
LAMP2A—a necessary and limiting protein for CMA—outside of the tetrapod clade, led to
the paradigm that this cellular function was (presumably) restricted to mammals and birds.
However, after we identified expressed sequences displaying high sequence homology with
the mammalian LAMP2A in several fish species, our findings challenge that view and suggest
that CMA likely appeared much earlier during evolution than initially thought. Hence, our
results do not only shed an entirely new light on the evolution of CMA; but also bring new
perspectives on the possible use of complementary genetic models, such as zebrafish or

medaka for studying CMA function from a comparative angle/view.

Keywords: chaperone-mediated autophagy; evolution; fish; LAMP2A; RNA-seq



Being one of the main pathways involved in lysosomal proteolysis, chaperone-
mediated autophagy (CMA) has been described as a selective mechanism for the degradation
of specific soluble proteins within lysosomes [1]. Besides a well described role in protein
quality control (resulting from its ability to selectively target damaged or non-functional
proteins for degradation), the diversity of the sub-proteome degraded by CMA also associates
this function with the regulation of transcriptional programs [2], cell death and cell survival
mechanisms [3-5], DNA repair and cell cycle progression [6], as well as a variety of
intracellular processes related to the control of cellular energetics [7-10]. Over the last few
years, CMA has thus emerged as a major core component in the control of cellular
homeostasis [11].

In detail, cytosolic proteins bearing a KFERQ-like motif are first recognized by the
chaperone HSPA8/HSC70 [12]. The substrate/chaperone complex then docks at the lysosomal
membrane through specific binding to the cytosolic tail of LAMP2A (lysosome-associated
membrane protein 2A). Multimerization of LAMP2A will then result in the formation of a
translocation complex, and promote translocation of substrate proteins [13]. Following
unfolding and internalization, substrate proteins are then rapidly degraded by lysosomal
proteases. Next, LAMP2A disassembles from the translocation complex, allowing a new
cycle of substrate binding and translocation [14].

LAMP2A originates from the alternative splicing of the LAMP2 gene, giving rise to 3
different splice variants. These splice variants all share a common lumenal domain but display
different cytosolic and transmembrane regions. CMA activity is tightly correlated with (i) the
level of LAMP2A (and not those of the 2 other splice variants) at the lysosomal membrane
[15] and (@i) the efficiency of assembly/disassembly of LAMP2A in this compartment [14].
As such, LAMP2A is considered to be the necessary and limiting component for CMA

activity [15].



In this context, because LAMP2A has, so far, been characterized only in birds and
mammals, and not in other clades, functional CMA is thought to be restricted to tetrapods
[16]. Interestingly, in Drosophila, selective endosomal microautophagy (eMI), a recently
identified form of microautophagy which shares together with CMA the dependence on
KFERQ-like motifs and HSPA8/HSC70 for substrate targeting, has been suggested: to
constitute an alternative to CMA [16,17]. Although it is tempting to speculate that in non-
tetrapod species eMI might be an ancestral form of selective autophagy for the degradation of
substrates that in tetrapods are shared between eMI and CMA, our data reveal that the picture
is probably much more complex.

Indeed, homology-based searches on in house-developed RNA-seq databases
(PhyloFish), providing consistent and exhaustive gene expression data from 23 different ray-
finned fish species [18], resulted in the identification of several contigs displaying high
sequence homology with mammalian LAMP2A. In detail, the inferred amino acid sequences
of the fish Lamp2A contigs not only displayed high homology when compared to the
transmembrane and cytoplasmic domains of mammalian LAMP2A, but also high
conservation of key motifs shown to be essential for proper function of the protein (Figure
1A). Hence, fish Lamp2A sequences display the typical GY dipeptide conserved in all forms
of LAMP2 and required for targeting to lysosomes [19]. Fish Lamp2A present also the
hydrophobic phenylalanine (F) residue (not conserved in the other forms of Lamp2) important
for’ lysosomal targeting [20]. Additionally, 3 of the 4 positively charged amino acids
necessary for binding substrate proteins [15] are also present in fish sequences, as are the 2
glycine residues (G) involved in the multimeric pattern of Lamp2A [13], at least in some fish
species (Figure 1A).

Furthermore, sequence analysis of the complete genomes of several fish species also

revealed high conservation of the genomic organization of the LAMP2 gene across vertebrates



with notably the presence of the 3 alternative exons (B, A and C) encoding the
transmembrane domain and cytoplasmic tail specific of each isoform (LAMP2B, LAMP2A
and LAMP2C, respectively) (Figure 1B). However, the number and size of exons encoding
the lumenal region are only moderately conserved among species (Figure 1B), leading to
lower homology of the corresponding region (from 15 to 20% between analyzed species)
compared to the cytoplasmic tail (from 21 to 85%) (Table S1), thus accounting for different
structure (Figure 1A) and possibly functional variations of Lamp2A among species.

Finally, fine expression analysis of the newly characterized lamp2a splice variants in
different fish species shows that they are expressed in different tissues of a large variety of
ray-finned fish species, including the medaka (Oryzias latipes), a model species widely used
in biomedical research (Figure 1C). Although no lamp2a transcripts could be identified in
zebrafish (Danio rerio), RT-PCR analysis using specific primers targeting a conserved region
of the lamp2a exon from fish nevertheless revealed significant zebrafish lamp2a expression in
different tissues, including intestine, kidney and liver (data not shown).

Overall, our data show for the first time the existence as well as the expression of
lamp2a transcripts in different tissues of a large variety of ray-finned fish species, and
therefore imply that CMA function might have appeared much earlier during evolution than
initially thought.'A number of issues remain now to be addressed about the functionality of
the Lamp2A sequences found in fish. This includes (i) whether or not in fish lamp2a mRNA
can be successfully translated to protein, (i1) whether or not these Lamp2A proteins properly
localize to lysosomes, and (ii1) whether or not the polymerized fish Lamp2A regulates the
relocation of the substrates. Further understanding of the structure-function relationship
between fish Lamp2A displaying differences in key motifs will also help to complete this
picture. The presence of Lamp2A outside of the tetrapod clades opens up new perspectives in

autophagy research. Comparative approaches across phylogenetic distant species (fish versus



tetrapods for instance) will certainly provide new insights on selective autophagy by
exploring the extent to which CMA, but also the crosstalk between CMA and other
components of the cellular proteostasis networks (in particular eMI), diverged during

vertebrate evolution.
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FIGURE LEGEND

Figure 1. Protein Structure, gene organization and mRNA expression of Lamp2A in fish
(A) Schematic drawing of the structure of vertebrate LAMP2A. The human LAMP2A is used
as reference. It shows a lumenal region comprising 2 N-glycosylated LAMP domains of
approximately 160 residues (each with 2 disulfide bonds, S-S) separated by a proline-rich, O-
glycosylated ‘hinge’ region of approximately 30 amino acid residues [21]. O- and N-linked
glycosylation are indicated in green and red, respectively. The transmembrane (TM) domain,
harboring 2 glycine residues (red G) involved in the multimeric pattern of LAMP2A, is
followed by a short, C-terminal cytosolic tail that is comprised of 4 positively-charged amino
acids (KHHH in blue) required for the binding of substrate proteins as well as motifs for
lysosomal targeting (in green). The schematic drawing of fish Lamp2A has been done on the
basis of sequence complementarity with the human LAMP2A. Potential O- and N-linked
glycosylation are indicated in light green and pink, respectively. Sequence alignment of the
boxed region of the 3 LAMP2/Lamp?2 variants is shown below. The positively-charged amino
acids required for the binding of substrate proteins are colored in blue. The GY dipeptide as
well as the hydrophobic F required for targeting of LAMP2A to lysosomes are in green. The
glycine residues (G) involved in the multimeric pattern of LAMP2A are in red. (B) The
genomic structure of LAMP2/lamp?2 is conserved in vertebrates and contains the 3 alternative
exons (B, Aand C) encoding the transmembrane domain and cytoplasmic tail specific for
each isoform. The size of exons (in base pairs) is shown in italics below or above each exon.
(C) Data from RNAseq show that lamp2a is expressed in different tissues of a large number
of ray-finned fish. Relative expression of lamp2a was expressed in number of reads per
kilobase per million reads per species, after normalization of data by the total number of

sequences obtained for each tissue and species. The obtained values were then log



transformed and centered to the median (set at 0.00). Ac, Amia calva (bowfin); Lo,
Lepisosteus oculatus (spotted gar); Aa, Anguilla anguilla (European eel); Gp, Gnathonemus
petersi (elephantnose fish); Aal, Alosa alosa (allis shad); Ph, Pangasianodon hypophthalmus
(striped Catfish); Am, Astyanax mexicanus (cave Mexican tetra); El, Esox lucius (northern
pike); Up, Umbra pygmae (eastern mudminnow); Tt, Thymallus thymallus (grayling); Cl,
Coregonus lavaretus (European whitefish); Cc, Coregonus clupeaformis (American
whitefish); St, Salmo trutta (brown trout); Om, Oncorhynchus mykiss (rainbow trout); Sf,
Salvelinus fontinalis (brook trout); Gm, Gadus morhua (Atlantic cod); Ol, Oryzias latipes

(medaka).
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Evolutionary novelties require rewiring of transcriptional net-
works and/or the evolution of new gene functions. Sex determina-
tion (SD), one of the most plastic evolutionary processes, requires
such novelties. Studies on the evolution of vertebrate SD revealed
that new master SD genes are generally recruited from genes
involved in the downstream SD regulatory genetic network. Only a
single exception to this rule is currently known in vertebrates: the
intriguing case of the salmonid master SD gene (sdY), which arose
from duplication of an immune-related gene. This exception immedi-
ately posed the question of how a gene outside from the classical sex
differentiation cascade could acquire its function as a male SD gene.
Here we show that SdY became integrated in the classical vertebrate
sex differentiation cascade by interacting with the Forkhead box do-
main of the female-determining transcription factor, FoxI2. In the
presence of Foxl2, SdY is translocated to the nucleus where the
SdY:FoxI2 complex prevents activation of the aromatase (cyp79aia)
promoter in cooperation with Nr5a1 (Sf1). Hence, by blocking a pos-
itive loop of regulation needed for the synthesis of estrogens in the
early differentiating gonad, SdY disrupts a preset female differentia-
tion pathway, consequently allowing testicular differentiation to pro-
ceed. These results also suggest that the evolution of unusual
vertebrate master sex determination genes recruited from outside
the classical pathway like sdY is strongly constrained by their ability
to interact with the canonical gonadal differentiation pathway.

sex determination | Forkhead box proteins | sex differentiation |
fish | evolution

Sexual development is a fundamental process that shapes
animal morphology, physiology, and behavior. The develop-
ment of the undifferentiated embryonic gonad toward a testis or
an ovary is regulated by a complex network of genes, where the
initial triggers for male or female sex differentiation can come
from the environment or the genome (1). A great number of
studies revealed that the chromosomal, molecular, and cellular
mechanisms of genetic sex determination (SD) are highly vari-
able (1-4). It is now particularly clear that SD mechanisms
evolved frequently and independently, leading to a high turnover
of the genes governing sexual development (1, 5), even between
closely related organisms. For instance, the therian sex-determining
gene SRY is not found in other vertebrates (6), and recent studies have
identified many different master SD genes in birds, amphibians, and
fish (7-14). In these species, known members of the downstream
regulatory sex differentiation network usurped the position at the top
of the sex determination cascade to become the master SD gene.
However, not all downstream sex differentiation genes are equally able
to take the lead as sexual master switches, and currently, only the

www.pnas.org/cgi/doi/10.1073/pnas.1803826115

genes encoding transcription factors Sox3 and Dmrtl and several
components of TGF-p signaling have been identified as master SD
genes in vertebrates. This frequent reuse of the same SD genes led to
the hypothesis that there are limited options in becoming a master sex-
determining gene, which can be met by only a very limited number of
genes from the sex differentiation network. However, this “limited
option” hypothesis (15) was challenged by the discovery of the unusual
salmonid sex-determining gene (16, 17). This gene, called sdY for
“sexually dimorphic on the Y,” turned out to be a duplicated and
truncated version of a gene encoding IFN regulatory factor 9 (irf9),
which functions in the immune response of vertebrates. Upon IFN
binding to its receptor and activation of STAT signaling, IRF9 com-
plexes with both STAT1 and STAT2 in the cytoplasm and then
translocates to the nucleus to activate effector genes of the antiviral
response through its DNA-binding domain (18). IRF9 nonimmunity
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Sex determination is one of the most fundamental but also ex-
traordinary plastic processes in nature. Many different master
sex-determining genes have been characterized in vertebrates,
and most of them are known to fulfill essential functions during
sexual development and thus are already tightly linked to the
process that they now govern. Only one exception is currently
known: the salmonid master sex-determining gene (sdY), which
arose from the duplication of an immune-related gene. Here we
show that SdY prevents female differentiation by interacting and
blocking the action of a key ovarian differentiation factor. These
results suggest that the evolution of unusual vertebrate master sex
determination genes is strongly constrained by their ability to in-
teract with the canonical gonadal differentiation pathway.
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roles have been described in neurons and liver and heart patho-
physiology (19), but so far no evidence implicates it in sex de-
termination or sex differentiation processes. The birth of such a
master SD gene recruited from outside of the classical sex differ-
entiation cascade raises the intriguing question of its functional
evolution and how this unusual SD gene determines sex. Did SdY
evolve a new function to be able to interact directly with the classical
gonadal sex differentiation cascade, or does it use part of its ancestral
pathway, that is, the IFN immune-related response, for its action?

Results and Discussion

During evolution of SdY, the DNA-binding domain and the nu-
clear localization signals of Irf9 were lost, while the protein—protein
interaction domain (IRF association domain, or IAD) was pre-
served and underwent some sequence diversification (16). To test
the hypothesis that the IAD domain of SdY still functions in pro-
tein binding, we first performed molecular modeling and found that
the 3D structure of SAY strongly overlaps the IAD domain of IRF
proteins (Fig. 14). As the IAD domain is the only domain of known
function predicted from the primary sequence of the sdY gene (16,
17), we hypothesized that SAY could still exert its function based on
protein—protein interactions. We thus searched for SdY inter-
acting proteins using a yeast two-hybrid (Y2H) screen with SdY
used as bait and with a rainbow trout prey cDNA library prepared
from late differentiating testes sampled when sdY expression is still
high (16). Among the 46 different putative interacting proteins there
were none of the known Irf9 partners like Statl or Stat2. Instead, we
found a very strong enrichment of many members of the Forkhead
box (FOX) family (11 FOX proteins, SI Appendix, Tables S1-S3).
The Forkhead box, a highly conserved DNA-binding domain (20)
common to all FOX proteins, was identified as the minimum do-
main needed for an effective interaction with SAY (Fig. 1B and S/
Appendix, Table S3). Interestingly, among all of the FOX proteins
interacting with SdY in yeast, we found the well-known female sex
differentiation protein FoxI2 (21, 22). Taking into account the
importance of FoxI2 in vertebrate sex differentiation, we reasoned
that this would be an interesting and biologically relevant SdY
partner. We then explored the interaction of SAY with trout Foxl2
in a direct yeast interaction assay and confirmed that SdY and
Foxl2 can interact together (SI Appendix, Fig. S1).

To better characterize this interaction, an in vitro approach
was developed using cell transfection assays. In HEK 293T cells

B Selected Interacting Domain N clones
Foxp4 (] — ) P — 11
Foxma — e w
FoxQ1 —emmeemmeme ( ) 1
Fkh domain -------- ( ) 4

IRF5 (IAD) N —f) E Forkhead | Fox proteins }-c
Fig. 1. SdY conserves the structure of the IRF protein-protein interaction

domain and interacts with the Forkhead box domain of Fox proteins. (A) SdY
shares structural homologies with IAD, a protein—protein interaction do-
main. The structure of SdY (in gray) was modeled using the crystal structure
of IRF5 as a template (in green). This SAY structure reveals eight B-sheets
forming a p-sandwich and three a-helices that are highly conserved with
IRF5. (B) SAY interacts in yeast with Fox proteins through their highly con-
served DNA-binding domain. The alignments of the SdY-Fox interacting
clone sequences (gray lines) delineate the minimum domain or selected
interacting domain needed for an effective interaction with SdY in yeast,
which is the Forkhead box domain (110 aa, black lines). The 11 Fox proteins
characterized in the Y2H screen are represented by open cylinders with
numbers of interacting clones indicated on the right side.
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transfected only with sdY plasmid, SAY protein was localized
predominantly in the cytoplasm (Fig. 2 A-A" and SI Appendix,
Fig. S2). However, when cotransfected along with FoxI2, SdY
was completely translocated into the nucleus (Fig. 2 B-B” and SI
Appendix, Fig. S2). Such a complete SAY nuclear translocation
was observed only with fish FoxI2 proteins (Fig. 2H), including
the two rainbow trout paralogous gene products (FoxI2bl and
FoxI2b2) resulting from the salmonid whole-genome duplication
(23) (Fig. 2 I-0) and the medaka, Oryzias latipes, Foxl2 (SI Ap-
pendix, Figs. S3 and S4). No complete nuclear translocation was
observed with some other rainbow trout Fox proteins (Fig. 2 C-H
and SI Appendix, Fig. S2), with some mammalian FoxI2, that is,
mouse and goat (SI Appendix, Fig. S3), and with the rainbow trout
FoxI2b2 containing a modified mouselike Forkhead box domain
(SI Appendix, Fig. S4). This complete nuclear relocalization of
SdY with trout and medaka FoxI2s indicated some specific protein—
protein interaction and that this interaction required the con-
formation of a fish Forkhead domain. This interaction was also
confirmed in vitro by co-immunoprecipitation experiments (Fig.
2 P and Q and SI Appendix, Fig. SSA) and in vivo by showing that
SdY was also translocated into the nucleus following coinjection
with FoxI2 in medaka embryos (SI Appendix, Fig. S5 B and C).

To obtain further insights into the physiological relevance of
the SAY and FoxI2 interaction in vivo, a gene expression time
course of foxi2, nr5al, and sdY genes in differentiating trout
gonads was performed. In agreement with its male-determining
role, sdY expression was detected only in male gonads, with a
peak of expression around 45 d postfertilization (dpf) (Fig. 34).
In contrast, foxI2b1, foxI2b2, and nr5al were not expressed in a
sexually dimorphic fashion before the time point at which sdY
peaks in males; after this time point foxI2b! and foxI2b2 are
markedly up-regulated in females and down-regulated in males
(Fig. 3 A and B and SI Appendix, Fig. S6). We also explored
expression of gonadal aromatase (cypl9ala), as this gene is a
well-known direct target of Fox12 (24). We found that cypl9ala
is expressed only in female gonads and its expression parallels
the expression of the trout fox/2 genes (Fig. 34). These cyp19ala,
nrbal, and foxI2 expression patterns are consistent with the
critical role of FoxI2 in the up-regulation of Cypl9al/cypi9ala
(24, 25), in cooperation with Nr5al (steroidogenic factor 1, Sf1)
for driving ovarian differentiation (26). In addition, sdY and fox/2
are colocalized in some somatic cells of the early differentiating
gonad in the male rainbow trout (Fig. 3C), suggesting that they
could interact to modulate cypl9ala expression. Interestingly,
trout foxI2 genes are also strongly and positively regulated by
estrogens (Fig. 3B), the steroid end products of the aromatase
enzyme (21). This points to a positive regulatory loop with FoxI2
inducing cypl9ala expression and thus increasing estrogen syn-
thesis that will, in return, stimulate the expression of foxi2 (21).
Taking into account the pivotal role of Cyp19ala and estrogens
in fish ovarian differentiation (27) and our results on a specific
interaction of SAY with Foxl2, we proposed that SAY exerts its
sex-determining function by suppressing this positive regulatory
loop through its interaction with Foxl2. To evaluate this, we first
confirmed, using a luciferase reporter assay, that activation of
the medaka cypl9ala promoter requires the presence of both
Foxl2 and Nr5al, which work in synergy to activate cypl9ala
(25) (Fig. 44). We then tested the effect of SAY on the tran-
scriptional activity of the cypl9ala promoter and demonstrated
that SAY strongly represses the synergistic Foxl2- and Nr5al-
induced cypI9ala expression (Fig. 4B) but not the Foxl2-alone-
or Nr5al-alone-induced cypl9ala expression (Fig. 4C).

