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Abstract

The annelid wornPlatynereis dumerili{Lophotrochozoagxhibits ancestral
developmental, body plan and genomic charactesiaintl possesses two types of
eyes: adult pigment cup eyes and larval two-cedlggls Platynereistherefore
represents a useful model organism for the stuayyefevolution in annelids. My
research goal has been to characterize the diffatieig Platynereisadult and larval
eyes on the molecular level in order to exploreet@utionary history of these two
types of eyes and their cell types: rhabdomeridqrieceptor cells (rPRCs) and
pigment cells (PCs).

This aim has been addressed by using the ‘molefintgerprint’ (MFP)
approach for the comparative study of cell typdsst identified specific molecular
markers for each of the cell types in both typesyafs. These were then used to
establish a comprehensivi=P of these cell types that included both effectpgnes
(differentiation genes expressed in eye and neliatlatypes) and transcription
factors which play a role in eye and neuronal dation. This was achieved by
means of gene expression studies, using wholentmuttiein-situ hybridization and
3D in-silico alignments.

The data obtained reveal tialatynereisadult and larval eyes are composed
of six cell types, based on MFP comparisons: aajds ventral and dorsal rPRCs,
adult eyes ventral and dorsal PCs, larval eye rP&@darval eye pigment cells. The
distribution of the adult rPRCs and PCs into twenival and dorsal) cell types relates
to the fact thaPlatynereisdevelops two pairs of adult eyes that appearfterdn
terms of their molecular regulation.

It also revealed that many transcription factomsitating eye development in
Drosophilaand/or vertebrates are also expressed in theaddiffi@tingPlatynereis
eyes. Surprisingly, some of these are adult eyeHspand some are larval eye-
specific, meaning that the adult and larval eyeBlafynereisshow a distinct MFP,
corroborating that they represent different typiesyes. On the other hand, some
shared effector genes were identified betweenRRECs and PCs of the adult eyes, as
well as of the larval eyes. This finding implicateat the rPRCs and PCs of
Platynereisare sister cell types that can be traced backstogie ancestral
multifunctional cell type precursor.

Hierarchical clustering analysis based on the M#gRilks mirrors the ‘phylogeny’ of
the different eyes cell types, in which the laregaés cell types cluster together as do
the two types of adult eyes rPRCs and PCs.

In order to gain more insight into the developmekrdgulation of both eyes in
Platynereis | chose to assess the role of the conserved heddéih) signaling
pathway inPlatynereiseye development. By using the antagonist cycloparto
inhibit the hedgehog pathway flatynereisembryos, | found out th&tlatynereisHh
pathway plays a role in adult but not in larval egeelopment. This adds another key
distinction between the adult and larval eyeRlatynereis

These results support the view that annelid eyiginated from one
multifunctional single cell prototype eye that bateracteristics of both PRCs and
PCs. It was first duplicated to give rise to aduitl larval eye precursors to then
diversify into the PRCs and PCs present in todagiselid eyes.



Zusammenfassung

Der AnnelidPlatynereis dumeriliiNereididae, Annelida, Lophotrochozoa) ist durch
zahlreiche evolutiv alte Merkmale, wie seine Enkhiag, seinen Bauplan und ein
urspringliches Geninventar gekennzeichnet. Er4iesitei verschiedene
Augentypen: die adulten Pigmentbecheraugen undzellige Larvalaugen. Daher ist
Platynereisein geeigneter Modellorganismus, um die Evolution Augen in
Anneliden zu untersuchen. Das Ziel meiner Arbeitlis molekulare
Charakterisierung der Differenzierung der Lavald édultaugen vorPlatynereis

um die Evolution dieser beiden Augentypen und ileditypen — rhabdomere
Photorezeptorzellen und Pigmentzellen — zu verstehe

Zur vergleichenden Analyse der Zelltypen habe iehMiethode des Vergleichs von
molekularen Fingerabdricken genutzt. Dazu habeucokichst spezifische
molekulare Marker fur jeden der Zelltypen in dewvéla und Adultaugen identifiziert
und damit anschliel3end eine umfassende Analysmdiekularen Fingerabdrucks
dieser Zelltypen vorgenommen. In diese Analyse sowlohl Differenzierungsgene
als auch Transkriptionsfaktoren, die in den Auged neuronalen Zellen expremiert
werden, mit einbezogen worden. Die Expression diésae habe ich mit Hilfe der
Whole-mount-doppel-in-Situ-Hybridisierung und dé&--silico-Alinierungstechnik
untersucht.

Die Auswertung des molekularen Fingerabdrucks fgehlen, dass die Laval- und die
frihen Adultaugen voRlatynereisaus sechs Zelltypen zusammengesetzt sind: den
ventralen und dorsalen rhabdomeren Photorezepiemzdér Adultaugen, den
ventralen und dorsalen Pigmentzellen der Adultauden larvalen rhabdomeren
Photorezeptorzellen und den larvalen Augenpigméatze

Die Aufteilung der rhabdomeren Photorezeptorzalied der Pigmentzellen der
Adultaugen in ventrale und dorsale Zelltypen idtdie Bildung von zwei Paar
Adultaugen zurtckzufthren, die sich in ihrer moleken Regulierung unterscheiden.

In meiner Arbeit konnte ich zeigen, dass zahlreitranskriptionfaktoren, die die
Augenentwicklung irDrosophila melanogastamd Vertebraten regulieren, auch in
den sich differenzierenden Augen v@latynereisexpremiert werden.
Uberraschenderweise handelt es sich dabei sowollduttaugenspezifische als auch
um lavalaugenspezifische Gene, was zu der Schlgssfmg fuhrt, dass die Adult-
und Larvalaugen voRlatynereisunterschiedliche molekulare Fingerabdriicke haben.
Damit wird die Annahme unterstitzt, dass es sicluatarschiedliche Augentypen
handelt.

Andererseits konnte ich auch Differenzierungsgeeatifizieren, die sowohl in den
rhabdomeren Phororezeptorzellen als auch in dand?itzellen der Adultaugen
expremiert werden bzw. von beiden Zelltypen im ladauge expremiert werden.
Diese Ergebnisse lassen den Schluss zu, dasshdsesiden rhabdomeren
Photorezeptorzellen und Pigmentzellen Riatynereisum Schwesterzelltypen
handelt, deren gemeinsamer Ursprung eine multifon&tle Augenvorlauferzelle

war.

Eine hierarchische Clusteranalyse, die auf dentirigeen des molekularen
Fingerabdrucks beruht, spiegelt die “Phylogenig“\daschiedenen Augenzelltypen
wieder. Die Zelltypen der Larvalaugen bilden dieeeGruppe des Clusters. Innerhalb
der anderen Gruppe, die alle Zellen der Adultaugefasst, bilden die ventralen und



dorsalen rhabdomeren Photorezeptorzellen eine @rgdpe weitere setzt sich aus
den ventralen und dorsalen Pigmentzellen zusammen.

Um mehr tber die (differenzielle) Entwicklung demglen vorPlatynereiszu
erfahren, habe ich den Einfluss der konserviertedge¢hog (Hh)-Signal-Kaskade auf
die Augenentwicklung voRlatynereisuntersucht. Experimente mit Cyclopamin,
einem Antagonisten der Hh-Signal-Kaskade, zeigtass Hh zwar die Entwicklung
der Adultaugen, nicht aber die der Larvalaugenrikesist. Damit konnte ich einen
weiteren grundlegenden Unterschied zwischen detehehugentypen von
Platynereisaufzeigen.

Die Ergebnisse unterstitzen die Auffassung, dasgudgen von Anneliden von
einem einzelnen multifunktionellen Augenvorlaufeitye abstammen, der sowohl
Merkmale der Photorezeptorzellen als auch der Riggaélen aufwies. Dieser
Vorlaufer wurde im Lauf der Evolution zunéachst daiglrt und differenzierte spater
in Adult- und Larvalaugenvorlaufer, die dann zu éotorezeptorzellen und
Pigmentzellen wurden, wie sie aus rezenten Annelimkannt sind.