In our attempt to understand how irf9, a transcriptional regulator
of the immune system, has evolved into a master SD gene whose
expression is necessary and sufficient to drive testicular differenti-
ation (16), we obtained multiple sets of evidence supporting the
hypothesis that SdY exerts its sex-determining function by inter-
acting with the female-determining factor Foxl2. An interaction of
SdY with Foxl2 was not anticipated, but some Forkhead box
proteins such as the FOXO proteins have been shown to have direct
protein—protein interactions with a variety of unrelated transcription
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Fig. 2. SdY interacts with FoxI2, resulting in its nu- Control
clear translocation. (A-H) GFP:SdY alone (A-A") and
GFP:SdY in combination with different trout Fox
proteins, Foxl2 (FoxI2b1) (B-B”), Foxd2 (C-C"), Foxd3
(D-D"), Foxn2 (E-E"), Foxn3 (F-F"), Foxo3 (G-G"),
were cotransfected in HEK 293T cells (delimited by
white dotted lines). GFP:SdY is translocated in the
nucleus (delimited by yellow dotted lines and stained
in blue with Hoechst staining) only in the presence of
FoxI2 (B-B”). (Scale bar, 5 pm.) (H) Percentage of
transfected cells (mean + standard deviation on 200
cells) in which SdY is completely translocated in the
nucleus after three independent cotransfection ex-
periments with different trout Fox proteins. Signifi-
cant differences compared with SdY alone were
calculated using an unpaired two-tailed Student’s
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and FoxI2b2 are both able to drive SdY complete
nuclear translocation (delimited by yellow dotted
lines and stained in blue with Hoechst staining).
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SdY (n =5), SdY and FoxI2b1 (n = 5), and SdY and FoxI2b2 (n = 5) with Pearson’s correlation. Statistical significance was calculated using an unpaired two-
tailed Student’s t test, ***P < 0.001. (P and Q) SdY binds with FoxI2 in co-immunoprecipitation (IP) experiments. HEK 293T cells were transiently transfected
with expression plasmids for SdY fused to a hemagglutinin tag (3xHA:SdY) and for FoxI2 fused to a 3xFlag tag (3xFlag:FoxI2b1 or 3xFlag:FoxI2b2). Whole-

cell lysates were used for immunoprecipitation with anti-Flag or anti-FoxI2

(P) and with anti-HA or anti-SdY (Q) followed by immunoblotting with the

appropriate antibodies. Input represents 10% whole-cell lysate. IgG mouse antibody was used as the control. In P, 3xFlag:FoxI2b1 or 3xFlag:FoxI2b2 was
immunoprecipitated with either Flag (Top) or FoxL2 (Bottom) antibodies followed by immunoblotting with an antibody against the HA tag to reveal the
interaction with 3xHA:SdY (SdY). In Q, 3xHA:SdY was immunoprecipitated with an HA or SdY antibody, followed by immunoblotting with an antibody
against the Flag tag to reveal 3xFlag:FoxI2b1 (FoxI2b1) (Top) or 3xFlag:FoxI2b2 (FoxI2b2) (Bottom).

factors (28). In zebrafish the Foxo3b protein is even able to repress
the transcriptional activity of irf genes by a direct IRF/FOX protein—
protein interaction (29). This may suggest that SAY acquired its
ability to specifically bind to fish Foxl2 proteins based on a preex-
isting possibility of interaction of Irf9 with the FOX protein.

The specific interaction of SAY with FoxI2 carries SAY into the
nucleus, where it can prevent, by blocking the synergistic action
of Nr5al (Sfl) and Foxl2, the implementation of a positive
regulatory loop controlling the expression of cypl9ala. By doing
so very early in the differentiation process of the gonads, i.e.,
long before implementation of the cypI9ala loop of regulation in
females (Fig. 34), SAY would completely prevent estrogen pro-
duction in the differentiating male gonads. The absence of es-
trogen production subsequently triggers masculinization as it has
been demonstrated in many fish species, including rainbow trout,
using treatments with an aromatase inhibitor (30) or, more re-
cently, by direct inactivation of the cyp/9ala gene (26, 31, 32).
Such masculinization following the blockade of estrogen pro-
duction is even effective in adult females (27), showing that es-
trogens in fish are needed not only for ovarian differentiation but
also for ovarian maintenance. However, the fact that foxI2b] and
foxI2b2 gene expression is not down-regulated in the male gonad
before 45-50 dpf suggests that the inhibition of the positive
regulatory loop between cypl9ala expression, estrogen production,
and fox/2 gene expression is not active at these early testicular dif-
ferentiation stages. This absence of inhibition of fox/2 expression in
the early male differentiating gonad could suggest that there is
additional regulation of this positive loop or that expression of
foxI2 is not sensitive to estrogen at these early developmental
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stages. Such a mechanism of action through the blockage of
cypl9ala and estrogen production assigns to SAY an activity as
an antiovarian determining factor directly preventing the ovarian
differentiation pathway instead of activating the male pathway.
However, it cannot be totally excluded that SdY, besides sup-
pressing the female pathway, may also affect directly the acti-
vation of the male pathway. Nevertheless, known important male
developmental actors such as Dmrtl, Amh, and Sox9 (1) were
not identified in the Y2H screen, and this along with their late
expression during rainbow trout male gonad development (33)
compared with sdY expression suggests that they are not direct
interacting partners of SAY.

In summary, we provide strong evidence that SAY determines
sex in rainbow trout not by using part of its ancestral Irf9 path-
way but by directly interacting with Foxl2, an important member
of the classical gonadal sex differentiation cascade. This suggests
that innovation at the top of the vertebrate sex determination
cascade may be constrained because novel master SD genes have
to cope with the regulation of the conserved vertebrate sex dif-
ferentiation cascade. The “limited option” hypothesis is mainly
based on the idea that only a small subset of genes and chro-
mosomes, because they are better at doing the job, would be
independently and repeatedly selected as new vertebrate master
SD genes (15). We now propose that the limited option is ac-
tually more constrained by the conservation of the sex differen-
tiation pathway and that evolution of SD genes may include
some innovations like SAY if these unusual SD genes evolved a
means to build an interface with the sex differentiation cascade.

PNAS Latest Articles | 3 of 6

EVOLUTION



w

A100 .
o] 9 Fomates: 50 dpf 60 dpf 70 dpf 85 dpf
E 60 o > -
< e ; .
2 4 =| £ L) 3 vy
'E:_ 20 NEE y & z = =
S Q- A
S 100 ~ <] 2
g nr5a1 X = '
gn 80 ‘e o . P 4 =
g Sl ] v | o | BB
= 40 ©
_— e =
& — — -
o]
100 C

Male 50 dpf

80| foxI2b2 1 1

Or‘-r‘ihrhﬁ

s0]cyp19ata I

= ol

33 35 37 40 44 50 61 85 125
Days post-fertilization

—
foxI2b2

Relative gene expression
=)
8

dY

S

sdY foxi2b |

Fig. 3. The gonadal expression patterns of sdY, fox/2, nr5a1, and cyp19ala (A
and B) are in agreement with a repressive effect of SdY on the FoxI2 positive
regulation of the aromatase promoter (C). (A) Gene expression profiles of sdY,
nr5al, foxI2b2, and cyp19aia in male and female gonads from 33 to 125 dpf.
All values represent the mean + standard deviation of three biological repli-
cates (in percentage of the highest measured value). The gray area highlights
the period before the sexually dimorphic expression of trout fox/2 genes during
gonadal differentiation. (B) Gonadal localization of fox/2b2 transcripts (NBT/
BCIP signal in blue) in male and female gonads. fox/2b2 is expressed in somatic
cells of both female and male gonads at 50 dpf and only in female gonads at
later stages (60, 70, and 85 dpf). In males fed with estrogens (male E2) fox/2b2 is
strongly up-regulated compared with control males quickly after (60 dpf) the
application of the treatment (55 dpf). (Scale bar, 20 um.) (C) Colocalization by
double in situ hybridization of sdY (NBT/BCIP signal in blue) and fox/2b2 (HNPP/
Fast Red signal in red fluorescence) in somatic cells of a rainbow trout male
differentiating gonad at 50 dpf. Cell nuclei are shown in the dark-field panels
stained with DAPI either with or without the HNPP fluorescent detection of
foxI2b2. Germ cells are shown by an asterisk. (Scale bar, 20 pm.)

Materials and Methods

Protein Structure Prediction. Three-dimensional homology modeling of SdY
was predicted with the software SWISS-MODEL (https:/swissmodel.expasy.
org/) using the structure of the dimeric IRF5 (PDB ID 3DSH) transactivation
domain (34) as a template. The resulting model was obtained by the su-
perposition of the template and SdY. The 3D views of SdY were made with
PyMOL (molecular graphics system, version 1.7.4; Schrédinger).

Yeast Two-Hybrid Screen. Yeast two-hybrid screening was performed by
Hybrigenics Services (https:/swww.hybrigenics-services.com). The coding se-
quence for SAY (amino acids 1-215) (GenBank accession number GI:392583258)
was PCR amplified and cloned into pB27_A as a C-terminal fusion to LexA (N-
LexA-SdY-C) and into pB66_A as a C-terminal fusion to the Gal4 DNA-binding
domain (N-Gal4-SdY-C). These constructs were checked by sequencing and used
as baits to screen a random-primed Oncorhynchus mykiss immature male gonad
(gonads sampled around 75 dpf) ¢cDNA library; 112 million interactions were
tested with pB27_SdY, and 71.3 million interactions were tested with p66_SdY,
leading to the detection of 24 and 178 processed clones, respectively. The prey
fragments of these 202 positive clones were amplified by PCR and sequenced at
their 5" and 3’ junctions. Each fragment corresponding to an interacting protein
was identified using GenBank release 192 (National Center for Biotechnology
Information). The common sequence shared by all prey fragments of the same
protein defines the selected interacting domain containing all of the structural
determinants required for a given interaction to occur. A confidence score
[predicted biological score (PBS)] that outlines the reliability of the interaction is
given to each interaction as previously described (35). PBS scores were divided
into four categories, from A (highest confidence) to D (lowest confidence).

Genomic DNA Extraction. To clone rainbow trout fox/2b1 and foxI2b2, ge-
nomic DNA was extracted from liver tissue with lysis buffer (10 mM Tris-HCl,
100 mm EDTA, 0.5% SDS, and 20 pg/mL RNase A). Proteinase K was added to
150 mg/mL, and the sample was incubated at 56 °C overnight. A double-
extraction phenol-chloroform (1:1) followed by chloroform-isoamyl alcohol
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(24:1) extraction was done. DNA precipitation was performed with an equal
volume of isopropanol (1:1). The precipitate was pelleted by centrifugation
at 16,000 x g and washed twice in 70% ethanol, dried at room temperature,
and dissolved in 2 mL of distilled water.

Cloning. Plasmids and primers used are listed in the S/ Appendix, Tables S4
and S5. The coding sequence of SdY was amplified from the psdy:sdy-pcry:
cfp plasmid (16) and inserted into pCS2*. From this plasmid, the PCR-amplified
fragment was inserted into pCS2*:HA:mCherry (gift from Manfred Gessler,
University of Wuerzburg, Wuerzburg, Germany), pCS2*-emGFP, and pCS2*
-3xHA expression plasmids. Rainbow trout fox/2b1 and fox/2b2 and medaka
foxI2 (Ol-foxI2) were cloned by PCR amplification on genomic DNA and inserted
in pCS2* plasmid, pCS2*:HA:mCherry, and pCS2*:3xFlag between the EcoRI-Xhol
restriction sites. The constructs 3xHA-pCS2* and 3xFlag-pCS2* were obtained by
concatemerization of three single HA sequences (3xHA) or three single FLAG
sequences (3xFLAG) flanked by Hindlll restrictions sites. pCS2*-emGFP:SdY was
obtained by inserting a PCR-amplified fragment corresponding to emGFP in
frame into the EcoRl site. To explore the hypothesis that SdY could be able to
interact with all Fox proteins through an interaction with their highly conserved
Forkhead domain, we selected different rainbow trout Fox proteins from an EST
resource collection in which ESTs were cloned into a CMV expression (pCMV-
Sport6) plasmid (36). Five trout cDNA clones encoding for Foxd2, Foxd3, FoxI3,
Foxn3, and Foxn2 were found to have a complete open coding frame, including
Foxn3 and Foxn2, which were identified as SAY partners in the Y2H screen. The
rainbow trout FoxI2b2 sequence with threonine 64 and threonine 79 replaced
by adenines (T64A; T79A) was synthesized (Genscript) by replacing in the fox/2b2
<DNA sequence the threonine codon sequence ACC or ACT with an adenine
codon sequence GCC at amino acid positions 64 and 79, respectively. The cor-
responding sequence was inserted in a pcDNA3.1 plasmid between the EcoR1
and Xhol restriction enzyme sites and checked by sequencing.

Cell Culture. HEK 293T cells were cultured and maintained in DMEM (PAN
Biotech), supplemented with 10% FCS (PAN Biotech) and 1% penicillin-
streptomycin (PAN Biotech) at 37 °C with 5% CO,. Transfections for HEK
293T cells were performed by incubating cells with polyethylenimine (PEI)
(100 mg/mL PEI diluted 1:100 in 150 mM Nacl) and respective plasmids (10 ug
for 10-cm dishes, 2 pg for six-well plates) for 6-8 h in fresh medium. Then,
the medium was discarded, and fresh medium was added.

Rainbow trout gonadal (RTG2) cells were cultured and maintained in L15
medium, 20 mM glutamine (PAN Biotech), supplemented with 10% FCS (PAN
Biotech) and 1% penicillin-streptomycin (PAN Biotech), at 20 °C in an at-
mosphere of air. For transfection, RTG2 cells were detached by Trypsin-EDTA
(P0781; Sigma-Aldrich) and pelleted by centrifugation at 1,000 x g for 5 min,
washed once with medium and once with PBS. The pellet was drained and
resuspended in solution V (Amaxa Kit) at a density of 10° cells/mL; 2 ug of
plasmid were added to the suspension. After mixing, the suspension was
transferred to a cuvette (Kit V; Amaxa). Program D-23 was used to electroporate
the cells. After transfection, cells were immediately transferred to six-well plates
filled with medium. All experiments were performed 72 h after transfection.

Immunofluorescence. HEK 293T cells were seeded in a 6-well plate containing
coverslips. After pCS2*-meGFP-SdY and pCS2*-mCherry-FoxI2b1 (or
pCS2*-3xFLAG:FoxI2b2 or pCS2*-3xFLAG-OI-FoxI2) cotransfection for 48 h,
cells were fixed in 4% fresh paraformaldehyde for 15 min, extensively
washed, and permeabilized with 0.1% Triton X-100 in PBS for 10 min. Then
cells were blocked with 1% BSA for 20 min. The primary antibody (S/ Ap-
pendix, Table S6) was incubated overnight at 4 °C. After extensive washing
with PBS, cells were incubated with Alexa 488 or Alexa 594 conjugated sec-
ondary antibodies in 1% BSA for 1 h, followed by Hoechst 33342 (Invitrogen)
staining for 5 min (1 pg/mL final concentration). Cells were mounted using
Mowiol 4-88 (Roth). Confocal images were acquired using a Nikon Eclipse C1
laser-scanning microscope (Nikon), fitted with a 60x Nikon objective (PL APO,
1.4 N.A)), and Nikon image software. Images were collected at 1,024 x 1,024
pixel resolution. The stained cells were optically sectioned in the z axis. The
step size in the z axis varied from 0.2 to 0.25 mm to obtain 50 slices per imaged
file. All experiments were independently repeated at least three times.

Colocalization Analyses. The Nikon NIS-Elements imaging analysis software
was used for the colocalization analyses. Confocal images of double-stained
sections were first subjected to background correction. SdY nuclear trans-
location was counted as complete translocation when the majority of the
GFP:SdY signal was found in the nucleus. Pearson’s correlation was calculated
and used to obtain the colocalization values as percentages of SdY over-
lapping with FoxI2b1 or FoxI2b2 for a minimum of five cells (n = 5). The
Pearson’s coefficient values were defined as very strong colocalization

Bertho et al.


https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://www.hybrigenics-services.com/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803826115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803826115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803826115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803826115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1803826115

Relative luciferase intensity

0
ag< Nr5a1 [|[Nr5a1 (100ng)
FoxI2 (n

23 (g)‘ (ng) |[Foxiz (ng)
L 2N WARAING 2N WD
S O o000 o0Soo0oo0o0co9o oo
(8] o ocoo o o o ooo

2 897

2 B

2

£

o 4

7]

©

4

&

‘c

2 2/

o

2

s

K]

7]

x ol

pGL3 +

Foxl2 +

Nr5a1 |

0.8 C

g
o

Relative luciferase intensity
o
S

0.2
0
9 2 [ Foxl2(200 ng) | [Nr5a1 (100ng) |
(D ©
22 | SdY ] [ sdY |
g ON G =N W o U =NW
Q ae888 °888
o

Fig. 4. SdY prevents the FoxI2/Nr5a1 positive regulation of the cyp79a7a pro-
moter. Medaka cyp79ala promoter activity (pGL3-cyp79ala promoter coupled
to a firefly luciferase) was measured using a luciferase reporter assay after HEK
293T cell cotransfection with either medaka nr5al and/or fox/2 expression
plasmids and variable concentrations of the rainbow trout sdY expression plas-
mid. All results were calculated as the mean + SEM of three biological replicates
in two independent experiments. (A) FoxI2 and Nr5a1 act in synergy to induce
cyp19ala expression. Medaka cyp19aia luciferase assay with variable concen-
trations of fox/2 (50-400 ng) and nr5a7 (50-200 ng) or 100 ng of nr5a1 with
variable concentrations of fox/2 (50-400 ng). Statistical significances of luciferase
activity within treatments were tested using an unpaired two-tailed Student’s
t test. Effects of fox/2 alone and nr5a7 alone compared with their synergistic
effect (shown by asterisks on the dotted lines joining the different groups) were
tested by a one-way ANOVA with a post hoc Dunnett test. (B) SAY prevents
FoxI2/Nr5a1 positive regulation of the cyp79ala promoter. Medaka cyp79aia
luciferase assay with variable concentrations of fox/2 (50-400 ng) combined with
a fixed concentration of nr5a7l (100 ng) and a fixed concentration of fox/2
(200 ng) and nr5a7 (100 ng) combined with variable concentrations of sdY (25—
300 ng). Empty plasmid control (pGL3) and FoxI2 alone (200 ng) are depicted by
a + sign. Statistical significances of luciferase activity were tested using a Mann-
Whitney U test. (C) SAY does not repress cyp19ala promoter expression induced
by medaka FoxI2 alone or Nr5a1 alone. Medaka cyp19a7a luciferase assay with
fixed fox/2 (200 ng) or nr5a1 (100 ng) concentrations combined with variable
concentrations of sdY (25-300 ng). Statistical significances of luciferase activity
within treatments were tested using an unpaired two-tailed Student's t test. The
effect of foxI2 or nr5a1 alone compared with fox/2 or nr5a1 and variable con-
centrations of sdY was tested by a one-way ANOVA with post hoc Tukey tests.
***P < 0.001; **P < 0.01; *P < 0.1; ns, P > 0.05 (nonsignificant).

between 0.85 and 1, strong colocalization between 0.5 and 0.85, and weak
or no colocalization between —1 and 0.5.

Co-Immunoprecipitation. HEK-293T cells were transfected with pCS2*-3xHA:
SdY and pCS2*-3xFlag-FoxI2b1(or pCS2*-3xFlag:FoxI2b2 or pCS2*-3xFlag-Ol-
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FoxI2) constructs to be assessed for their ability to co-immunoprecipitate.
After 48 h cells were scraped and resuspended in 50 pL lysis buffer [20 mM
Hepes (pH 7.8), 500 mM NacCl, 5 mM MgCl,, 5 mM KCl, 0.1% deoxycholate,
0.5% Nonidet-P40, 10 mg/mL aprotinin, 10 mg/mL leupeptin, 200 mM
NazVO,; 1 mM phenylmethanesulfonyl fluoride, and 100 mM NaF]. Cells
were incubated in lysis buffer for 30 min at 4 °C and then cleared by high-
speed centrifugation for 20 min. After Bradford protein concentration
measurement, HNTG buffer (20 mM Hepes pH 7.5; 150 mM NaCl; 10%
glycerol; 0.1% Triton X-100) was added (1:1) to 250 pg of the whole-cell
lysate. After preclearing with IgG antibodies for 1 h at 4 °C, whole-cell ly-
sates were used for immunoprecipitation with the corresponding anti-
bodies. One microgram of anti-Flag, anti-HA, or IgG antibody was added to
500 pL of cell lysate or 5 ug of anti-SdY or anti-FoxL2 (S/ Appendix, Table S6)
and then incubated at 4 °C overnight. After the addition of washed protein
G agarose beads (Pierce, 20398), incubation in HNTG buffer was continued
for another 2 h. Immunoprecipitates were washed (five times with cen-
trifugation at 1,000 x g, supernatant discarded, HNTG lysis buffer added)
and eluted with SDS/PAGE loading buffer by boiling for 10 min. Co-
immunoprecipitation was detected by standard Western blot analysis procedure.

Western Blotting. Cells were lysed in a Hepes-based lysis buffer [20 mM Hepes
(pH 7.8), 500 mM NaCl, 5 mM MgCl,, 5 mM KCl, 0.1% deoxycholate, 0.5%
Nonidet-P40, 10 mg/mL aprotinin, 10 mg/mL leupeptin, 200 mM Na3VO4, 1 mM
phenylmethanesulfonyl fluoride, and 100 mM NaF] for 3 h. Cells debris was
pelleted by centrifugation for 15 min at 16,000 x g. Cell lysate protein con-
centration was measured with a Bradford assay (Cary 50 Spectrophotometer;
Varian). The protein lysates (30-50 pg) were resolved by SDS/PAGE on 12% Tris-
glycine gels followed by transfer to nitrocellulose membranes. Unspecific
binding was blocked with 5% BSA in Tris buffered saline with Tween-20 (TBST)
[10 mM Tris (pH 7.9); 150 mM NacCl; 0.1% Tween] for 1 h at room temperature.
Incubation with primary antibodies was performed overnight at 4 °C. After
three washes with TBST, HRP conjugated antibodies were incubated with
blocking solution for 1 h. Following the washes, membranes were incubated
with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scien-
tific) for 1 min. The signal from the membrane was detected using a Photo
Image Station 4000MM (Kodak). At least two independent experiments were
performed, and representative protein blot images are shown.

Quantitative PCR. Expression levels of sdY, fox/2b1, foxI2b2, nr5al, and
cyp19ala were measured by qPCR as previously described (37). Gonads (15-20
pairs of gonads per time points) were sampled in triplicate at 33, 35, 37, 40, 44,
50, 61, 85, and 125 dpf in both genetic all-male (XY) and all-female (XX)
populations of rainbow trout. Total RNA was extracted using the RNAqueous-
Micro Kit (Ambion, Life Technologies) for the 33- to 50-dpf samples and the
RNAqueous-Kit (Ambion, Life Technologies) for the 61- to 125-dpf samples. All
samples were then treated with the TURBO DNA-free Kit (Ambion, Life
Technologies) to remove any leftover genomic DNA. Reverse transcriptions
were carried out using 150 ng of total RNA as the starting material with
the Ovation RNA Amplification System (NUGEN Technologies), following the
manufacturer’s recommendations. Quantitative PCR was performed using the
StepOnePlus system (Applied Biosystems) using 4 pL of reverse-transcribed
cDNA (single tube quantification per sample, with three biological replicates
for each sex and time point) diluted to 1:90, the Fast SYBR Green Master Mix
(Applied Biosystem), and 600 nmol of each primer listed in S/ Appendix, Table
S7. The enzyme was activated for 20 s at 95 °C, followed by 40 cycles of de-
naturation at 95 °C for 5 s and annealing and elongation at 60 °C for 30 s.

Whole-Mount in Situ Hybridization. In situ hybridization was performed as
previously described (38). RNA probes were produced from PCR products
obtained by amplification of fox/2b2. Ten nanograms of the PCR product
were used as a template for digoxigenin-labeled RNA probe synthesis using
digoxigenin 11-UTP (Roche Diagnostics Corp.) and T3 or T7 RNA polymerase
(Promega) following standard protocols. Whole-mount in situ hybridization
was carried out using an in situ Pro, Intavis AG robotic station. Male and fe-
male embryos were fixed overnight in 4% paraformaldehyde at 4 °C, dehy-
drated in 100% methanol, and stored at —20 °C. Before in situ hybridization
they were rehydrated, permeabilized by proteinase K treatment (25 pg/mL, 30
min, at room temperature), and postfixed (4% paraformaldehyde and glu-
taraldehyde 0.2%, for 20 min). Prehybridization and hybridization media
contained 50% formamide, 5XSSC, 0.1% Tween 20, 0.005% heparin, 0.1 mg/
mL tRNA. Hybridization was carried out at 65 °C for 16 h. After post-
hybridization washes, embryos were incubated in blocking buffer (PBS/Triton
0.1%/Tween 20 0.2%, containing 2% serum) for 2 h before the addition of the
alkaline phosphatase coupled anti-digoxigenin antibody (1:2,000; Roche Di-
agnostics Corp.) for 6 h. After washing, the color reaction was performed in
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the presence of nitro-blue tetrazolium/5-Bromo-4-chloro-3’-indoly phosphate
(NBT/BCIP) (Roche). Briefly, dehydration and paraffin infiltration were per-
formed in a Citadel 1000 tissue processor (Shandon). Dehydrated tissues were
embedded in plastic molds in paraffin using a HistoEmbedder (TBS88; Medite).
Each embedded sample was sectioned 5 pm thick on a MICRO HM355 (Thermo
Fisher Scientific).

Colocalization of sdY and foxI2 by in Situ Hybridization. Fifty-dpf male rainbow
trout were fixed in Bouin’s fixative at 4 °C. One hour after fixation and de-
hydration, the tissues were embedded in paraffin and cut into 4-um sections.
Antisense sdY and fox/2b2 RNA probes were synthesized using in vitro tran-
scription with a fluorescein RNA labeling mix (Roche) and a DIG RNA labeling
mix (Roche), respectively. Sections were deparaffinized, rehydrated, and treated
with 1% H,0, in TBST buffer at room temperature for 30 min and 1 pg/mL
proteinase K (Roche) at 37 °C for 13 min. After the enzymatic treatment, sections
were dehydrated with ethanol and chloroform and then hybridized with sdY
and foxI2 probes simultaneously at 60 °C for 18 h. Fluorescein was visualized by
using an anti-fluorescein—-alkaline phosphatase (anti-fluorescein-AP) Fab frag-
ment (Roche) (1:1,000) and the HNPP Fluorescent Detection Set (Roche). Digox-
igenin (DIG) was visualized by using an anti-digoxigenin-AP Fab fragment
(Roche) (1:500) and NBT/BCIP. Before the DIG visualization, alkaline phosphatase
was inactivated in 0.1 M glycine/0.1% Tween 20 at room temperature for
30 min. DAPI staining was performed to visualize nuclei.

Luciferase Assay. HEK 293T cells were transfected using PEI with the following
plasmids: 0.3 pg of pGL3-OlaCyp19ala sequence (kindly provided by D. Wang
Deshou, Key Laboratory of Aquatic Science of Chongging, School of Life Sciences,
Southwest University, Chongqing, China), 0.05-0.4 pg of pCS2*-SdY expression
plasmid, 0.05-0.4 pg of pCS2*-OlaFoxI2, 0.1 pg of pcDNA3.1-OlaNr5a1, and 0.1 ug
of plasmid thymidine kinase-Renilla used for calibration. Each experiment was
performed with a 1.0-ug final amount. Adjustments were made with empty
plasmid (pCS2+) accordingly. Firefly luciferase and Renilla luciferase readings were
obtained using the Dual-Luciferase Reporter Assay System (Promega) and LUMAT
LB 9501 luminometer (Berthold Technologies).
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One-by-one Yeast Two-Hybrid Assay. Diploid cells containing the same bait
construct of the yeast two-hybrid assay (p66_SdY) and a prey plasmid con-
struct coding for FoxI2b2 cloned in frame with the activation domain of GAL4
(p14-N-GAL4-FoxI2b1-C) were mated and spotted on selective media. The
medium lacking tryptophan and leucine was used as a control for the yeast
growth test and to check for the presence of the bait or the prey. The assay is
based on the histidine reporter gene. A triple-negative medium (tryptophan,
leucine, and histidine) selects yeast growth if interaction occurs. Interaction
pairs were tested at decreasing concentrations (1071, 1072, 1073, 1074) from
two independent clones. An inhibitor of the histidine gene product 3-AT was
used to increase stringency at four different concentrations (1, 5, 10, 50 mM).

RNA Injections. For injections capped RNA GFP-sdY, mCherry-foxI2b2, OlafoxI2
from pCS2*-meGFP:SdY, pCS2*-HA:mCherry:FoxI2b2, and pCS2*-OlaFoxI2,
respectively, was transcribed from linearized pCS2+ plasmid using the SP6/T3/
T7 m MESSAGE mMACHINE Kit (Ambion). One nanoliter was injected into the
cytoplasm of one-cell stage Medaka embryos.

Statistical Analysis. Most of the data were analyzed using an unpaired Student’s
t test. A Mann-Whitney U test was then used to compare the median value when
the Kolmogorov-Smirnov test was negative. Statistical analysis of multiple groups
was performed using an ANOVA one-way test with post hoc Dunnett or Tukey
tests for multiple comparison (a control group compared with an experimental
group or a control sample compared to an experimental group, respectively). All
statistical analyses were performed with GraphPad Prism (version 5; GraphPad
Software). Significant differences are symbolized in figures by asterisks if P <
0.001 (***), P < 0.05 (**), or P < 0.01 (*) or indicated by ns if not significant.
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Abstract

Dmrt1 is a highly conserved transcription factor, which is critically involved in regulation of
gonad development of vertebrates. In medaka, a duplicate of dmrt1—acting as master sex-
determining gene—has a tightly timely and spatially controlled gonadal expression pattern.
In addition to transcriptional regulation, a sequence motif in the 3’ UTR (D3U-box) mediates
transcript stability of dmrt1 mRNAs from medaka and other vertebrates. We show here that
in medaka, two RNA-binding proteins with antagonizing properties target this D3U-box, pro-
moting either RNA stabilization in germ cells or degradation in the soma. The D3U-box is
also conserved in other germ-cell transcripts, making them responsive to the same RNA
binding proteins. The evolutionary conservation of the D3U-box motif within dmrt1 genes of
metazoans—together with preserved expression patterns of the targeting RNA binding pro-
teins in subsets of germ cells—suggest that this new mechanism for controlling RNA stabil-
ity is not restricted to fishes but might also apply to other vertebrates.

Author summary

The development of the gonads in vertebrates is mainly regulated by dmrt1, a master sex-
determining gene that has a timely and spatially controlled gonadal expression pattern. In
addition to transcriptional regulation, a sequence motif located in the 3' UTR (D3U-box)
mediates transcript stability of dmrtl mRNAs. However, this regulation is complex, and
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the mechanisms are barely understood. Here, we analyse further dmrtl regulation in the
fish model medaka and show that two RNA-binding proteins with antagonizing proper-
ties target the D3U-box and promote either RNA stabilization in germ cells or degrada-
tion in the soma. The evolutionary conservation of the D3U-box motif within metazoan
dmrtl genes—together with preserved expression patterns of the targeting RNA binding
proteins in subsets of germ cells—suggest that this new mechanism for controlling RNA
stability is not restricted to fishes but might also apply to other vertebrates.

Introduction

The gonads of vertebrates are characterized by the intimate association of germ cells and sup-
porting somatic cells [1-4]. The precursor cells of the soma are derived from the embryonic
lateral plate mesoderm, whereas germ cells originate from the germline lineage [5-9]. To carry
out their highly specialized biological functions, the somatic gonadal primordium and the
germline cells together must establish timely regulated programs of gene expression [1,10,11].

The mab-3/doublesex/dmrt1 gene orthologs are, among metazoans, the most evolutionary
conserved key regulators of the earliest phases of gonad development. They control complex
gene regulatory networks specifying male gonadal primordium development as well as
gonadal maintenance [12-15]. Remarkably, besides being firmly anchored within the regula-
tory network at critical nodes, dmrt1 genes were found to act as upstream male sex determin-
ers in organisms as phylogenetically diverse as flatworm [16], water flea [17], frog [18], flatfish
[19], birds [20] and medaka [21,22].

During the last decade, much has been learned about how dmrt1 as the most versatile sex
gene triggers and controls gonad development. In human, it is a critical dosage-sensitive sex-
determining gene, such that haploinsufficiency leads to XY male-to-female sex reversal and
infertility [23,24]. In mice, it is required for male gonadal differentiation of somatic and germ
cells [25-27], although Dmrt1 appears to be dispensable for primary sex determination [15].
Dmrt1 also plays the decisive role in maintaining the cellular identity of the adult testis, most
obvious from the fact that its malfunction in adult mutant mice gonads leads to transdifferen-
tiation of Sertoli to granulosa-like cells and feminization of a fully developed testis [27].
Consequently, the action range of Dmrt1 is not restricted to initiation of the male gonadal phe-
notype during early development but also contributes to the active suppression of the female
networks via repression of two ‘anti-testis’ pathways, Fox]2 and Wnt family member 4
(WNT4)/B-catenin (see [28] for review).

In sex determination model fish medaka, male sex determination is implemented by a
male-specific primordial germ cell (PGC) mitotic arrest due to the activity of a Y-chromo-
some-specific duplicate version of dmrt1, designated dmrt1bY [29]. In dmrtl knockout mice,
germ cells fail to arrest mitosis [30]. Further work on dmrtl has shown it to be a transcrip-
tional gatekeeper controlling mitosis versus meiosis decision in male germ cells [26]. Thus,
dmrtl in mice and dmrt1bY in medaka appear to be regulators of germ cell proliferation.

Despite its well-characterized crucial functions for gonad development in many vertebrates,
the mechanisms that regulate the complex temporal and spatial expression pattern and guar-
antee precise levels of dmrtl transcripts are only barely understood. Diverse regulatory mecha-
nisms have been occasionally reported. Indirect transcriptional regulation of dmrt1 upon
steroid treatments has been described in several fish species (see [13] for review). Gonadal
dimorphic expression of dmrt1 has been suggested to be possibly under the control of differen-
tial CpG methylation of its promoter in two different flatfish species [31,32]. Similarly, in the
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red-eared slider turtle (Trachemys scripta), DNA methylation dynamics accounting for dmrtl
sexual dimorphic expression are tightly correlated with temperature [33]. In vitro transcrip-
tional regulation assays revealed that binding sites for Sp1, Egrl [34], and Gata4 [35] factors,
which are present in the promoters of many genes, are also involved in transcriptional regula-
tion of the rat dmrtI gene. And finally, evidence was presented that microRNA 224 (miR-224)
promotes differentiation of mouse spermatogonial stem cells via direct targeting of dmrt1,
decreasing its expression in testes [36]. Certainly in the context of ‘indirect’ regulation, dmrt1
is one of the most prominent examples.

In medaka, for which a functional duplicate of the autosomal dmrtla gene on the Y chro-
mosome—dmrt]bY—became the master regulator of male sex determination [22,37], tran-
scriptional rewiring was brought about by exaptation of two transposable elements, Izanagi
and RexI, co-opted to act as silencers. These turn off the somatic and the germ cell-specific
expressions of the dmrt1bY gene [38, 39]. Thus far, two factors, dmrt1 itself [38] and sox5 [39],
were identified, which turn off dmrt1bY expression after it has fulfilled its function in the early
developing gonad [38, 39].

We previously identified a 11-bp sequence motif in the 3’ UTR of dmrt1bY (D3U-box, for
dmrtl 3 UTR box). This motif confers stability to the mRNA in the developing embryonic
gonad, whereas in other tissues, the transcript is rapidly degraded [40], indicating that a post-
transcriptional regulation mechanism could play a role in germline expression of dmrtl in
medaka.

Here, we show that the dmrt1 11-nucleotide cis-regulatory D3U-Box motif is a target for
two antagonizing RNA binding proteins, Oryzias latipes CUG-binding protein (Ol-cug-bp)
and Oryzias latipes Bicoid Stability Factor (Ol-bsf)—also known as cugbp Elav-like family
member (celf) and leucine rich pentatricopeptide repeat containing (Irpprc), respectively, in
mammals. In Drosophila, the bicoid stability factor (bsf) has initially been shown to be
involved in regulating the stability of bicoid transcripts during oogenesis through binding
structures within the 3’ UTR of transcripts that resemble CUG hairpins [41]. Later, bsf was
also reported to have a role in regulation of early zygotic genes by binding a short consensus
sequence (CAGGUA) in the 5 UTR of genes expressed in the early zygote [42]. Cug-bp is the
human homolog of the Xenopus eden-bp, which was shown to bind to mRNAs, such as c-mos,
that exhibit rapid deadenylation following fertilization of oocytes [43]. Previous studies of
cug-bp function have focused mainly on the roles of this protein in regulating alternative splic-
ing [44] and also on its ability to modulate translation of several mRNAs [45]. However, as
cug-bp is able to functionally substitute for eden-bp to induce deadenylation in Xenopus
oocyte extracts [46], it seems likely that it also plays a similar role in regulating poly(A) short-
ening in mammalian cells. Indeed, it was shown that cug-bp can interact with poly(a)-specific
ribonuclease (PARN) deadenylase to promote deadenylation of its substrate RNAs [47].

We find that in medaka, the D3U-box is targeted by these two different RNA binding pro-
teins, with Ol-cug-bp1 leading to dmrt1bY degradation unless Ol-bsf is present in germ cells.
Moreover, this new mechanism of dmrtl RNA stability appears to regulate also the abundance
of other transcripts specifically expressed in PGCs.

Results
Specific enrichment of a conserved cis-regulatory motif (D3U-box) in
vertebrate genomes

In an initial analysis of dmrtl post-transcriptional regulation [40], we found that an 11-bp
long cis-regulatory motif in the D3U-box confers transcript stability in PGCs (Fig 1A). In vitro
evidence was obtained that the D3U-box possibly mediates its function through protein
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Fig 1. Conservation of the D3U-box motif from ecdysozoans to mammals. (A) Conservation of the D3U-box motif from Drosophila
up to mammals. From the different D3U-box sequences among vertebrates, weight-position matrices were deduced and used for
genome scans. (B) Occurrences of the D3U-box motif compared to control motifs within the 3' UTR sequences of human, mouse,
medaka, or the green spotted puffer (Tetraodon nigroviridis). For comparison, scrambled control motifs were used. Absolute values of
the occurrences depend on the depth of annotation for every genome. Underlying data for (B) can be found in S1 Data. D3U-box, dmrtl
3/ UTR box.

https://doi.org/10.1371/journal.pbio.3000185.g001
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binding [40]. Further on this sequence motif was found to be evolutionary conserved in dmrt1
genes from flies to mammals (Fig 1 A; [40]).

To investigate whether this motif is specific for the dmrtI genes or also present in other
genes, we performed genome-wide searches for human, mouse, medaka, and the green spotted
puffer (Fig 1B). The D3U-box was found in more than 250 3’ UTRs of genes from human and
mice and is also abundant in medaka and green spotted puffer (Fig 1B). Notably, also, a ‘split’
version of the D3U-box (see Fig 1B) displayed specific enrichment in 3’ UTRs (Fig 1B), sug-
gesting that the D3U-box motif might be articulated around two independent cis-regulatory
sequences, hence putatively targeted by 2 different RNA binding proteins.

Medaka whole transcriptome scans (3’ UTR and coding sequences) using the vertebrate
D3U-box consensus motif matrix (Fig 1A: 3’ UTR sequences; and S1 Fig: 3’ UTR and coding
sequences) resulted in several hits, including tra2, sox10, misr2, dead end, and vasa (S1 Fig).
Like dmrtl [14,29,48,49], these RNAs are critically involved in germ cell development and
maintenance in medaka and many other organisms ([36,50-55] and [56,57] for review).

Furthermore, bioinformatics analyses and literature searches [45,47] revealed that the
D3U-box cis-regulatory motif is a putative target for 2 evolutionary conserved RNA binding
proteins involved in either mRNA degradation or stabilization. These 2 proteins, Ol-cug-bp
(also known as CELF in mammals) and Ol-bsf (also known as LRPPRC in mammals), have
been shown to specifically recognize CUG repeats and the CAGGU(AG) motif, respectively,
which constitute the D3U-box (see S2 Fig for phylogeny and synteny analysis of Ol-bsf and OI-
cug-bps).

OI-BSF and OI-CUG-BP1 specifically bind to the D3U-box motif

To confirm our bioinformatics prediction, Ol-bsf and Ol-cug-bpl and 2 proteins were sub-
jected to electrophoretic mobility shift assay (EMSA) using the D3U-box motif as target and
different competitors (Fig 2). The in vitro-translated proteins (Fig 2A and 2F) were assayed for
binding with radioactively labelled RNA probes. Using the D3U-box motif, mobility shifts
were detected for the 2 proteins tested: Ol-bsf (Fig 2B to 2E) and Ol-cug-bp1 (Fig 2G to 2I),
indicating that Ol-bsf as well as Ol-cug-bp1 are, in principle, able to bind the D3U-box in
vitro. Binding specificities were confirmed by competition of the medaka D3U-box motif for
Ol-bsf or Ol-cug-bpl1 interactions with either a scrambled D3U-box-derived motif (Fig 2B
and 2I) or a minus CUG repeat motif competitor (Fig 2H). The absence of any significant
interference with the D3U-box binding indicated the specificity of the observed interactions
(Fig 2B, 21 and 2H). Furthermore, competition experiments between radioactively and nonra-
dioactively labelled D3U-boxes resulted in progressive loss of the apparent shifts (Fig 2C and
2G). Notably, a clearly visible shift was also observed when using the Drosophila D3U-

box sequence together with the medaka Ol-bsf protein (Fig 2D). Altogether, these experiments
suggest that the D3U-box is a preferential target for Ol-bsf and Ol-cug-bp1 binding. Of note,
performing the very same set of experiments together with the Ol-cug-bp2 protein did not
result in any convincing evidence for specific binding to the D3U-box.

Ol-bsf and Ol-cug-bps antagonistically regulate the expression and stability
of reporter constructs harbouring the D3U-box motif and of dmrt1bY
transcripts

To monitor a possible effect of Ol-bsf on regulation of the male sex-determination gene in
medaka, we generated a dmrt1bY reporter line by introducing the green fluorescent protein
(GFP) open reading frame (ORF) fused to the dmrt1bY 3'UTR (including the D3U-box) into
exon 1 of a bacterial artificial chromosome (BAC) clone containing the dmrt1bY gene and
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Fig 2. EMSA of in vitro-translated Ol-bsf, Ol-cug-bp1, and Ol-cug-bp2 proteins indicating interactions with the medaka D3U-box target
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https://doi.org/10.1371/journal.pbio.3000185.9002

flanking regions (Fig 3A and 3B). The recombined BAC was then used for establishing a stable
transgenic line in which GFP expression most reliably indicates endogenous dmrt1bY expres-
sion [48,58,59]. Expression of dmrt1bY is highly dynamic during primordial gonad formation,
progressively switching from germ cell expression only between stages 26 (1.25 dpf) and 29
(3.1 dpf) to an exclusive somatic expression from stages 33/34 (5 dpf) up to hatching (9 dpf)
when the gonad is formed [39,59]. After injection of the Ol-bsf morpholino (see S3 Fig for vali-
dation of the morpholino), we found a significant reduction of GFP expression (Fig 3B) and,
after Ol-bsf overexpression, a strong increase of the reporter at both mRNA and protein (fluo-
rescence) levels (Fig 3A and 3B).

Next, to obtain a more physiological readout of the role(s) of Ol-bsf and Ol-cug-bps for
RNA stability in vivo, the relative abundances of endogenous dmrt1bY transcripts were moni-
tored after modulation of Ol-bsf/Ol-cug-bp1/Ol-cug-bp2 expression in medaka embryos (Fig
3C and 3D). First, we checked for changes in dmrt1bY transcript levels after overexpression of
the 2 medaka Ol-cug-bp ohnologs (Ol-cug-bp1 and Ol-cug-bp2, Fig 3C). This resulted in
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Fig 3. In vivo modulation of expression and mRNA stability of reporters and dmrt1bY transcripts via the D3U-box. (A and B) Effect of the
modulation of the Ol-bsf expression on a GFP reporter for dmrtlbY expression. Injections of either Ol-bsf morpholino or capped mRNA result in the
subsequent modulations of expression of a GFP:(dmrtlbY 3’ UTR) reporter/sensor construct in a transgenic line (BAC Dmrt1bY:GFP:3'UTR) as
monitored by fluorescence (A) and RNA quantifications (B). Because endogenous GFP is lowly expressed already before experimental down-regulation,
the more sensitive PCR method was employed to monitor the morpholino effect (B). Dataset results of 4 independent reverse transcription reactions,
resulting in 4 different batches of eggs obtained from different couples. Statistical significance has been assessed by mean of the Wilcoxon-Mann-
Whitney test (N = 4). (C and D) Real-time qPCR determination of dmrt1Y abundances after Ol-cug-bp1 and Ol-cug-bp2 (C) or Ol-bsf (D) modulation
of expression in embryos at stage 18 after injection of either capped mRNAs with the full Ol-bsf/Ol-cug-bps ORFs or a splice morpholino targeting the
exon2-intron2 splice junction of Ol-bsf (S3 Fig). Dataset results of the analysis of 4 batches of eggs injected with either Ol-cug-bp1, Ol-cug-bp2, Ol-bsf,
or BSF-MO. Statistical significance has been assessed by mean of the Wilcoxon-Mann-Whitney test (N = 4). *p < 0.05, **p < 0.01. (E and F) Real-time
qPCR determination of the kinetics of RNA stability for D3U-box-containing reporters in presence or in absence of either Ol-cug-bp1 or Ol-bsf coding
mRNAs. Datasets are results of 3 independent reverse transcription reactions, resulting from three different batches of injected eggs. Underlying data
for (B, C, D, and F) can be found in S1 Data. BAC, bacterial artificial chromosome; D3U-box, dmrt1 3’ UTR box; GFP, green fluorescent protein; MO,
Morpholino; ns, nonsignificant; Ol-BSF, Oryzias latipes Bicoid Stability Factor; O1-CUG-BP, Oryzias latipes CUG-binding protein; ORF, open reading
frame; qPCR, quantitative PCR; W.T., wild type.

https://doi.org/10.1371/journal.pbio.3000185.g003

decreased dmrtlbY mRNA (Fig 3C). Second, the relative abundances of dmrt1bY transcripts
were recorded after either overexpression or morpholino knockdown of Ol-bsf in medaka
embryos (Fig 3D). It revealed that higher Ol-bsf expression correlates with an increased
abundance, while lowering Ol-bsf expression resulted in a reduction of dmrt1bY transcripts
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(Fig 3D). In vivo, D3U-box-induced modulation of RNA stability was further investigated in
embryos injected with either control RNAs or RNAs harbouring the D3U-box (Fig 3E). Ratios
between control and D3U-box-containing mRNAs were then quantified in absence or in pres-
ence of either l-cug-bp1 or Ol-bsf mRNAs (Fig 3F). It revealed that, over time, overexpression
of Ol-bsf correlates with an increased stabilization of the D3U-box-containing mRNAs, while
overexpression of Ol-cug-bpl correlates with a decreased stabilization of the D3U-box-con-
taining mRNAs (Fig 3F).

Expression of Ol-cug-bp1, Ol-cug-bp2, and Ol-bsf during embryonic
development and in adult tissues

During the embryonic developmental period, both Ol-cug-bp ohnologs display complemen-
tary patterns of expression. Ol-cug-bpl1 is expressed at early stages and Ol-cug-bp2 only later
when dmrtlbY transcripts appear in the germ cells around stage 25 (S4A and S4C Fig). In
adult tissues, Ol-cug-bpl and Ol-cug-bp2 are expressed at high levels in brain and gonads
(S4B and $4D Fig), while Ol-cug-bp2 is additionally expressed in eyes, muscles, and skin (S4D
Fig). Of note, both ohnologs are always more expressed in testes compared to ovaries (S4B and
S4D Fig). Expression profiling of Ol-bsf revealed that in adult medaka, it is ubiquitously
expressed in all adult tissues, with particular high levels in gonads of both sexes (S4E and

S4F Fig).

Ol-bsf is specifically expressed in the germ cells during early gonad
primordium formation with correlated levels of expression between Ol-bsf
and dmrt1bY at hatching stage

For bioimaging analyses of protein localization over time, we used expression reporter lines
for vasa [11] and Ol-bsf (see Materials and methods), respectively. During embryonic develop-
ment, we noted a distinct spatially and temporarily restricted expression pattern (Fig 4). From
fertilization up to stages 16/17, Ol-bsf is expressed throughout the embryo (Fig 4A). Of note,
cell transfection of a tagged version of OL-bsf and subsequent immunohistochemistry revealed
that bsf protein is localized in the cytoplasm (insert in Fig 4A). From stage 25 onwards—when
germ cells line up on both sides of the embryo within the lateral plate mesoderm—progres-
sively, Ol-bsf expression becomes restricted to the PGCs (Fig 4B to 4G) where it is co-
expressed with Ol-vas, a specific germ cell marker in medaka [60]. During the following devel-
opmental stages (stages 33/34), expression heterogeneity for Ol-bsf between germ cells became
obvious (Figs 4H to 4] and 5C and 5D). This heterogeneity was particularly apparent between
4 to 10 days post hatching (dph), when Ol-bsf is higher expressed at the tips of the forming
gonads (curly brackets in Fig 4K to 4P and square brackets in Fig 5C and 5D). In summary,
Ol-bsf has a highly dynamic expression pattern, switching from an early somatic to a progres-
sively restricted germ cell expression. Within the germ cell pool, the levels of expression show
a significant heterogeneity.

Furthermore, dmrtlbY expression shows heterogeneity between individual germ cells (Fig
4Q and 4R). Being also higher expressed at the tip of the primordial gonads, the expression lev-
els of Ol-bsf and dmrt1bY show a clear positive correlation (Fig 4Q and 4R).

Expression of Ol-bsf in the germ-line stem cells of adult gonads

Given the high abundance of Ol-bsf transcripts in adult gonads detected by qPCR (S4E and
S4F Fig), we next monitored expression of Ol-bsf in fully mature gonads of both sexes at
cellular resolution (Fig 6). In adult testes, Ol-bsf fluorescence is restricted to two distinct
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Fig 4. Embryonic expression of medaka Ol-bsf and correlated expression dynamics together with dmrt1bY during
gonadal primordium formation. (A to R) Medaka Ol-bsf expression investigated by fluorescence using a transgenic
reporter line for which a 732-bp OI-bsf promoter fragment (up to the next upstream gene) drives the expression of the
mCherry. Medaka Ol-vas and dmrt1bY expressions were investigated by fluorescence using previously described
transgenic reporter lines ([11] and [61], respectively). (A) During neurulation (stages 16/17), Ol-bsf is ubiquitously
expressed. (A insert) Cytoplasmic localisation of Ol-bsf after transient transfection of a 3-times FLAG version of Ol-bsf in
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a medaka embryonic stem cell line and immunohistochemistry. (B to P) From stage 25 on, Ol-bsf expression is restricted
to the germ cells and colocalize with the germ cell marker Ol-vas. (K to P) Four-dph expression of Ol-bsf is apparently
heterogeneous within the population of PGCs while dmrt1bY is now expressed in the surrounding somatic cells of the
primordial gonad (K to M). (Q and R) By stage 29, Ol-bsf and dmrt1bY are both expressed in the germ cells. Variations
within the respective levels of Ol-bsf and dmrt1bY are clearly observable amongst different germ cells although always
correlated between the 2 fluorescences (curly brackets compared to square brackets). dph, days post hatching; MES-1,
medaka embryonic stem cells; Ol-BSF, Oryzias latipes Bicoid Stability Factor; olf1, Oryzias latipes fibroblast-1; PGC,
primordial germ cell.

https://doi.org/10.1371/journal.pbio.3000185.9004

subpopulations of germ cells, which are also positive for Ol-vas (Fig 6A to 6C). Diagnosed by
condensed nuclear morphology and size [62] and localization [39], these first Ol-bsf—positive
cells represent the earliest step of germ cell differentiation while another subpopulation of
more mature germ cells is also observed (Fig 6C and 6F). In ovaries, Ol-bsf fluorescence is
restricted to the germinal cradle [63] located in the interwoven threadlike ovarian cords at the
periphery of the ovary (Fig 6G to 6N). These Ol-bsf-positive cells, representing the smaller-
size subpopulation of Ol-vas fluorescent cells, are assigned to germline stem cells and early
dividing germ cell lineage [63] (Fig 60 to 6Q).

Furthermore, in mice both bsf (Irpprc) and cug-bp1 (celfl) are expressed in the germ cells
within the testis cords and germ cells of the ovary (S5A and S5L Fig). Immunohistochemistry
revealed that bsf/Irpprc is expressed only in a subpopulation of germ cells in mice (S5M to
S5R Fig).

Ol-bsf mutant fish display gonadal phenotypes

To delineate the physiological role of Ol-bsf during gonad formation and maintenance, we
generated medaka OI-bsf knockout lines after genome editing using the clustered regularly
interspaced short palindromic repeats/ CRISPR-associated protein 9 (CRISPR/Cas9) technol-
ogy (S6 Fig). Homozygous Ol-bsf knockout larvae display reduced swimming (S7 Fig) and die
within the first 2 weeks after hatching. Heterozygote mutant fish develop normally and pro-
duce mature gametes. Histological analysis of gonads of heterozygous mutants of both sexes
revealed, however, that ovaries had an accumulation of small-sized oocytes compared to wild
type (Fig 7A to 7D, S8 and S9 Figs), whereas testes of heterozygous mutants exhibited reduced
amounts of spermatogonial stem cells, with germ cells in advanced stages of spermatogenesis
located close to the periphery of the organ (Fig 7E and 7F and S10 Fig). In both sexes, Ol-bsf
heterozygote mutants present an increase of germ cell committing to gametogenesis. While
adult mutant males do not display any observable bias of fertility, adult mutant females have
reduced egg production together with lower fertilization rates (S11 Fig).

Ol-bsf and Ol-cug-bps antagonistically orchestrate expression levels of
several germ cell transcripts selectively harbouring the D3U-box

Our matrix scan bioinformatic analysis had revealed the presence of the D3U-box either in 5/,
3’, or coding regions of several germ cell transcripts (S1 Fig). To find out whether Ol-bsf and
Ol-cug-bp might regulate stability of these RNAs in a similar way, like for dmrt1bY, during
gonadal development the relative abundances of these transcripts harbouring the box motif
(tra2, sox10, misr2, dead end, and vasa; see S1 Fig) were first monitored after either overex-
pression or morpholino knockdown of Ol-bsf in medaka embryos (Fig 5A1 to 5A10). It
revealed that for the majority of these transcripts (sox10, misr2, tra2, and vasa), higher Ol-bsf
expression correlated with an increased abundance (Fig 5A1 to 5A5 odd numbers and 5A19),
while reduced Ol-bsf expression resulted in lower levels of most of these transcripts (Fig 5A2
to 5A6 even numbers). As exceptions, dead end (Fig 5A7 and 5A8) transcript abundance
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Fig 5. In vivo transcriptional regulation of putative gene candidates harbouring the D3U-box motif in their transcripts
after modulation of the Ol-bsf or Ol-cug-bp expressions and correlation between Ol-bsf and Ol-vas expression in germ
cells. (Al to A10) Real-time qPCR determination of expression of putative Ol-BSF-regulated transcripts in embryos at stage
18 after injection of either capped mRNAs with the full Ol-bsf ORF (left odd-numbered panels) or a splice morpholino
targeting the exon2-intron2 splice junction (S3 Fig) of the Ol-bsf gene (right even-numbered panels) at one cell stage. Ol-bsf
overexpression results in an apparent increase of most RNA target candidates, while reduction of the Ol-bsf expression
correlates with a reduction of expression. Dataset results of the analysis of 4 batches of eggs injected with either Ol-bsf or Ol-
bsf-MO. Statistical significance has been assessed by mean of the Wilcoxon-Mann-Whitney test (N = 4). (B1 to B10) Real-
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time qPCR determination of expression of putative Ol-cug-bp-regulated transcripts in embryos at stage 18 after

overexpression of either Ol-cug-bp1 or Ol-cug-bp2. Results are presented as normalized expressions compared to wild type

using 3 different housekeeping genes. Dataset results of the analysis of 2 batches of eggs injected with either Ol-cug-bp1 or

Ol-cug-bp2. Statistical significance has been assessed by mean of the Wilcoxon-Mann-Whitney test (N = 4). (C and D) Germ
cell expression of Ol-bsf in comparison to Ol-vas in double transgenic fluorescent reporter lines. After hatching expression

levels of Ol-bsf and Ol-vas become more heterogeneous among germ cells (brackets at the tips of the primordial gonad)
although tightly correlated between each other within individual germ cells (arrows; *’
In vivo modulation of PGC number after Ol-bsf morpholino injection. An apparent increase in PGC number is observed

after negative regulation of Ol-bsf expression in early embryos (stage 18). Statistical significance has been assessed by means
of the Wilcoxon-Mann-Whitney test (N = 34 and 28 for wild-type and MO-bsf-injected embryos, respectively). (F) Model for
D3U-box-mediated mRNA regulation. Overall and in addition to a cytoplasmic localization of Ol-bsf (Fig 4A), Ol-bsf and

O-cug-bps might mutually antagonize toward the access to the D3U-box, resulting in either stabilisation (more Ol-bsf
binding) or destabilisation (more Ol-cug-bp binding) of the transcripts harbouring the D3U-box. *p < 0.05; **p < 0.01.
Underlying data for (A, B, and E) can be found in S1 Data. D3U-box, dmrt1 3' UTR box; MO, Morpholino; ns,
nonsignificant; Ol-BSF, Oryzias latipes Bicoid Stability Factor; Ol-CUG-BP, Oryzias latipes CUG-binding protein; PGC,
primordial germ cell; qPCR, quantitative PCR.

https://doi.org/10.1371/journal.pbio.3000185.g005

= autofluorescent pigment cells). (E)

showed either no or an opposite pattern following Ol-bsf expression modulation, while vasa
(Fig 5A10) was unaffected in the Ol-bsf-morpholino-treated embryos.

We next checked for the relative abundances of the very same transcripts harbouring the
D3U-box (tra2, sox10, misr2, dead end, and vasa) after overexpression of the 2 medaka Ol-
cug-bp ohnologs (Ol-cug-bp1l and Ol-cug-bp2, Fig 5B1 to 5B10). With the exception of vasa
(Fig 5B9 and 5B10), the majority of the transcripts analysed had lower abundance, whereas
medaka Ol-cug-bp ohnologs were overexpressed (Fig 5B1 to 5B8).

In vivo, an apparent correlation between Ol-bsf levels and Ol-vas expression could be visu-
alized in the germ cells of the forming gonadal primordium using fluorescent reporter lines
(Fig 5C and 5D). Reduced levels of Ol-bsf expression after morpholino injection led to a signif-
icant increase in PGC number at stage 18, (Fig 5E). In line with this observation, microarray
data comparing Ol-bsf"*'-deficient testes (displaying reduced levels of Ol-bsf; S12A Fig) to
wild type revealed a general up-regulation of genes involved in germ cell proliferation or dif-
ferentiation. A significant proportion (10.1%) of the down-regulated genes codes for proteins
localized in the mitochondria. Finally, gene ontology (GO) term analysis revealed that, in
mutant testes partially depleted for the Ol-bsf gene, rRNA processing is particularly affected
(S12A Fig).

Discussion

The expression of most genes is dynamically tightly regulated, temporally and spatially. Such
regulations occur at multiple steps, including transcription, splicing, mRNA transport, nRNA
stability, translation, protein stability, and post-transcriptional modifications [65,66]. While
the importance of complex post-transcriptional regulations—like in the case of nanos, oskar,
or bicoid, e.g. [61,67-69]—has been mainly identified through genetic approaches for the
development of the germline or oocyte, respectively, such approaches have proven to be much
less valuable for finding the expected regulatory proteins that bind specifically to these
mRNAs. In medaka fish, expression of the master sex determiner dmrtlbY mRNA is very
dynamic, occurring first in the PGCs prior to morphological somatic sex differentiation and
then quickly switches to an exclusive Sertoli cell localisation [59,70]. Importantly, dmrt1bY is
expressed in PGCs of male embryos much before its expression in the pre-Sertoli cells at the
sex determination stage [59]. This early PGC expression is necessary for the later onset of
dmrtlbY expression in the pre-Sertoli cells at the sex-determination stage of male develop-
ment [59]. There, the level of dmrt1bY mRNA needs to reach a certain threshold to exert the
sex-determining function [21]. This suggested that medaka germ cells exhibit sexually different
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Fig 6. Expression of Ol-bsf in adult gonads. (A to F) In adult testes, Ol-bsf fluorescence (same transgenic lines as in
Fig 3) is restricted to the cells located within the lobules and colocalize with a subpopulation of Ol-vas—positive cells.
(G to Q) Within the ovary, Ol-bsf fluorescence is restricted to the germinal cradle located in the interwoven threadlike
ovarian cords at the periphery of the ovary. The Ol-bsf-positive cells represent the smaller-size subpopulation of Ol-
vas fluorescent cells (G to N) as well as early dividing germ cells (O to Q). Arrowheads indicate the germinal cradles (G
to N), and brackets indicate early dividing mitotic or meiotic germ cell (O to Q). OI-BSF, Oryzias latipes Bicoid

Stability Factor.
https://doi.org/10.1371/journal.pbio.3000185.9006
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Fig 7. Ovarian and testicular phenotypes of the Ol-bsf mutant fish. Heterozygote mutant fish develop normally.
(A to D) In-depth morphological inspection of heterozygote mutant ovaries discloses a significant accumulation of
small-sized oocytes compared to wild type (dotted lines in [C] and red arrows in [B] and S8 and S9 Figs). (D) Size

distribution of the oocytes in 2 wild-type and 2 Ol-bs *17) adult ovaries (see also S8 Fig for details). (E and F)

Heterozygote mutant testes exhibit a decreased number of spermatogonia with accumulation of type 2 spermatocytes,
spermatids, and sperm within the most external layers of the seminiferous epithelium (see also S10 Fig). The different
stages of spermatogenesis were determined according to [64]. Each gonad was sectioned through the mid-sagittal
plane. Underlying data for (D) can be found in S1 Data. Ol-BSF, Oryzias latipes Bicoid Stability Factor; Scl, type 1
spermatocytes; Sc2, type 2 spermatocytes; Sg, spermatogonia; Sm, sperm; St, spermatids.

https://doi.org/10.1371/journal.pbio.3000185.9007

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000185  April 4, 2019 14/29


https://doi.org/10.1371/journal.pbio.3000185.g007
https://doi.org/10.1371/journal.pbio.3000185

@'PLOS ‘ BIOLOGY

Conserved mechanism controlling mRNA stability in germ cells

characters before the formation of the somatic gonadal primordium depending on dynamic
and tightly timely regulated mechanisms of post-transcriptional regulations [59,70].

We have identified in medaka a cis-regulatory 11-bp motif in the 3’ UTR of dmrt1bY called
D3U-box. This motif confers stability to the dmrt1bY mRNA in germ cells of the developing
embryonic gonad, whereas in other tissues, the transcript is rapidly degraded [40]. The D3U-
box motif was found to be highly conserved in the dmrtl 3’ UTR in the fish lineage (O. latipes,
O. curvinotus, Takifugu rubripes, Tetraodon nigroviridis, Epinephelus coioides, and Danio
rerio), as well as in other vertebrates, including Mus musculus, Pan troglodytes, Macaca
mulatta, and Homo sapiens, and even in the ecdysozoan clade (Anopheles gambiae and Bacto-
cera oleae).

Both phylogenetic conservation and presence of the D3U-box in several germ cell tran-
scripts implied the existence of similarly conserved trans-acting factor(s) involved in the
synexpression of those transcripts. To identify such factor(s), we undertook an unbiased
approach centred on the D3U-box sequence and based on the evolutionary conservation of
the ‘split” motifs of the D3U-box, implying evolutionary conserved trans-acting factors. Fur-
ther bioinformatics analyses and literature searches revealed that the D3U-box motif is a puta-
tive target for 2 RNA-binding proteins, namely cug-bp [45,47] and bsf (also known as Irpprc
in mammals [41,42,71]).

EMSAs indicated that Ol-bsf and Ol-cug-bpl, but not Ol-cug-bp2, specifically target and
interact with the different parts of the D3U-box, the 3’ and the 5’ parts, respectively. Addition-
ally, our results suggested that the observed regulation of dmrt1bY transcript abundance is
likely to be the result of a differential binding of the 2 RNA-binding proteins (Ol-bsf and Ol-
cug-bpl) with antagonistic properties, trans-regulating RNA stability via the D3U-box.

Being—like its mammalian counterparts—ubiquitously expressed, Ol-cug-bps are highly
expressed in the gonads of both sexes in medaka (S4C to S4F Fig) and mice ([72] and S5 Fig).
Interestingly, Ol-bsf is specifically expressed in the germ cells during medaka early gonadal
primordium formation as well as in the adult ovary and is cytoplasmically localized. This
expression pattern resembles the subcellular localization of Drosophila bsf, which is present in
cytoplasmic particles in oocytes and surrounding nurse cells [41] and in the cytoplasms and
nuclei in early embryos [42].

In vivo, using fluorescent reporter medaka fish lines, we could show that, besides obvious
correlated expression levels between Ol-bsf, dmrt1bY, and Ol-vas in a subpopulation of germ
cells of the forming gonadal primordium, medaka Ol-bsf is also preferentially expressed in
adult germline stem cells. This restricted and up to now unreported expression pattern might
reveal another so far underappreciated role for bsf/lrpprc in germ cell physiology. Similarly,
immunohistochemistry localization of mouse bsf/lrpprc revealed its presence in a subpopula-
tion of germ cells in mice (S5 Fig), suggesting an evolutionary conserved function that is not
restricted to exclusive regulation of dmrtl.

Reduced expression of bsf/lrpprc in mammalian cell lines [73,74] or flies [75] or because of
a missense mutation in human (French Canadian Leigh Syndrome [76]) resulted in decreased
levels of mitochondrial mRNAs. This led to respiratory chain dysfunction and increased lac-
tate levels in flies and humans [75,76]. Similarly, in medaka, many transcripts with mitochon-
drial function displayed decreased steady-state levels when Ol-bsf expression was reduced
(S12B Fig). Although knockdown of bsf in flies affects climbing ability, fecundity, and life
span [75], mutant medaka hatchlings for Ol-bsf comparably displayed a significantly reduced
swimming ability (S7 Fig), suggesting—with all the necessary notes of caution, such as in Dro-
sophila—possible muscle weakness in relation to mitochondrial dysfunction and energy
metabolism failure [75].
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Ol-bsf-heterozygous mutant fish develop normally. Although adult mutant males do not
seem to display any observable bias of fertility, adult mutant females have reduced egg pro-
duction together with significantly lower fertilization rates. In-depth morphological inspec-
tion of heterozygote mutant gonads of both sexes revealed that ovaries display an important
accumulation of small-sized oocytes compared to wild type. Mutant testes exhibited a discon-
tinuous spermatogenetic flux, likely reflecting uncontrolled spermatogenesis, independent of
the seminiferous epithelial cycle. Such a testicular phenotype can be interpreted in the light
of dmrtl loss of expression as a result of low Ol-bsf expression. Similarly, in mice, loss of
dmrtl in germ cells uncouples meiotic initiation from the seminiferous epithelial cycle,
resulting in uncontrolled spermatogenesis, too [26]. The mouse celfl (also known as cugbp1)
is predominantly expressed in testis ([72] and S5E and S5F Fig). There, it was demonstrated
that celfl post-transcriptionally represses cypl9al (aromatase) mRNA translation, by direct
binding, to maintain high concentrations of testosterone compatible with spermiogenesis
[77]. This situation is reminiscent of the situation we observed in medaka with a strong
repression of aromatase expression when both Ol-cug-bps are overexpressed (S12C1 and
S12C2 Fig). Additionally, as observed in medaka, mouse celf/cug-bps and bsf/Irpprc are
expressed at relevant levels in germ cells, possibly implying a functional conservation across
vertebrates.

Whole transcriptome scans using either the medaka or Drosophila D3U-box sequences as
query resulted in hits enriched for genes specifically expressed in the germ cells, including
tra2, sox10, misr2, dead end, and vasa. We provide evidence that Ol- and Ol-cug-bps antago-
nistically regulate the expression of germ cell transcripts harbouring the D3U-box motif. Cer-
tainly most of these regulations occur via an mRNA decay versus stabilization equilibrium
after Ol-cug-bps and Ol-bsf targeted the D3U-box motif.

Lastly, to explain the observed differences in the degree of regulation of D3U-
box containing transcripts after either Ol-bsf or Ol-cug-bp1/2 modulations, we consider that
this follows the degree of conservation of the D3U-box (S1 Fig). It is also intuitive that the loca-
tion of the D3U-box (5, 3’ or coding regions) within the transcripts is of relevance (S1 Fig).
For efficient regulation, reasonably high (tra2) or moderate (sox10) conservation and location
within the UTRs appears to be more effective than a moderately conserved motif located in
the coding sequences (vasa and dead end). However, multiple, highly conserved D3U-boxes
nested within the coding region seem to be efficient as well (misr2). Dead end transcripts, for
which the D3U-box was identified within the 5 UTR, however, has only strict conservation
for the 3’ part (CUGCUG) and is only regulated by Ol-cug-bp1 and Ol-cug-bp2 (Fig 5B7 and
5B8) while it expectedly escapes Ol-bsf regulation (Fig 5A7 and 5A8). Altogether, using com-
plementary approaches, our data suggest that the D3U-box motif is—depending on the cellular
context—targeted by 2 antagonizing RNA binding proteins, promoting either RNA stabiliza-
tion in germ cells or degradation in the soma. This new mechanism of dmrtl RNA stability
appears to also regulate the abundance of other transcripts specifically expressed in PGCs,
depending of the preservation of the D3U-box motif.

Materials and methods
Bioinformatic analyses

Gene, transcript, and UTR annotation, coordinates, and sequence for human, mouse, medaka,
and Tetraodon were retrieved from EnsEMBL using the EnsEMBL API (version 54). UTR
regions spread across several exons were stitched together per transcript, and the resulting
sequence was scanned for the presence of the D3U-box consensus matrix and the other motifs.
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Fish maintenance and breeding

All medaka fish used in this study were taken from closed breeding stocks of the wild-type
Carolina Biological Supplies (Carbio) strain or transgenic lines produced on a wild-type Car-
bio background and were kept under standard conditions [5]. Medaka embryos were staged
according to Iwamatsu [78]. The fish used in this study from aquaria housed stocks were kept
and sampled in accordance with the applicable EU and national German legislation governing
animal experimentation. We hold an authorization (568/300-1870/13) of the Veterinary Office
of the District Government of Lower Franconia, Germany, in accordance with the German
Animal Protection Law (TierSchG).

Cell culture, transient cell transfection, and immunohistochemistry

Medaka embryonic stem cells (MES-1) were cultured as described [79]. For transfection, cells
were grown to 80% confluence in 6-well plates and transfected with 5 pg expression vector
using FuGene (Roche, Germany) reagent as described by the manufacturer. After pCS2::
OL-LRPPRC:3XFLAG transfection for 48 hours, cells were fixed in 4% paraformaldehyde
(PFA) for 15 minutes, washed with phosphate-buffered saline (PBS) buffer, and then permea-
bilized with 0.1% Triton X-100 in PBS for 10 minutes. After blocking in 1% Bovine Serum
Albumin (BSA) for 20 minutes, cells were incubated overnight at 4°C in blocking buffer (1%
BSA) together with the primary antibody (3-times FLAG, monoclonal anti-FLAG M2, cate-
gory number F1804; Sigma-Aldrich). After extensive washes in PBS, cells were then incubated
with Alexa 488 conjugated secondary antibody in 1% BSA for 1 hour. Cell nuclei were stained
with Hoechst 33343 (Invitrogen) for 5 minutes (1 pg/mL final concentration) and subse-
quently mounted using Mowiol 4-88 (Roth). Confocal images were acquired using a Nikon
Eclipse C1 laser-scanning microscope (Nikon) and were fitted with a 60x Nikon objective (PL
APO, 1.4 NA) and Nikon image software.

Phylogenetic analysis

The Irpprc phylogenetic tree was built using the online phylogeny.fr automatic pipeline [80].
Irppre sequences were retrieved from public database sequences in the following species and
Irpprc homologs were retrieved by tblastn searches on the PhyloFish [81] database (http://
phylofish.sigenae.org/) using medaka protein (O. latipes, XP_011482612.1) as bait. Sequences
were aligned with MUSCLE (version 3.8.31) configured with default settings. After alignment,
ambiguous regions were removed with Gblocks (version 0.91b) using the following parame-
ters: minimum length of a block after gap cleaning of 10, no gap positions allowed in the final
alignment, rejection of all segments with contiguous nonconserved positions bigger than 4,
and a minimum number of sequences for a flank position of 85%. The phylogenetic tree was
reconstructed using the neighbour joining method implemented in the BioN]J program [82]
with N = 100 bootstrapping. The resulting phylogenetic tree was exported as a Newick file
and edited in Evolview [83]. The public database for lrpprc sequences is as follows: Cyprino-
don variegatus (XP_015233698.1), Haplochromis burtoni (XP_005930623.2), Fundulus hetero-
clitus (XP_012720452.1), Xiphophorus maculatus (XP_005804231.1), Poecilia reticulata
(XP_008426945.1), Lates calcarifer (XP_018552533.1), Salmo salar (XP_014035445.1),
Kryptolebias marmoratus (XP_017287636.1), Larimichthys crocea (KKF31900.1), Pygocentrus
nattereri (XP_017546072.1), Ictalurus punctatus (XP_017319936.1), Austrofundulus limnaeus
(XP_013886428.1), Xenopus tropicalis (NP_001039203.1), Cynoglossus semilaevis
(XP_008319858.1), Callorhinchus milii (XP_007895038.1), Astyanax mexicanus
(XP_007255829.1), Chrysemys picta bellii (XP_005296166.1), Scleropages formosus
(KPP63655.1), Bos taurus (XP_005212770.1), Cyprinus carpio (KTG42350.1 and
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XP_018937975.1), Equus caballus (XP_005600080.1), H. sapiens (BAF82705.1), Rattus norve-
gicus (NP_001008519.1), M. musculus (AAH59862.1), Coturnix japonica (XP_015712995.1),
Serinus canaria (XP_009094627.1), Lepisosteus oculatus (XP_015218688.1), Amia calva
(AAC_LOC100694568.1), Esox lucius (XP_012989242.1), Latimeria chalumnae
(XP_005999623.1), Sinocyclocheilus anshuiensis (XP_016313114.1 and XP_016355337.1),
Sinocyclocheilus rhinocerous (XP_016417572.1 and XP_016400889.1), Oreochromis niloticus
(XP_003438484.3), D. rerio (NP_001136064.1), Stegastes partitus (XP_008296301.1), T.
rubripes (XP_011601434.1), Nothobranchius furzeri (XP_015800103.1), and Gallus
(XP_001234903.3). The PhyloFish species are as follows:

o (DAA_LPPRC.1).2_Anguilla_anguilla;
o Y_Up_12_k31_Locus_13642_Umbra_pygmaea;

o W2_Dp_10_k25_Locus_11398_Dallia_pectoralis;
S2_Pb_10_k31_Locus_2910_Pantodon_bulchozi;

e W_Ha 12 k43 Locus_3235_Hiodon_alosoides;

« D2_Om_14_k31_Locus_6093_Oncorhynchus_mykiss;

o N_St_1_k25_Locus_84_ Salmo_trutta;

o O_Ot_10_k25_Locus_4385_Oncorhynchus_tshawytscha;
o Q_Sf 1 _k25_Locus_1875_Salvelinus_fontinalis;

o P_Cl_2_k25_Locus_10853_Coregonus_lavaretus;

o I_Tt 3_k25_Locus_2938_Thymallus_thymallus;

« E Aa_2 k25 Locus_4938_Alosa_alosa;

e Z_Pa_1_k25_Locus_2290_Plecoglossus_altivelis;

o U_Cc_1_k25_Locus_265_Coregonus_clupeaformis;

o R_Ok_10_k31_Locus_25108_Oncorhynchus_keta;

o G_Ph_4 k37 _Locus_379_Pangasianodon hypophthalmus;
« K2_Cb_1 k25 _Locus_1206_clarias_batrachus;

e M_Pf 1 k25 Locus_1736_Perca_fluviatilis;

o G2_Ps_1_k65_Locus_195_Polypterus_senegalensis;

« K Gm_1_k43 Locus_6389_Gadus_morhua;

o C_Ob_2_k31_Locus_7388_Osteoglossum bicirrhosums;

o B2_Gp_10_k25_Locus_1874_Gnathonemus petersii;

o V_Sc_10_CL11520Contigl_Scyliorhinus caniculata

The celf2 phylogenetic tree was built using the online phylogeny.fr automatic pipeline [80].
Celf2 sequences were retrieved from Ensembl. Sequences were aligned with MUSCLE (version
3.8.31) configured with default settings. After alignment, ambiguous regions were removed
with Gblocks (version 0.91b) using the following parameters: minimum length of a block after
gap cleaning of 5, gaps were allowed in the final alignment if they were within an appropriate
block, all segments with contiguous nonconserved positions bigger than 8 were rejected, and a
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minimum number of sequences for a flank position of 55%. The phylogenetic tree was recon-
structed using the neighbour joining method implemented in the BioN]J program [82] with
N =100 bootstrapping. The resulting phylogenetic tree was exported as a Newick file and
edited in Evolview [83]. The genomic context around celfI and celf2 was analysed using the
Genomicus website [84]. A few additional genomes were analysed manually by blasting
(tblastn) some fish NCBI genomes with the spotted gar Celf protein and by manually extract-
ing the NCBI gene annotation around these corresponding celfloci.

Locomotor activity

Locomotor activity was determined at hatching stage (stage 39, 9 dpf) either under dark condi-
tions or with 10% light (approximately equal to 100 lux) by measuring the total distance swum
during a period of 5 minutes (described in [85]) for 12 hatchlings in each condition. Briefly,
the larvae were transferred into 12-well plates containing 1 mL Danieau’s solution, and the
plate was placed in a Zebrabox equipped with a video camera, infrared light, and filter (View-
Point Life Sciences, Lyon, France) and the ZebraLab Videotrack software (ViewPoint Life Sci-
ences) for tracking. Following a 5-minute-long habituation period with the same light
conditions as for the experimental period, the locomotor activity was recorded. The detection
threshold was 11, the inactive/small threshold was 0.5 cm/s, and the small/large threshold was
1.0 cm/s. The total distance swum for each individual is equal to the sum of distances reached
during inactivity, small and large movements. p-Values were calculated using two-tailed
unpaired ¢ test with Excel 14.4.8 (Microsoft), and p < 0.05 was considered significant. Bars
and error bars indicate mean + standard deviation.

EMSA

Binding assays were carried out as previously described [38,40]. In detail, 5-UGGUUCACGU
CUGCUGCAGGUCUCUGACUCU-3 for the native D3U-box, 5'-UGGUUCACGUCUGCU
GCAGCUCUCUGACUCU-3' for the Olive fruit fly box (Off-box), 5-UGGUUCACGUUCU
UCAAGACGCUCUGACUCU-3 for the D3U-scrambled box (S-D3U-box), and 5-UGGUU
CACGUUCUUCACAGGUCUCUGACUCU-3’ for the D3U-minus CUG box (CUGminus-
D3U-box) were synthesized and end-labelled. For radioactive labelling, 50 pmol of the duplex
5' termini were used, together with 50 pmol of gamma—[SzP]—ATP and 20 units of T4 PNK in
1x-adjusted T4 PNK buffer, and were incubated for 20 minutes at 37 “C. Unincorporated
nucleotides were removed through a Sephadex G-50 spin column. For producing Ol-Irpprec,
Ol-cug-bpl, and Ol-cug-bp2 proteins, pCS2::OL-LRPPRC, pCS2::OL-CUG-BP]I or pCS2:
OL-CUG-BP2 plasmids were linearized using KpnI and then in vitro transcribed using mMes-
sage mMachine kit (Ambion). Finally, Ol-bsf, Ol-cug-bp1, and Ol-cug-bp2 proteins were in
vitro translated using Ambion’s Retic Lysate Kit from the previously in vitro-transcribed Ol-
Irppre, Ol-cug-bpl, and Ol-cug-bp2 capped RNAs. DNA binding reaction contained 10
mMTris-HCI (pH 7.9), 100 mM KCI, 10% glycerol, 5 mM MgCl,, 1 pg torula rRNA, 0.075%
Triton X-100, 1 mM DTT, 1 ug BSA, 0.5 ng radiolabelled probe, and 2 or 4 pL in vitro transla-
tion mix in a total volume of 20 pL. The amount of 1/10 volume heparin (50 mg/mL) was
added just before loading the binding reaction. For control, reticulocyte lysate alone together
with radiolabelled duplex probe was used and did not result in any shift. Binding reactions
were performed on ice for 10 minutes, and complexes were resolved on a 5% native acrylamide
(37.5:1) gel in 0.5 X TBE and then directly subjected to autoradiography. Of note, due to differ-
ent exposure times—which can be appreciated through the different intensities of the free
probes in the respective figures—autoradiographies should not be compared between each
other.
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Establishment of transgenic fluorescent reporter lines and imaging

For a dynamic and in vivo visualization of endogenous Ol-bsf expression, a transgenic fluores-
cent reporter line was created. The Ol-bsf upstream promoter region of the Ol-bsf gene (732 bp
up to the next upstream gene) was cloned (BamHI1 sites) in front of the mCherry ORF of a
meganuclease plasmid (BamH1-BSFp-Fw: AAAGGATCCAGTGTGAGTTCTATCAAGCC
TGG; BamH1-BSFp-Rv: AAAGGATCCTTCTGTAGCTGCGTAGAGGAAGATC). For the
generation of a stable transgenic line, the meganuclease protocol was used [86]. Briefly,
approximately 10 to 15 pg of total vector DNA in a volume of 500 pL injection solution con-
taining I-Scel meganuclease was injected into the cytoplasm of 1-cell-staged medaka embryos
(Carbio strain). Adult FO fish were mated to each other, and the offspring were tested for the
presence of the transgene by fluorescence check. Siblings from positive F1 fish were raised to
adulthood and tested again for fluorescence. Tg[vasa:GFP] and Tg[dmrt1bY:GFP] transgenic
lines were described earlier [11,29,48,59].

Visualization of PGCs

For PGC visualization and counting, the GFP-nos1 3’ UTR construct that includes the
mmGFP5 ORF cloned upstream of the 3’ UTR of the zebrafish nanosI gene [5,87] was injected
at 1 cell stage. N = 34 and 28 for wild-type and MO-bsf-injected embryos, respectively. For
imaging, embryos, hatchlings or tissues were mounted with 1.2% low melting temperature
agarose.

In vivo expression regulation analyses and real-time PCR

For producing Ol-bsf, Ol-cug-bp1, and Ol-cug-bp2 capped mRNAs, pCS2::OL-BSF, pCS2::
OL-CUG-BP1, or pCS2::OL-CUG-BP2 plasmids were linearized using KpnlI and then in vitro
transcribed using mMessage mMachine kit (Ambion). For overexpression, 1 nanolitre was
injected into the cytoplasm of 1-cell-stage medaka embryos. For mRNA stability assays, equi-
molar amounts of control and D3U-box-containing RNAs were injected.

Total RNAs were extracted from fish tissues or embryos using the TRIZOL reagent (Invi-
trogen) according to the supplier’s recommendation. After DNase treatment, reverse tran-
scription was performed with 2 pg total RNA using RevertAid First Strand Synthesis kit
(Fermentas) and random primers. Real-time quantitative PCR was carried out with SYBR
Green reagents, and amplifications were detected with an i-Cycler (Biorad). All results are
averages of at least 2 independent reverse transcription reactions. Error bars represent the
standard deviation of the mean. Relative expression levels (according to the equation 2-
DeltaCT) were calculated after correction of expression of elongation factor 1 alpha (eflalpha).

Morpholino injections

For Ol-bsf knockdown experiments, embryos were injected with a splice morpholino: 5'-
TTGATGACTGGCCTGCCAACCTGTC-3' targeting the 3’ splice junction of Ol-bsf exon 2
(see S3 Fig). The most efficient dose (4 mg/mL) was experimentally determined and the speci-
ficity of the targeting confirmed in control experiments (see S3 Fig).

Microarray

Total RNAs were extracted from adult medaka gonads using the Tri-reagent (Sigma-Aldrich)
according to the supplier’s recommendation. The total RNA yield was estimated using a Nano-
drop ND-1000 spectrophotometer (Labtech, Palaiseau, France), and RNA integrity was
checked by means of an Agilent Bioanalyzer (Agilent Technologies, Massy, France). Medaka
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gene expression profiling was conducted using an Agilent 8x60K high-density oligonucleotide
microarray (GEO platform GPL24100). Labelling and hybridization steps were performed fol-
lowing the ‘One-Color Microarray-Based Gene Expression Analysis (Low Input Quick Amp
labelling)’ Agilent protocol. Briefly, for each sample, 150 ng of total RNA was amplified and
labelled using Cy3-CTP. Yield (>825 ng cRNA) and specific activity (>6 pmol of Cy3 per ug
of cRNA) of Cy3-cRNA produced were checked with the Nanodrop. The amount of 600 ng of
Cy3-cRNA was fragmented and hybridized on a sub-array. Hybridization was carried out for
17 hours at 65 °C in a rotating hybridization oven prior to washing and scanning with an Agi-
lent Scanner (Agilent DNA Microarray Scanner, Agilent Technologies, Massy, France) using
the standard parameters for a gene expression 8x60K oligo-array (3 um and 20 bits). Data were
then obtained with the Agilent Feature Extraction software (10.7.3.1) according to the appro-
priate GE protocol (GE1_107_Sep09). The arrays were normalized (scale normalization) and
log-transformed using Genespring Software (version 14.5). A t test analysis (p < 0.05) was
employed to determine the genes that were the most differentially expressed between the 2
conditions. Microarray data sets have been deposited to the GEO-NCBI with the accession
number GSE 104726. GO was performed using the panther program (http://geneontology.

org/).

CRISPR/Cas9 genome editing

Identification of CRISPR/Cas9 target sites and design of oligonucleotides of were performed
by the use of the ZiFiT software (http://zifit.partners.org/ZiFiT/Disclaimer.aspx). For prepara-
tion of sgRNAs, the DR274 plasmid (Addgene number 42250) was first linearized with Bsal,
electrophoresed in a 2% agarose gel, and purified. Pairs of complementary oligonucleotides
were annealed (40 mM Tris-HCI [pH 8.0], 20 mM MgCl,, and 50 mM NaCl buffer) by heating
at 95 °C for 2 minutes and then cooled down slowly to 25 °C within 1 hour. The double-
stranded oligonucleotides were then ligated into the linearized pDR274 vector. Different
sgRNAs were designed to target several sites within the Ol-BSF gene (see S6 Fig) in order

to create deletions. After linearization with Dral and Not1, respectively, pDR274 and
pCS2-nCas9n plasmids were used for generating either sgRNAs or Cas9 RNAs. The synthe-
sized RNAs were then injected into 1-cell-staged embryos at the following concentrations: 25
ng/pL for each sgRNAs and 100 ng/uL for the Cas9 mRNA. CRISPR-positive fish were then
screened for mutations using PCR primers flanking the site of deletion (see S6 Fig). The
inferred mutant protein is presented in S6C Fig. Mutant fish used in this study have been out-
crossed for at least 5 generations.

Histology

Gonads were fixed for 48 hours in Bouin-Holland fluid and then dehydrated serially in aque-
ous 70% and 95% ethanol, ethanol/butanol (5:95), and butanol. Tissues were embedded in
paraffin, and 5-pm mid-sagittal gonad sections were stained with Regaud’s haematoxylin and
haematoxylin—eosin-safran.

Supporting information

S1 Fig. Presence of the D3U-box in different UTRs and coding sequence of gonadal genes.
Presence of the D3U-box (matrix-scan) was evaluated within the transcriptome of the medaka
fish. D3U-box, dmrt1 3’ UTR box.

(DOCX)
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S2 Fig. Phylogeny and synteny analysis of Ol-bsf and Ol-cug-bp ohnologs. (A) Circular clad-
ogram representation of the phylogenetic tree of Irpprc proteins in jawed vertebrates (gna-
tosthomes). This phylogeny shows that lrpprc genes were retained as single copies in most
jawed vertebrates even following whole genome duplications (red stars), e.g., the teleost-specific
duplication or the salmonid-specific duplication. Lrpprc is, however, present in duplicated cop-
ies in the Cyprininae (tree branches in red). Bootstraps (N = 100) values are indicated in each
tree node when judged significant (>>0.75). Tree branches are depicted in blue for lobefin verte-
brates and cartilaginous fish and in black for teleosts with the exception of Cyprininae in red.
(B) Gene evolution of celf2 genes in some teleosts. The phylogeny on the left is a dendogram
representation of celf2 gene phylogeny in teleosts given as an indication as only a few nodes are
supported by good bootstraps’ values (N = 100, mentioned in each tree nodes when judged sig-
nificant, i.e., >0.7). The teleost fish whole genomic duplication (3R) is indicated by a red star.
The left part of the figure is a representation of the evolution of the genomic context around
the celf2 gene. After the 3R whole genome duplication, celf2—which is a single copy gene on
the Chr 8 of the spotted gar genome—was duplicated in two 3R ohnologs, celf2a and celf2b,
that were not retained as 2 copies in all teleost fish. The genomic context of the celf2a and celf2b
paralogous regions clearly indicates a partition of the ancestral region found in spotted gar.
The celf2a gene was retained in all species investigated, but the celf2b gene seems to have been
lost in Otophysi or at least in D. rerio (Cypriniformes), Astyanax mexicanus (Characiformes),
and Ictalurus punctatus (Siluriformes). celf2, CUGBP Elav-like family member 2; Chr 8, Chro-
mosome 8; Lrppre, leucine rich pentatricopeptide repeat containing; Ol-BSF, Oryzias latipes
Bicoid Stability Factor; Ol-CUG-BP, Oryzias latipes CUG-binding protein.

(TIF)

S3 Fig. Analysis of morpholino efficiency and level of Ol-bsf down-regulation. For in vivo
transient down-regulation of Ol-bsf, a splice morpholino was designed to encompass the
splice junction between exon 2 and intron 2 of the Ol-bsf gene in order to induce aberrant
splicing and frame shit of the ORF. To show to what extend the splicing/activity of Ol-bsf was
impacted, RT-PCR using exons 1, 2, and 3 spanning primers together with cDNAs from differ-
ent stages of morpholino-injected embryos was achieved. E2, exon 2; i2, intron 2; Ol-BSF, Ory-
zias latipes Bicoid Stability Factor; RT-PCR, Reverse Transcription-Polymerase Chain
Reaction.

(TIF)

$4 Fig. Real-time PCR quantification of Ol-cug-bp1, Ol-cug-bp2, and Ol-bsf during
embryogenesis and in adult tissues. (A and C) During embryonic development, both Ol-cug-
bp ohnologs are expressed in a complementary manner. Being likely maternally deposited the
expression of Ol-cug-bpl rapidly decreases after mid-blastula transition (stage 10) to remain
virtually off up to hatching stage. On the other hand, low expression of Ol-cug-bp2 is detected
until stage 25 and rapidly increases by stage 33. (B and D) In adult tissues, both Ol-cug-bp
ohnologs are expressed in brain, muscles, and gonads; ol-cug-bp2 is additionally expressed in
eyes and skin. Both ohnologs are higher expressed in male gonads than in female gonads. (E
and F) In adult tissues, Ol-bsf is ubiquitously present although higher expression is observed
in gonads of both sexes. Underlying data for (A to F) can be found in S1 Data.

(TIF)

S5 Fig. Lrrprc and celfl, but not celf2, are expressed in mouse embryonic gonads. (A to H)
ISHs on sagittal sections of 14.5 dpc mouse embryos showed expression of Irrprc (A to D) and
celfl (E to H) most likely in germ cells within testis cords (B and F) and germ cells within the
ovary (D and H). In contrast, no celf2 expression was detected in developing gonads (I-L).
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However, celf2 expression was detected in other tissues, such as part of the brain and dorsal
root ganglia. Scale bars: 1 mm for A, C, E, G, I, and K; 10 mm for B, D, F, H, ], and L. (M-R)
Immunofluorescent detection of LRPPRC (M, N, P, Q) and DDX4/VASA (O, R) in adult
mouse testes (M-O) and ovaries (P-R). In adult testes, Irpprc is expressed in one subpopula-
tion of germ cells; compared Irpprc staining on (M) and (N) with vasa staining on (O) where
most of the germ cells (except some spermatogonia) remain stained by vasa. According to the
position of lrpprc-positive cells (arrowheads in M and N) in the seminiferous tubule (not basal
and below round spermatids) and to the fact that lrpprc-positive germ cells are those with the
largest nucleus, Irpprc-positive cells seem to be spermatocytes at the pachytene stage. In adult
ovaries (P-R), Irpprc is mainly expressed into the oocytes of primordial, primary and young
secondary follicles (see arrows on [P] and [Q]). Lrpprc staining disappears from the oocyte of
secondary follicles that are clearly stained for vasa in (R) (compared stars in [Q] and [R]).
Scale bars: 200 pm for M to R. dph, days post hatching; ISH, in situ hybridisation; LRPPRC,
leucine rich pentatricopeptide repeat containing.

(TIF)

S6 Fig. Generation Ol-bsf knockout medaka fish after genome editing by CRISPR/Cas9
method. (A) Several guide RNA were designed in order to target different locations on the OI-
bsf gene (targets 1, 2, and 6). (B) After injection of different combinations of guide RNAs
together with the Cas9 mRNA, putative edited fish were subjected to RT-PCR using primer
sets flanking the cutting sites. Lines displaying deletions within the OI-bsf gene (red stars) were
kept for further investigations. (C) Deletions obtained within the OI-bsf gene (left panel) result
in a truncated translated Ol-bsf protein (right panel). CRISPR-Cas9, clustered regularly inter-
spaced short palindromic repeats/ CRISPR-associated protein 9; Ol-BSF, Oryzias latipes Bicoid
Stability Factor; RT-PCR, Reverse Transcription- Polymerase Chain Reaction.

(TIF)

S7 Fig. Locomotor activity of Ol-bsf mutant fish versus wild type. Locomotor activity (OI-
bsf mutants versus wild type) was determined at hatching stage (stage 39, 9 dpf) either under
dark conditions (A) or with 10% light (approximately equal to 100 lux [panel B]) by measuring
the total distance swum during a period of 5 minutes. (C) The total distance swum for each
individual is equal to the sum of distances reached during inactivity, small and large move-
ments. Bars and error bars indicate mean + standard deviation. N = 12 for each condition.
Underlying data for (C) can be found in S1 Data. dpf, days post fertilization; Ol-BSF, Oryzias
latipes Bicoid Stability Factor.

(TIF)

S8 Fig. Ovarian phenotypes of the Ol-bsf mutant fish. Morphological inspection of heterozy-
gote mutant ovaries discloses a significant accumulation of small sized-oocytes compared to
wild type (A) and (A1 to A5 for details and statistical analyses). (A) Overall size distribution of
the oocytes in 9 wild-type and 9 Ol-BSE®"/~) adult ovaries. Each gonad (testes or ovaries) was
sectioned through the mid-sagittal plan (see also Materials and methods). Underlying data for
(A) can be found in S1 Data. Ol-BSF, Oryzias latipes Bicoid Stability Factor.

(TIF)

S9 Fig. Ovarian phenotypes of the Ol-BSF mutant fish. (A to R) Mid-sagittal sections of the
ovaries utilized for counting the oocytes in S8 Fig. Each gonad (testes or ovaries) was sectioned
through the mid-sagittal plan (see also Materials and methods). Underlying data for (A) can be
found in S1 Data. Ol-BSF, Oryzias latipes Bicoid Stability Factor.

(TIF)
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$10 Fig. Testicular phenotypes of the Ol-bsf mutant fish. (A-] compared to K-T) Heterozy-
gote mutant testes (A-J) exhibit a decreased number of spermatogonia with accumulation of
type 2 spermatocytes, spermatids, and sperm within the most external layers of the seminifer-
ous epithelium (arrowheads) compared to wild-type testes (K-T). Either 10 different wild-type
(A-]) or Ol-bsf-deficient (K-T) testes were analysed. Mid-sagittal gonad sections were stained
with haematoxylin-eosin-safran. Each gonad (testes or ovaries) was sectioned through the
mid-sagittal plan (see also Material and methods). Ol-BSF, Oryzias latipes Bicoid Stability Fac-
tor.

(TIF)

S11 Fig. Fertility test. Egg numbers and fertilization rates were recorded over a period of 9
days for the following crosses: (A) male Ol-bsf (—/+) x female Ol-bsf (-/+); (B) male Ol-bsf
(—/+) x female wild type; (C) male wild type x female Ol-bsf (—/+). Underlying data for (A to
C) can be found in S1 Data. BSF, bicoid stability factor.

(TIF)

$12 Fig. Microarray data and mitochondrial gene quantification. (A) Microarray. Adult tes-
tes of either bsf*’~ or wild-type animals were subjected to microarray (see Materials and meth-
ods). GO term analysis reveals that in mutant testes partially depleted for the bsf gene, rRNA
processing is particularly affected. Ol-bsf and Ol-cug-bp2 are down- and up-regulated, respec-
tively, in mutant animals compared to wild type. Of note, and in accordance with the literature,
a significant proportion (10.1%) of the down-regulated genes code for proteins localized in the
mitochondria. Finally, supporting our observations that lowering ol-bsf transcription (morpho-
lino injection in Fig 7E) resulted in up-modulation of germ cell number and that mutant
gonads presented an increase of germ cells committing to gametogenesis (Fig 6), our microar-
ray analysis reveals a general up-regulation of genes involved in germ cell proliferation or differ-
entiation. (B) RNA levels of different mitochondrial genes (Cox1, Cox2, ND1, ND5, and CytB)
were quantified by real-time PCR after BSF-morpholino injections and compared to wild type.
Most of the mitochondrial genes are down-regulated when the level of Ol-bsf decreases. (C)
Modulation of RNA levels of the cyp19al (aromatase) gene after overexpression of Ol-cugbpl
or Ol-cug-bp2. Underlying data for (B and C) can be found in S1 Data. GO, gene ontology.
(TIFF)

S1 Table. Gene evolution of cugbp elav-like family member 2 genes in some teleosts. celf2,
cugbp elav-like family member 2.
(DOCX)

S1 Data. Underlying data.
(XLSX)
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present in Atlantic herring
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The mechanisms underlying sex determination are astonishingly
plastic. Particularly the triggers for the molecular machinery, which
recalls either the male or female developmental program, are highly
variable and have evolved independently and repeatedly. Fish show a
huge variety of sex determination systems, including both genetic
and environmental triggers. The advent of sex chromosomes is
assumed to stabilize genetic sex determination. However, because
sex chromosomes are notoriously cluttered with repetitive DNA and
pseudogenes, the study of their evolution is hampered. Here we
reconstruct the birth of a Y chromosome present in the Atlantic
herring. The region is tiny (230 kb) and contains only three intact
genes. The candidate male-determining gene BMPR1BBY encodes a
truncated form of a BMP1B receptor, which originated by gene du-
plication and translocation and underwent rapid protein evolution.
BMPR1BBY phosphorylates SMADs in the absence of ligand and thus
has the potential to induce testis formation. The Y region also con-
tains two genes encoding subunits of the sperm-specific Ca%* channel
CatSper required for male fertility. The herring Y chromosome con-
forms with a characteristic feature of many sex chromosomes,
namely, suppressed recombination between a sex-determining factor
and genes that are beneficial for the given sex. However, the herring
Y differs from other sex chromosomes in that suppression of recom-
bination is restricted to an ~500-kb region harboring the male-specific
and sex-associated regions. As a consequence, any degeneration on
the herring Y chromosome is restricted to those genes located in the
small region affected by suppressed recombination.

sex determination | BMPR1 | CatSper | gene duplication | molecular
evolution

he mechanisms underlying sex determination are astonish-
ingly plastic. Particularly the triggers for the molecular ma-
chinery, which recalls either the male or female program, are
highly variable and have evolved independently and repeatedly
(1-8). Fish show a rich diversity of sex determination systems,
including both genetic and environmental triggers (1, 9, 10).
Adaptive hypotheses prevail in explaining the evolution of the
various sex-determining triggers that guarantee a stable sex ratio
of the population. Genetic sex determination is generally
explained to be stabilized through the evolution of sex chromo-
somes, when sexually antagonistic selection links the genetic sex
determiner to a locus that is beneficial to the same sex or even
antagonistic to the opposite sex (11-15).
The Atlantic herring (Clupea harengus) is one of the most
abundant vertebrates on Earth. Neither its karyotype (16) nor
the male and female linkage map (17) indicated the presence of

www.pnas.org/cgi/doi/10.1073/pnas.2009925117

sex chromosomes. Unexpectedly, our analysis of the Atlantic
herring genome revealed a Y chromosome having a minute
male-specific region (~230 kb), a small sex-associated region
(~300 kb), and a large pseudoautosomal region (~30 Mb) cor-
responding to chromosome 8 in the reference assembly (17).
Here we reconstruct the birth of this chromosome involving two
gene duplications followed by rapid protein evolution of the
candidate male-determining gene BMPRIBBY.

Results

Identification of the Sex-Determining Region. The sex-associated
region was identified by genome-wide association analysis using
whole-genome sequencing data aligned to the reference genome
(17). We compared SNP (single nucleotide polymorphism) allele

Significance

Understanding the evolution of sex determination mechanisms
and sex chromosomes is of fundamental importance in biol-
ogy. Here we have reconstructed the evolution of the sex-
determining region in the Atlantic herring. The region is
small and contains only three intact genes. The candidate sex-
determining factor BMPR1BBY is an evolutionary innovation in
the herring lineage. It encodes a truncated form of a BMP type |
receptor, which originated by gene duplication and underwent
rapid protein evolution. The receptor has maintained its kinase
activity and has the potential to induce development of testis.
The other two genes in the sex-determining region, CATSPERG
and CATSPER3Y, are male beneficial genes because they en-
code proteins predicted to be essential for sperm to fertilize
the egg.
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frequencies between eight males and eight females by y* analysis
(Dataset S1); 765 SNPs spanning ~160 kb on chromosome 8
showed significant allele frequency differences (P < 1.0 x 107'%)
(8I Appendix, Fig. S14). Analysis of SNP genotypes across the
sex-associated region for the 16 fish revealed that males were
heterozygous (XY), whereas females were homozygous (XX) for
most sex-associated SNPs (SI Appendix, Fig. S1B). Thus, males
are the heterogametic sex. An additional 17 Atlantic herring of
unknown sex followed this pattern perfectly with individuals ei-
ther being heterozygous or homozygous across the sex-associated
region. The sequence of this region in the current assembly (17)
represents the female haplotype (SI Appendix, Fig. S1B). In
conclusion, herring chromosome 8 can now be split into chro-
mosome (Chr) X and Y.

To characterize the male-specific region on ChrY, we exam-
ined the sequence of all unplaced scaffolds from the current

A d=038%

Divergence
fraction(%)

Chr8/ChrX
21.0 Mb

=0.96 %

'i" ))m i L o NMM\_JM

assembly (Methods) (17). Two unplaced scaffolds, 18 and 229,
showed regions of high identity with the female-specific se-
quence on ChrX (SI Appendix, Fig. S1 C and D). These regions
were interrupted by male-specific sequences that are present in
only one copy in males (Fig. 1 A and B). We also analyzed data
from six individually sequenced Pacific herring of unknown sex
(18) and found that four had no coverage in the male-specific
regions, whereas two had a single copy of the male-specific re-
gions (Fig. 1B). The results provide evidence that the male-
specific region evolved prior to the divergence of the Atlantic
and Pacific herring that separated ~2 My before present (19).
We used the Xdrop method (20) for targeted resequencing of
long DNA molecules (up to ~100 kb) from the borders between
the male-specific and the flanking region. The alignment of these
reads to our ChrY assembly confirmed a correct orientation and
did not reveal any gaps in the alignment (SI Appendix, Fig. S1D).

d=0.56 %
- M Pscudoautosomal region

I Sex-associated region
M Male-specific region

21.3 Mb

Chr8/ChrY ~130 kb ~100 kb
ZMYM1_LIKE 1 ¥ =
= ZBEDS_LIKE O e -
ZMYM1_LIKE 2 s 3 AR
i ROHU_LIKE -— CATSPERG v i 2
= A AGOC 1 POL_LIKE R - W i e KN
f‘: uPCs THAP9_LIKE JFGNT BAS BMPR1BBY CATSPERSY .
B LTR ; e === = - = - i - CRE— e ]
0 100 200 300 400 500 kb
|
| I
| J | Normalized
| Il 'l copy number
e 2
0.5

C 0.5 03 i=—SDR

k[l; 0.1 .‘.

= 0.3 ]\ .................. ¥

8 0.0 i of®

= 204 208 21 21.6 220

01 .

§ wmmwawmmww.\“h AP R ARG

0.1 ¢ e
T T T T T T 1
0 5 10 15 20 29 30 Mb
Chr8/ChrY

Fig. 1. Assembly of chromosome Y in Atlantic herring. (A) Assembly and annotation of male-specific region (red), sex-associated region (orange), and
flanking pseudoautosomal region (blue). Some genes (annotated as “_like"”) within the male-specific region show partial similarity with known proteins. LTR
track, long terminal repeats. d, nucleotide sequence divergence between ChrX and Y in 500-bp windows. (B) Normalized copy number of sequenced indi-
viduals (eight female and eight male Atlantic herring and six Pacific herring of unknown sex) across the male-specific and sex-associated regions. Regions with
high coverage marked with an asterisk overlap repetitive sequences. (C) Genetic differentiation (Fsy) in 50-kb overlapping windows between males (n = 8)
and females (n = 8) across ChrY. The SDR is indicated by a vertical line. The male-specific region was not included in this analysis, since it is missing on ChrX.
(Inset) Fst values in the near vicinity of the SDR.

20f 10 | www.pnas.org/cgi/doi/10.1073/pnas.2009925117 Rafati et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2009925117

on 16, 2020

ion et I

g1

pour |

at INRAE Inst Natl

Our assembly of the ~230-kb male-specific region of ChrY
shows that the male-specific sequence is split into two parts
(Fig. 14, in red) separated by an ~110-kb sex-associated region
(Fig. 1B, in orange) that is well assembled and annotated (17). It
contains 13 genes that are present on both X and Y, as indicated
by equal sequence depth in males and females (Fig. 1B). The
region showing strong genetic differentiation between males and
females is remarkably sharp and only extends for ~300 kb from
~21.0 to ~21.3 Mb on ChrX (Fig. 1C), and the male-specific
region together with the sex-associated region extends for ~500
kb on ChrY (SI Appendix, Fig. S1). These results imply that there
is no meiotic recombination in the male-specific regions (red)
and no or at least suppressed recombination in the sex-associated
regions (orange) (Fig. 14). The genes located in the region
showing strong genetic differentiation between X and Y are
listed in SI Appendix, Table S1. The nucleotide distance between
X and Y in the sex-associated region located between the male-
specific regions (d = 0.96%; Fig. 14) is only 2.5-fold higher than
the estimated average nucleotide distance between Atlantic and
Pacific herring (~0.4%), implying either a divergence time of ~5
My or ongoing genetic exchange in the sex-associated region.

The male-specific region contains only three intact genes—
CATSPERG, CATSPER3Y, and BMPRIBBY—that all are of
high interest for male function (Fig. 14). In addition, we iden-
tified other genes annotated ab initio, but these were not well
supported by RNA-seq data from gonadal tissue; one of these,
POL-like, is of retroviral origin. CATSPERG and CATSPER3Y
encode subunits of the sperm-specific Ca>* channel CatSper that
is required for sperm function and male fertility in mouse, hu-
mans, and sea urchin (21-25). A phylogenetic tree analysis shows
that the substitution rates of CATSPERG in Atlantic herring and
its orthologs in other teleost are similar, consistent with a
maintained function as a CatSper subunit (S/ Appendix, Fig. S2).
CATSPER3 exists in two copies, CATSPER3Y in the male-
specific region and a pseudoautosomal copy, CATSPER3A, ~1
Mb apart from the Y copy (Chr8, 22,259,380 to 22,268,493 bp).
We estimate that CATSPER3Y arose by duplication about 15
Mya (SI Appendix, Fig. S3). Although the two CATSPER3 genes in
herring are closely related, CATSPER3Y is more well conserved

A B

Herring ¥
Extra cellular "
Transmembrane

GS-box

Spotted Gar

Kinase domain

Fig. 2.

Zebrafish

compared with paralogs in other species (SI Appendix, Fig. S3),
suggesting that its function is maintained. By contrast, two findings
suggest that CATSPER3A is nonfunctional: its exon—intron organi-
zation is not intact, and the dN/dS ratio of nonsynonymous (dN) to
synonymous (dS) substitutions is close to 1.0, which is characteristic
for pseudogenes.

The third gene in the male-specific region BMPRIBBY en-
codes a severely truncated form of BMPR1B (bone morphoge-
netic protein receptor 1B), a transmembrane protein that hosts
an intracellular Ser/Thr kinase domain and is a member of the
TGFp receptor family. Components of TGFp signaling control
the development of male gonads (4). Sequence comparison of
BMPRIBBY with the paralogs BMPRIBA and BMPRIBB on
chromosomes 7 and 21, respectively, demonstrated that BMPRIBBY
is more closely related to BMPRIBB (SI Appendix, Fig. S4).
Transcriptome analysis of testis RNA revealed two isoforms
with different 5’ start sites (S- and L-BMPR1BBY) containing
only coding sequences corresponding to exon 7 to 11 of the au-
tosomal paralogs (SI Appendix, Fig. S4). In summary, BMPRIBBY
is a truncated copy of BMPRIBB that has been translocated
to chromosome §; it is a strong candidate for being the male
sex-determining factor.

We genotyped 200 individuals with known sex for the presence
of BMPRIBBY. The high consistency between the X/Y genotype
and sex phenotype (94%; SI Appendix, Table S2) demonstrates
strong association to sex determination. Eleven out of 12 dis-
crepancies between genotype and phenotype concerned XY fe-
males carrying BMPRIBBY, suggesting that the herring Y may
not show full penetrance. Such incomplete penetrance of a
young genetic sex determination system has also been observed
in the northern pike (26).

Tissue Expression of Genes from the Male-Specific Region. We
compared the tissue expression of BMPRIBBY, CATSPER3Y,
CATSPERG, and the autosomal copies BMPRIBB and CAT-
SPER3A, as well as two other TGFp signaling genes, the anti-
Miillerian hormone (AMH) and its cognate receptor (AMHR?2),
involved in vertebrate sexual development. No expression of
CATSPER3A was detected. The comparison revealed that the
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Evolution of the ChrY-specific BMIPRTBBY gene and protein. (A) Schematic representation of herring BMPR1BB and BMPR1BBY proteins showing the ar-

chitecture of BMP receptors and highlighting the absence of the extracellular, transmembrane and GS-box domains in the truncated BMPR1BBY. (B) dS and dN
phylogenetic trees of BMPR1BB (Herring A) and BMPR1BBY (Herring Y) compared to BMPR1BB in other species. (C) Crystal structure of the intracellular domain of
human BMPR1B (PDB 3MDY, amino acids 206 to 500, red) and a model of herring BMPR1BBY (blue). Yellow color represents the N-terminal extension of L-BMPR1BBY
compared to S-BMPR1BBY. Orange color indicates amino acid substitutions between BMPR1BB and BMPR1BBY. N, N terminus; C, C terminus.

Rafati et al.

PNAS Latest Articles | 3 of 10

EVOLUTION


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009925117/-/DCSupplemental

on 16, 2020

ion et |

g1

pour |

at INRAE Inst Natl

three Y-specific genes were only expressed in males as expected
(SI Appendix, Fig. S5). BMPRIBBY and, surprisingly, also
CATSPER3Y were expressed in both testis and brain, whereas
CATSPERG showed testis-specific expression. The autosomal
copy of BMPRI1BB was more broadly expressed with the highest
level in gonads; female gonads showed higher transcript levels
than male gonads (SI Appendix, Fig. S5B). As expected, AMH
and AMHR?2 were highly expressed in male and female gonads
(81 Appendix, Fig. S5 D and F), consistent with their important
roles in sex determination and gonad differentiation.

Rapid Protein Evolution of BMPR1BBY. The predicted structure of
the autosomal herring BMPR1BB and the canonical vertebrate
BMPRI1 receptor is similar (Fig. 24) (27). The BMPRIBBY
transcripts are lacking exons 1 to 6 of the autosomal BMPRI1BB
(SI Appendix, Fig. S4) that encode the extracellular, transmem-
brane, and part of the intracellular domain (Fig. 24). These
domains mediate ligand binding, receptor activation, and mem-
brane localization and entail the phosphorylation sites of the GS
loop. Amino acid alignment of BMPR1BBY and BMPR1BB
from herring and other fish reveals more than 40 changes that have
occurred since BUPRIBBY arose (SI Appendix, Fig. S4C). The rate
of dS and dN substitutions between BMPRIBBY and BMPRIBB is
0.12 and 0.07, respectively, yielding a dN/dS ratio of 0.58, a dramatic
and highly significant (P < 107>') increase compared with dN/dS
ratios of 0.01 to 0.02 in other branches of the tree (Fig. 2B and SI
Appendix, Fig. S6). We estimate that BMPRIBBY arose by dupli-
cation about 20 Mya (SI Appendix, Fig. S6).

We built a structural model of the intracellular domain of
herring BMPR1BBY and BMPR1BB based on human BMPR1B
(Fig. 2C). Both herring BMPRI1BB protein folds are essentially
identical to that of the human paralog (Ca root-mean-square devi-
ation of 0.008, 0.077, and 0.073 A for BMPRI1BB, L-BMPR1BBY,
and S-BMPRI1BBY, respectively; SI Appendix, Fig. S7 and Table S5),
suggesting that the truncated form may still display Ser/Thr kinase
activity.

To conclude, BMPRIBBY shows an accelerated protein evo-
lution typical for sex-determination genes (28) but appears to
maintain the BMPR1B protein fold.

Physiological Activity of BMPR1BBY. TGFp signaling by the anti-
Miillerian hormone (AMH) system is critically involved in sex
determination (29). BMPRI1BB, a type-I TGFp receptor, is ac-
tivated by ligand-bound type-II receptor and, in turn, phos-
phorylates the transcription factor SMAD. AMH-induced
signaling occurs primarily via SMADS phosphorylation and to
some extent via SMAD1 and SMADS (30). To probe the kinase
activity of truncated BMPRBBY, we established an in vitro re-
porter system for SMAD activation (Fig. 34 and Methods). The
system consists of a Gal4 transcriptional activator coupled to the
transactivation domains of SMAD1 and SMADS5, which are
specific for AMH signaling (31), and a UAS-Luc reporter driving
luciferase expression. We tested three different scenarios: 1) the
canonical AMH-signaling machinery including herring AMH,
AMHR?2, and BMPR1BB; 2) the canonical AMH machinery for
which BMPR1BB has been replaced by either S-BMPR1BBY or
L-BMPRI1BBY; and 3) the canonical AMH machinery supple-
mented by either S-SBMPR1BBY or L-BMPR1BBY (Fig. 3 B-E).
Phosphorylation levels of SMAD1 did not differ significantly when
BMPR1BB was replaced by either SSBMPR1BBY or L-BMPR1BBY
(Fig. 3 B and D). By contrast, SSBMPR1BBY is fourfold more active
than BMPR1BB in SMADS phosphorylation (Fig. 3C). Both SMAD1
and SMADS activity were enhanced when both BMPR1BB and
S-BMPR1BBY were present (Fig. 3 B and C). No significant increase
of SMADI1 and only low increase of SMADS phosphorylation were
recorded after addition of L-BMPR1BBY (Fig. 3 D and E). Thus, S-
and [-BMPRIBBY can substitute for BMPRIBB in activating
SMAD1 and SMADS.
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Next, we examined whether S- and L-BMPR1BBY synergize
with canonical AMH signaling. To this end, AMHR2, BMPR1BB,
and S- or L-BMPRI1BBY were tested either in the presence or
absence of the AMH ligand. While canonical AMH signaling
(AMH, AMHR?2, and BMPR1BB) was clearly stimulated by AMH
(SI Appendix, Fig. S84), AMH did not modulate S- or L-BMPR1BBY-
mediated signaling when associated with AMHR?2 (ST Appendix, Fig.
S8 B and C). Moreover, S- or L-BMPR1BBY-mediated signaling via
SMADI1 phosphorylation was unaffected when AMH was expressed
without its cognate receptor AMHR?2 (SI Appendix, Fig. S8 D and E),
indicating that BMPR1BBY-mediated signaling is not further modu-
lated by the AMH ligand. Finally, in the absence of AMH, the pres-
ence or absence of AMHR?2 did not affect S- or L-BMPR1BBY—-
induced signaling (Fig. 3F), while differential synergistic effects were
observed for BMPR1BBYs when expressed together with the whole
AMH machinery (AMH ligand, AMHR?2, and BMPR1BB; Fig.
3B-E).

In summary, BMPR1BBY has maintained its enzymatic ac-
tivity despite the severe truncation and the accelerated evolution
at the protein level. S- and L-BMPR1BBY-mediated signaling re-
quires neither the presence of the AMH ligand nor the AMHR?2 re-
ceptor or the autosomal BMPR1BB, yet is able to enhance canonical
AMH signaling. Thus, the Y-linked receptor has the enzymatic fea-
tures to act as an upstream regulator of male gonad development.

CatSper3Y and CatSperG Are Essential Components of the Herring
Sperm Proteome. The location of two CatSper genes on the
herring Y chromosome is intriguing because CatSper has been
thought to be lost in several metazoan lineages including fish
(32). We revisited this issue and identify here CatSper genes in
many but not all fish genomes (Fi%. 4 A and B and Dataset S2).
CatSper is a uniquely complex Ca®* channel that consists of at
least nine different subunits CatSperl-CatSper4, CatSperB,
CatSperG, CatSperD, CatSperE, and CatSperZ. The Atlantic
herring genome contains all CatSper genes except CatSperZ (33)
(Dataset S2). Using mass spectrometry (MS), seven CatSper
subunits including CatSper3 and CatSperG were identified in
mature herring sperm (Datasets S3 and S4). Signaling pathways
control CatSper and, thereby, sperm motility, navigation, and
fertilization from marine invertebrates to mammals (34-36). The
CatSper channel is gated open by membrane voltage and alka-
line pH;. Three signaling events are key to CatSper activation in
sperm of the sea urchin Arbacia punctulata: hyperpolarization of
the membrane potential V,,, by a K* channel CNGK (37, 38)
followed by repolarization via hyperpolarization-activated and
cyclic nucleotide-gated (HCN) channels, so-called pacemaker
channels (39, 40), and alkalization by a sperm-specific voltage-
gated sodium/proton exchanger (SNHE or SLC9C1) (41). The
activity of the SLCIC1 exchanger and HCN channel is modu-
lated by cAMP, which is synthesized by a soluble adenylate cy-
clase (SAC or adcyl0 gene). Remarkably, all these signaling
proteins upstream of CatSper are present in herring sperm,
suggesting that CatSper and Ca”* also control motility of herring
sperm (Fig. 4C and Dataset S4). Two functionally important
variations are striking. First, herring sperm carry an HCN-like
(HCNL) channel that is distinct from classic HCN channels and
falls into a new gene subfamily (42). HCNL1 in zebrafish sperm,
unlike classic HCN channels, is proton-selective and not cAMP-
sensitive (42). Although herring sperm carry the HCNL?2 isoform
that has not yet been characterized functionally, structural fea-
tures underlying proton permeation are conserved between
HCNLI and HCNL2 (34). Second, the zebrafish CNGK channel
is also gated not by cyclic nucleotides but by alkaline pH;, indi-
cating that the cellular messengers in fish sperm are protons
rather than cAMP or cGMP (42, 43). These results suggest that
herring sperm employ a signaling pathway for fertilization that
combines signaling proteins and mechanisms from marine in-
vertebrates, zebrafish, and mammals. As more signaling molecules
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Fig. 3. Analysis of BMPR1BBY signaling. (A) Schematic of the UAS-Gal4-Smad-AD reporter assay for quantifying the degree of SMAD1 and SMAD5 phosphorylation
upon application of different combinations of TGFf ligands and receptors (see Methods for detailed information). In absence of AMHR2 or BMPR1BBY-induced
stimulations, the Gal4-Smad-AD fusion protein remains in the cytoplasm and therefore does not activate transcription of the UAS-4 promoter driving expression of the
luciferase. In this situation, only background luciferase expression levels are recorded and set a blank value. In presence of an active type | receptor, the Gal4-Smad-AD
fusion proteins are selectively phosphorylated by the receptor through the Smad-AD domain and then translocate to the nucleus. Here they bind and transactivate the
UAS-4 promoter through its Gal4 DNA binding domain, which leads to transcription of the luciferase gene. The resulting luciferase activity thus strictly correlates to the
degree of activation (phosphorylation) of the Smads, which in turn is a measure of the specific upstream signals elicited by the various combinations of ligands and
receptors. AD, specific transactivation domains of the different SMADS. (B-E) Normalized luciferase intensities relative to controls after transfection of different
combinations of herring AMH, AMHR2, BMPR1BB, and S- and L-BMPR1BBY. (F) Normalized luciferase intensities relative to controls using the SMAD1 reporter after
transfection of different combinations of herring AMH, AMHR2, BMPR1BB, and S- and L-BMPR1BBY.

are identified, the herring data strengthen an emerging picture of  Discussion

evolutionary significance: sperm preferentially adopt unique, sperm-  BMPRIBBY is a very strong candidate sex-determining factor in

and species-specific signaling molecules and pathways that are  the Atlantic herring. It is clearly the best candidate out of the
tuned to their respective habitat of reproduc.tlon (35). o . only three genes in the male-specific region because of the well-
In summary, we conclude that the herring Y-specific region

contains genes encoding two proteins, CatSperG and CatSp- established role fqr TGF/BMPR signahng in sexual development
er3Y, expected to be essential for sperm function based on the ~ (29)- Its presence is strongly correlated with the male phenotype,
functional conservation of the CatSper channel in both invertebrates it shows an accelerated protein evolution, and it can replace the
and vertebrates. AMH/BMPR1B/AMHR pathway for SMAD phosphorylation.
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characiformes 2/2  0/2 piranha, mexican cavefish
—————

siluriformes  0/7  0/7  catfish

. CatSper A1-4 present in all species
N CatSper A1-4 present in some species, CatSper B-E absent
I CatSper A1-4, B-E absent in all species
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Fig.4. Characterization of CatSper genes and the Ca®* signaling pathway in sperm. (A and B) Multiple independent gene losses of CatSper1 to CatSper4 and
CatSperB, CatSperG, CatSperD, and CatSperE in fish. Cladogram of major phylogenetic groups based on Betancur et al. (70). Colored branches indicate the
presence of at least three of each the CatSper1 to CatSper4 and CatSperB, CatSperG, CatSperD, and CatSperE in all (green for both and blue for CatSper1 to
CatSper4 only), none (orange), or some (green and orange for both, blue and orange for CatSper1 to CatSper4 only) species of the clade. Number of species
with CatSper genes/all species investigated. Typical members of the respective clade are shown on the right. (A) Full tree including all fish species with
searchable genomes. Clade groupings are simplified: early diverging bony fish comprise several groups—Cladistia, Chondrostei, coelacanths, eels, and
Holostei. Note the near-complete retention of CatSper in cartilaginous fish and salmon-related fish (Protacanthopterygii and Stomiatii). (B) Presence and
absence of CatSper in the Otomorpha clade. Note the almost complete retention of CatSper1 to CatSper4 in Cyprinidae, whereas all three sister clades have
lost CatSper1 to CatSper4. Within Clupeiformes, four of five species have retained CatSper. (C) Comparison of signaling pathways in sperm of the sea urchin
(Arbacia punctulata), Atlantic herring (C. harengus), and zebrafish (D. rerio). GC, chemoreceptor guanylate cyclase; CNGK, K*-selective cyclic nucleotide-gated
channel; sNHE, sperm specific Na*/H* exchanger SLC9C1; HCN1 and HCN2, hyperpolarization activated and cyclic nucleotide-gated channels; CatSper, sperm-
specific Ca®* channel; NCKX, Na*/Ca?*/K* exchanger; PMCA, plasma membrane Ca**-ATPase; HCNL1, HCN-like 1 channel; HCNL2, HCN-like 2 channel.

The dN/dS ratio of 0.58 for BMPRIBBY is dramatically higher
than the dN/dS = 0.01 to 0.02 for the autosomal paralogs (S
Appendix, Fig. S6). However, a dN/dS ratio of 0.58, well below
1.0, may be explained by relaxed purifying selection or a com-
bination of positive selection at some sites and purifying selec-
tion at other sites. Our findings that the structural modeling
predicts a conserved protein structure as well as its conserved
kinase activity strongly suggest that the latter is the correct ex-
planation. An important topic for future studies will be to further
characterize the expression pattern of BMPRIBBY and in par-
ticular explore if it is expressed during early testis development
at the sex determination stage. However, such experiments are
challenging in a pelagic fish that does not reproduce in captivity.

The herring Y chromosome provides a unique opportunity to
reconstruct the birth of a sex chromosome due to the relatively
small size of the male-specific region that is not overloaded with

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.2009925117

repetitive DNA and other junk material like most other sex
chromosomes. The evolutionary process must have started with
the emergence of a truncated copy of BMPRIBB that was
translocated to chromosome 8 (Fig. 5). The truncation assigned
a new protein function to the gene. At the same time, because of
the loss of its 5 end including the promoter and intron 1,
BMPRIBBY must have lost the expression regulation of the
autosomal gene and most likely acquired a new spatial and
temporal expression pattern required to trigger male gonad de-
velopment. Such transcriptional rewiring of emerging sex-
determining genes, in particular if derived from gene duplica-
tion of a downstream gonadal factor, has been postulated to be a
hallmark of sex chromosome evolution (4, 44).

The insertion of the duplicated fragment from chromosome 21
into chromosome 8 created a region of nonhomology that cannot
recombine in meiosis. Thus, a proto Y was formed and maintained
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by suppressed recombination ab initio. It is likely that CATSPER3
and CATSPERG were already colocalized on the ancestral chro-
mosome 8 when BMPRIBBY arrived on the scene because they
are located on the same chromosome in many teleosts (SI Ap-
pendix, Table S3). In goldfish, the two genes are <1 Mb apart.
Possibly the next step was duplication of CATSPER3 and its
translocation near BMPRIBBY during or after the duplication
event (Fig. 5). The synteny in that region is highly conserved
across vertebrates, including CATSPER3 and the homeobox gene
PITX1, although CatSper genes have been lost in birds and many
teleosts (SI Appendix, Fig. S9, and Fig. 4). Notably, this region is
more rearranged in the herring than in other vertebrates (SI Ap-
pendix, Fig. S9), suggesting that chromosomal rearrangements
contributed to the evolution of the Y-specific region. A third event
was the incorporation of CATSPERG into the Y-specific region
and its loss from a pseudoautosomal location. Finally, CAT-
SPER3A underwent the fate of most duplicated genes, namely,
degeneration, because it was redundant and CATSPER3Y
benefited from its tighter linkage to the male sex-determining
gene. By this process, a minimal sex-determining region (SDR)
has evolved in the Atlantic herring; the region does not recombine
with chromosome X and contains only three functional genes, a
candidate male-determining factor and two genes essential for
sperm function.

It is possible that the SDR in herring as present today is much
younger than the emergence of the BMPR1BBY gene about 20
Mya (SI Appendix, Fig. S6), as indicated by the modest sequence
divergence in the sex-associated region which rather suggests a
divergence time of a few million years (Fig. 14). However, it is
possible that there is ongoing genetic exchange (recombination
or gene conversion) between X and Y in this region. In fact, one
of the Pacific herring chromosomes included in Fig. 1B may
represent a recombinant haplotype because it appears X-like
over the BMPRIBBY-CATSPER3Y region but Y-like over
CATSPERG. It will be of considerable interest to further explore
the evolution of this SDR region in a closely related clupeid like
the sprat (Sprattus sprattus).

The association of BMPRIBBY with CATSPER3Y and CAT-
SPERG in the herring SDR is consistent with one of the most
characteristic features of sex chromosomes, namely, suppressed
recombination between a sex-determining factor and genes
beneficial for that sex (11-15). However, the Atlantic herring Y
differs from most previously described sex chromosomes as this
suppressed recombination has not spread along the chromo-
some. The region showing strong genetic differentiation between
males and females is remarkably small and extends only over
~300 kb despite the existence of the herring Y for at least a few

Chr8/ChrX TPCNI IQCD TBX5B PRPSI NEXMIFA GBAS ABHDII CLDN3 CLDN4 CLDN4 CLDN4 ENS..19839 METTL27 ,

million years. As a comparison, the Y chromosome in the
threespine stickleback, which is less than 26 My old, has a non-
recombining region of 17.5 Mb that shows extensive degenera-
tion (45). Unlike the stickleback Y chromosome, the herring Y
does not lack any gene present on the X chromosome; it only
carries three additional genes that are likely essential for male
development and function. Any degeneration that may have
occurred is expected to be restricted to the genes located in the
sex-associated region showing sequence divergence between X
and Y (SI Appendix, Table S1).

Methods

Whole-Genome Sequence Analyses. We analyzed whole-genome sequence
(WGS) data of 16 individuals with known sex, collected from Atlantic and
Baltic with on average ~12X sequence coverage (19). The reads were aligned
to two assemblies of the Atlantic herring genome (17, 19), and high confi-
dence SNPs were called as described (17, 19). A genome-wide association
analysis for the detection of sex-associated regions was done by comparing
allele frequency between males and females with a 2 test using read counts
extracted from sites called in the older assembly (19). The depth of coverage
across the chromosome-based genome assembly (17) was extracted using
GATK:DepthOfCoverage (version 3.5.0) (46). The data were converted to
normalized depth 1-kb windows, and we compared the depth between males
and females. No Animal Care and Use Committee approval was required be-
cause the herring were not harvested specifically for research purposes.

Assembly of the Chromosome Y Region. The assembly of the Y region is based
on two unassigned scaffolds (18 and 229) and parts from an earlier version of
our current PacBio-assembly of the herring genome (17), which is based on a
male Atlantic herring, but only the ChrX region was included in the previ-
ously reported assembly (17). The Y assembly presented here was validated
by investigating uniformity of depth of coverage of individual PacBio reads
across the assembled sequence.

We used eight males and eight females to estimate the genetic differ-
entiation between males and females by Weir-Cockerham Fsr (47) using
vcftools v0.1.16 (48) in 50-kb overlapping windows across chromosome Y.

Annotation of the Male-Specific Region. We identified male-unique regions
on unassigned scaffolds from the current PacBio-based herring assembly
which was not annotated by the Ensembl annotation pipeline (https:/www.
ensembl.org) because the male-unique region was not included in this as-
sembly (17). Thus, we annotated these regions by the annotation pipeline
implemented by National Bioinformatics Infrastructure Sweden based on
the Maker package (version 3.01.02) (49) (https:/github.com/NBISweden/
GAAS, version 2019-07-11). We first generated an evidence-built annotation
based on protein similarity using Uniprot (50) (downloaded August 11,
2016). We also generated an ab initio built annotation by first training
Augustus (version 2.7) (51) using 1,213 genes annotated by Ensembl (17).
Then we combined the two annotations to generate the final annotation.
We manually curated BMPR1BBY by comparing it with the autosomal copy
on chromosome 21 and generated the final gene structure. In addition, we
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Fig. 5. Reconstruction of the evolution of sex chromosomes in Atlantic herring. The evolution of ChrY occurred in four steps, but the exact order of steps 2 to
4 is not yet known. 1) Duplication and translocation of BMPR1BB from Chr21 to Chr8. 2) Duplication and translocation of CATSPER3 within Chr8/ChrY. 3)
Incorporation of CATSPERG in ChrY and loss from ChrX. 4) CATSPER3A becomes pseudogenized or evolved a new function. MYA, million years ago.
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used GenScan (52) to do another round of ab initio annotation which was
merged with the Maker annotation.

To validate the structure of the gene model we conducted 3' RACE and
Nanopore whole-transcriptome and gene-specific cDNA sequencing. Total
RNA was prepared from the testis of an adult Atlantic herring using the
RNeasy Mini Kit (Qiagen). The 3’ RACE reaction was performed with 1 pg
RNA using the FirstChoiceTM RLM-RACE Kit (Thermo Fisher Scientific). Nes-
ted RACE PCRs were performed in a 25-uL reaction containing KAPA HiFi
Fidelity Buffer with MgCl,, 0.32 mM dNTPs, 0.4 uM each of the forward and
reverse primer, 0.8 U KAPA HiFi DNA Polymerase (Kapa Biosystems) and 1 pL
of the ¢cDNA or Outer RACE PCR product (1:5 dilution) as PCR template.
Amplification was carried out following the program: 95 °C for 5 min, 35
cycles of 98 °C for 20 s, 58 °C for 30 s and 72 °C for 1 min, and a final ex-
tension of 10 min at 72 °C.

Targeted Resequencing Using Xdrop. To confirm the orientation of the male-
specific region in relation to the flanking pseudoautosomal region we used
the Xdrop method for targeted sequencing of long DNA molecules (20).
Primer pairs for the amplification of fragments from the male-specific region
in the near vicinity of the border to the pseudoautosomal region were
designed. The following primer pairs were used to amplify a fragment in the
vicinity of CATSPER3Y: for dPCR, Fw-TGCACTAGTGGGTGACTACCAA and R-
TGTAAGACACCAGAATTTCCCCAC (product size 173 bp, Tm = 76.25 + 0.08
°C), and for qPCR, Fw-TACTCAGATGGCCGACGAAATCTTTA and R-GCG-
TCAAAGACGTTATATCCGC (product size 111 bp, Tm = 77.88 + 0.11 °C). For
the amplicon from the scaffold18 region, the following primers were used:
for dPCR, FwW-ACCGGCTTTATCCATCCGTC and R- AGTGACGAAAACGAAACC
GTC (product length 165 bp, Tm = 76.97 + 0.08 °C), and for qPCR,
Fw:CTTCGGATCTGCACGATTCAC and R-TCAGAAGACCGGAGACTGGA (prod-
uct length 127, Tm = 80.98 + 0.11 °C). The reactions were run in a final
volume of 10 pL, of which 5 pL were of dPCR mix, 0.5 pL of qPCR dye, 0.4 uL
of 10 pM primer pair, and 0.1 pL of water. The enrichment and Nanopore
sequencing of the genomic regions was performed by Samplix services
(https://samplix.com/).

Genotyping Sex-Specific Markers. We genotyped 200 individuals for the
presence/absence of BMPR1BBY. These samples had accurate sex records and
were collected from two localities, Bjérkofjarden, Kattegat and Brofjorden,
Skagerrak (19). The following primer pair was designed using primer3 with
default settings, bby-fw CCAGACTGACTTGTGGTTCC and bby-R CTTCCCAGC
AACAAGATGG, giving a 132-bp product with a melting temperature of
85.89 + 0.07 °C (average and SD, respectively). The PCR reactions were
composed of 5 pL SYBR Green PCR Master Mix (Applied Biosystems by
Thermo Fisher Scientific), 1 uL of primer pair working solution at a concen-
tration of 4 uM, and 4 pL of the DNA samples at a final concentration of 1 ng
per reaction. Control reactions with no template were included at all points
to spot any primer dimer formation. PCR was done using a QuantStudio 6
Flex instrument (Applied Biosystems by Thermo Fisher Scientific) with the
thermal profile 2 min at 50 °C and 2 min at 95 °C, followed by 40 cycles of
15sat 95 °C, 30 s at 57 °C, and 30 s at 72 °C. Melting curves were generated
with incubation for 15 s at 95 °C, 1 min at 60 °C, and 15 s at 95 °C. The ramp
rate between the two last steps was 0.05 °C/s. Primer sequences are also in S/
Appendix, Table S4.

Nanopore Sequencing. Total RNA (500 ng) from testis was converted into
cDNA following the Oxford Nanopore Technologies (ONT) protocol for rapid
cDNA sequencing with the SuperScript IV reverse transcriptase (Invitrogen).
To improve yield of full-length cDNA the incubation times were extended to
50 min at 50 °C and 20 min at 42 °C. The cDNA was amplified with LongAmp
polymerase (NEB) and click primers (cPRM, ONT) for 14 cycles with 6 min
elongation. Sequencing was done as partial runs on R9.4 and R9.5 flow cells
as 1D reads. BMPR1BBY and CATSPERG were amplified from testis cDNA
with LongAmp and internal primers and in combination with the ONT for-
ward and reverse adaptor primers in order to capture the full transcript.
PCR products were sequenced using the LSK309 1d? ligation sequencing
protocol (ONT).

Genomic Alignments. Similarity between CATSPER3Y and BMPR1BBY and
their presumed homologous autosomal loci was assessed by performing
local alignments of the genomic nucleotide sequence, including flanking
regions, of the two Y-specific gene copies against genomic sequence frag-
ments, extracted from assembly version Ch_v2.0.2 (GCA_900700415.1) that
covered the potentially orthologous autosomal genes. The targets were
identified from the Ensembl-provided annotation of the herring genome
(Database version 99.202). The alignments were performed using Clustal
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Omega version 1.2.3 (53) using default parameters and analyzed in R (54)
using the package “ape” version 5.3 (55).

We compared the gene content in the sex-associated region on X and Y
using Clustal Omega version 1.2.3 (53) implemented in “ape” R package
version 5.3 (55) as described above.

Phylogenetic Analysis by Maximum Likelihood (PAML). First, we collected a
reference set of CATSPER3 and BMPR1BB genes from the ENA database.
After manual inspection of the possible transcripts, we retained the option
for each species that most closely resembled the herring Y copy. Second, in-
frame nucleotide alignments spanning the extent of the Y-specific copies
were generated for both genes. For BMPR1BB, which is highly conserved,
the nucleotide alignments were already in frame, as verified by the “trans”
function from "ape” and subsequent comparison with the reference se-
quences. For CATSPER3, which is more variable, PAL2NAL (56) was used to
translate the amino acid alignment to a nucleotide equivalent using the
reference ¢cDNA sequences. In both cases, ambiguous positions were dis-
carded during the rate analysis. Next, we extracted the taxa represented in
each alignment from the Fish Tree of Life (57) to generate unrooted guide
trees for the PAML analysis. These trees were edited to split the herring
entry into a Y-specific and autosomal copy, and for CATSPER3, the coela-
canth was added as an additional unresolved branch. Finally, the alignments
and guide trees were fed into the “codeml|” module of PAML version 4.9 (58)
and run under three different models: 1) All branches evolve at the same
rate (NULL model). 2) Only the “herring Y-" (for BMPR1BB) or the “herring
A-" (for CATSPER3) branch has a unique rate (two-rates model). 3) Both the
“herring Y” and “herring A" branches have a unique rate (three-rates model).

The models were then compared using a likelihood ratio test statistic,
which was evaluated against a y>-distribution with degrees of freedom equal
to the difference in estimated parameters between the compared models.
The PAML control files, guide trees, and alignments used are found at
https://github.com/nimarafati/Atlantic_herring_SDR.

We used dS values from the PAML analysis to estimate divergence times
by extracting fossil-calibrated LCA estimates from the Fish Tree of Life (57)
and dividing the time interval proportionally to the lengths of the terminal
and internal branches.

Structure Modeling. Structural prediction of the intracellular domain of
BMPR1BB, full-length L-BMPR1BBY, and full-length S-BMPR1BBY was per-
formed using the RaptorX server (59), which gave the best models using
Protein Data Bank 3MDY (human BMPR1B) (60) as the template. Structure
alignments and protein representations were generated using the PyMOL
Molecular Graphics System (Version 1.3, Schrédinger, LLC).

Preparation and Mass Spectrometric Analysis of Flagella from Herring Sperm.
The preparation of flagella from C. harengus sperm was as described (39)
using Herring Ringer’s (HR) solution instead of artificial seawater. Briefly,
sperm were washed two times with HR (in mM: 206 NaCl, 7.2 KCl, 2.1 CaCl,,
3.1 MgCl,, 10 Hepes/NaOH, pH 7.6) (61). Hepes was used for buffering in-
stead of NaHCOs. Sperm suspension was sheared 20 times by centrifugation
for 30 s at 75 x g and 4 °C through a 40-pm mesh of a cell strainer (BD
Biosciences). Flagella were washed in HR and stored as pellet.

Flagella protein (20 pg) was subjected to GeLCMS as described (62) with
the following modifications: excision of 10 gel slices, use of Proteome Dis-
coverer Rev. 2.2, C. harengus protein sequences from National Center for
Biotechnology (NCBI) release GCF_900700415.1 (date April 16, 2019) sup-
plemented with additional sequences (Dataset S4), recalibration of precursor
MS spectra, precursor mass error tolerance 8 ppm, MS/MS mass error toler-
ance 0.6 Da, oxidation of Met, phosphorylation at Ser, Thr, Tyr, and
N-terminal pyro-Glu as variable, Cys-Propionamide as static modification.

Bioinformatic Analysis of CatSper Genes. All fish genomes available from NCBI
(https://www.ncbi.nlm.nih.gov/genome/) as of March 11, 2020, were ana-
lyzed for the presence of highly conserved B actin as positive control. The
whole-genome shotgun databases (WGS) for these genomes were searched
with TBlastN (https:/blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=tblastn) for
B actin, using the Danio rerio (zebrafish) sequence as query. Genomes which
were unsearchable or yielded poor hits were excluded. The research resulted
in 271 genomes, which were evaluated for the presence of CatSper? to
CatSper4 and CatSperB, CatSperG, CatSperD, and CatSperE. We then per-
formed TBlastN searches in the WGS databases of fish genomes using pre-
viously annotated protein sequences for CatSper1 to CatSper4 and CatSperB,
CatSperG, CatSperD, and CatSperE of Lepisosteus occulatus (spotted gar),
Latimeria chalumnae (coelacanth), Callorhinchus milii (elephant shark),
Salmo salar (Atlantic salmon), Esox lucius (northern pike), and Carassius
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auratus (goldfish). The search was recursive, whenever more closely related
sequences were identified. Candidates were evaluated according to e value
until outgroup genes were found; a rigid cutoff by e value was ineffective.
Candidate genes were predicted by genewise (https://www.ebi.ac.uk/Tools/
psa/genewise/) (63) using closely related validated sequences as template. To
validate candidates, we employed phylogenetic tree analysis. Trees were
constructed from the candidate genes, the query sequences and other val-
idated CatSper genes (e.g., Mus musculus [mouse], for full list, see Dataset
S2). For CatSper1 to CatSper4, representative members from related ion
channel families were used as outgroup (CACNA and SCN channels of mouse
and zebrafish, TPCN and TRP channels of zebrafish). CatSperB, CatSperG,
CatSperD, and CatSperE served as each other's respective outgroup. Se-
quences were aligned using the MAFFT (multiple alignment using fast
Fourier transform) tool version 7 (https:/mafft.cbrc.jp/alignment/server/) (64,
65) with the iterative refinement strategy called E-INS-I strategy and oth-
erwise default parameters. Gap Strip Squeeze (https://hcv.lanl.gov/content/
sequence/GAPSTREEZE/gap.html) was used to remove regions of the multi-
ple sequence alignments which contained gaps in more than 90% of the
sequences. Trees were subsequently calculated using the PhyML online tool,
which is a phylogenetic tool that employs a maximum likelihood (ML) al-
gorithm (http://www.atgc-montpellier.fr/phyml/) (66). Tree improvement
was set to SPR (subtree pruning and regrafting), and branch support was set
to y>-based aLRT (approximate likelihood ratio test). Otherwise the default
settings were unchanged. Branch support for single CatSper1 to CatSper4
clades was always maximal; thus, CatSper1 to CatSper4 candidates that fell
into these clades were considered validated. Branch support for outgroup
clades (CACNA, SCN, and TRP) was maximal, and candidates which were
sorted to the outgroup genes were discarded. For CatSperB, CatSperG,
CatSperD, and CatSperE, branch support was always close to maximal; thus,
candidates falling into these groups were considered validated.

RNA Preparation and Expression Analysis. Total RNA was extracted from the
gonad, heart, spleen, kidney, gills, intestine, hypothalamus and saccus vas-
culosus (BSH), and brain without BSH (brain) of three adult male and three
female Atlantic herring using the RNeasy Mini Kit (Qiagen). RNA was reverse
transcribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific). Real-Time PCR with SYBR Green chemistry was
performed for BMPR1BB, CATSPER3Y, CATSPERG, AMH, and AMHR2 in 10 pL
reactions of SYBR Green PCR Master Mix (Thermo Fisher Scientific), 0.3 pM
primers, and cDNA template, with a program of an initial denaturation of
10 min at 95 °C followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
TagMan Gene Expression assay (Thermo Fisher Scientific) containing 0.30 uM
primers and 0.25 pM BMPR1BBY TagMan probe (Integrated DNA Technol-
ogies) was performed to compare the relative expression levels of
BMPR1BBY. ACTIN was used as the housekeeping gene in all expression
assays. All of the primers and probes are listed in SI Appendix, Table S4.
The expression of CATSPER3A in gonads and brain was investigated by RT-
PCR. Briefly, cDNA was produced with the High Capacity cDNA Synthesis kit
(Thermo Fisher Scientific), without RNase inhibitor. As this kit does not
contain any oligo-dT primer, that was added to the reaction master mix to a
final concentration of 5 mM [Oligo(dT).g primer; Thermo Fisher Scientific].
Primer pairs were designed with the NCBI tool (S/ Appendix, Table S4). RT-
PCRs were run with the AmpliTag Gold DNA Polymerase with Buffer Il and
MgCl, (Thermo Fisher Scientific) together with dNTPs (ANTP Mix, 5 mM each)
at a final concentration of 200 mM each. Primer pairs were added to a final
concentration of 0.4 mM each, and the working concentration of DNA po-
lymerase was 2 U/reaction. The total sample amount was 40 ng in a final
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volume of 10 pL. The reactions were incubated according to the following
profile: 95 °C for 10 min, 35 cycles of 95 °C for 15 s, 57 °C for 30 s, 72 °C for
1 min, followed by 72 °C for 5 min. All reactions were checked by gel elec-
trophoresis. No detectable amplification was observed for either primer pair.

Transfection Experiments. Full-length clones for AMH, AMHR2, and autoso-
mal BMPR1BB as well as L-BMPR1BBY and S-BMPR1BBY clones were
designed including a fish consensus Kozak sequence (67), synthesized and
cloned (GenScript) into the expression vector pcDNA3.1 (-) (Thermo Fisher
Scientific).

Medaka spermatogonial stem cells (Sg3) were cultured as previously de-
scribed (68). For transfection, cells were grown to 80% confluency in six-well
plates and subsequently transfected with 5 pg expression vectors using the
FuGene (Roche) reagent as described by the manufacturer.

For monitoring differential activation of Smads upon selective AMH,
AMHR2, BMPR1B, or S- or L-BMPR1BBY expression, Sg3 cells were seeded in
six-well plates and cotransfected with a combination of four kinds of plas-
mids (Fig. 3A): 1) an expression plasmid which encodes a fusion protein (31,
69) (Smad1-AD-Gal4-DBD or Smad5-AD-Gal4-DBD; 300 ng per well) that will
translocate to the nucleus upon phosphorylation by the different TGFBs and
in return transactivate the UAS-4 promoter through its Gal-4 DNA binding
domain; 2) a reporter plasmid, which codes for luciferase under the control
of a minimal promoter, which contains UAS sequences (UAS-luc, Firefly lu-
ciferase; 300 ng per well); 3) plasmids coding for the different ligands and
receptors to be tested for signaling activity [either pcDNA3.1(-)-AMH,
pPcDNA3.1(-)-AMHR2, pcDNA3.1(-)-BMPR1BB, pPcDNA3.1(-)-S-BMPR1BY,
pPcDNA3.1(-)-L-BMPR1B or a control plasmid (empty pcDNA3.1(-)); 400 ng per
well]; and 4) a Gaussia luciferase expression plasmid for normalization
(pPCMV-GLuc; 5 ng per well). After 24 h, cells were washed with 2x PBS so-
lution and lysed with 75 pL of passive lysis buffer (Dual Luciferase Reporter
Kit Assay; Promega) and then subjected to luciferase assay. Firefly luciferase
activity (UAS-luc reporter constructs) was quantified using the Dual Lucif-
erase Reporter Assay System (Promega) and normalized against cotrans-
fected Gaussia luciferase expressing plasmid. Datasets are the results of at
least four independent cell transfections and luciferase measurements.
Statistical significance was assessed by means of the Wilcoxon-Mann-
Whitney test (n = 4 or 8). Raw data are in Dataset S5.

Data Availability. The reference genome used in this study is deposited in
European Nucleotide Archive (ENA) (PRJEB31270) and the sequence of the
SDR together with its annotation as well as other sequences and codes used
in this study are available on Github: https:/github.com/nimarafati/Atlantic_
herring_SDR. Variant calls used in the x>-analysis were from Ref. 19 depos-
ited in Dryad (5r774). Also, Samplix and cDNA data generated for this study
are deposited in ENA (PRJEB38031)
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