Introduction



1.1 Overview

“To suppose that the eye, ...., could have been fobyethtural selection, seems, |
freely confess, absurd in the highest possibleadedfiow a nerve comes to be
sensitive to light, hardly concerns us more than hie itself first originated; but |
may remark that several facts make me suspecatiyasensitive nerve may be
rendered sensitive to light, ...Déarwin, The origin of species, chapter 6, 1882

The origin of the eye was and still is a fascingtimystery causes a huge debate. Our
view on eye evolution have gone considerable nurabehanges in the last century. |
would first like to mention some milestones in thath.

In 1979, Hansjochen Autrum (Autrum 1979) firatgued that all eye share a common
evolutionary origin (the monophyletic origin hype#is) through the consistent use of
membrane bound rhodopsin as a photopigment. Henatsal that in all animals two
main kinds of photoreceptors are present, rhabdoraad cilliary, which coexist in

the major branches of the phylogenetic tree.

However there were three main serious challengtdsswiew, first was a survey of
photoreceptor ultrastructure that claimed indepaehdeolution in 40 to 65 cases in
separate phyletic lines (the polyphyletic origirpbthesis) (Salvini-Plawen and Mayr
1977) .The second is the different embryonic or@fithe different structure in the
vertebrates and cephalopods eyes (Nilsson 1986)third challenge came from
molecular comparisons indicate an ancient dichotbatween the ciliary and the
rhabdomeric photoreceptors types (Arendt and Wittb2001): The two major
classes of opsins are neatly distributed in eatcheofwo receptor-types, the
transduction machinery and response terminatiandiffer between ciliary and
rhabdomeric receptors.

A decade later the discovery of homologous genesaldting eye development in
vertebrates, insects and other animals supporeediéa that all eyes share a common
prototype eye ancestor. However the monophyletichgypothesis continued to suffer
criticism relying mainly on the above third argurhen

Two recent discoveries (Arendt, Tessmar-Raibld.€1G04; Panda, Nayak et al.
2005) illustrated that the two classes of animaitpreceptors, are likely to share an
ancient common ancestor and have been evolvingrallpl since their duplication
over 600 million years ago. Arendt et al. identfilliary photoreceptor
(molecularly, regulatory and morphologically) in ianvertebrate. Panda et al.
followed the work of (Berson, Dunn et al. 2002ttdg Liao et al. 2002) and showed
that the melanopsin (a putative opsin-family phagogent) expressed in the
vertebrates retinal ganglion cells, encodes a fulhgtional opsin that signals more
like an invertebrate opsin than like a classicatel@rate rod-and-cone opsin. Both
studies support the indication that the last comarmestor oBilateria must already
have possessed two typasphotoreceptor cells, ciliary and rhabdomeric.

In my PhD | was interested to investigate this oorérsy issue further and to explore
eye evolution on the molecular level. Many indioathave accumulated for shared
genetic control of eye development, however, tlrasee mainly from the two



branches of bilateria: the Deuterostomes and Rmtes. | chose Platyneries as a
representative of the third branch: the Lophotraciacfor a comparative study.

By establishing a molecular fingerprint (MFP)RIatynereisadult and larval eye cell
types, | would like to explore the level of consaian of different genes in the
development of different eye cell types, and twitedent eyes: Adult versus larval
eyes of Platynereis.

1.2 Variety of eyes

Platynereispossess two types of eyes: adult pigment cup &yésarval (simple
prototype) eye. In the light of the comparativedgtuwould also like to understand
the molecular difference between these eyes antitvigdlects. Can we learn from it
something about the significance of today’s astungs bilaterians eyes repertoire? |
would therefore like to briefly explore the topiteye variety.

The simplest eye like function - phototactic funat{the capability of orientating

with respect to the direction of light) can be #ddack to as simple organisms as
unicellular flagellate algae (Witman 1993) . Anatlke&ample of a very simple “eye”

is found in Planula larvae dfripedaliain the form ofsingle cell, pigment cup ocelli,
lacking neuronal connection. These light sensove photosensitive microvilli and a
motor-cilium. They respond directly to light andyrect as a rudder to steer the larva
(Nordstrom, Wallen et al. 2003).

Shading pigment is essential for a photoreceptits teorder to detect their ection

of the light. Therefore photoreceptor cells tha&t associated with pigment are
considered ‘eyes’ whereas the ones that don’thareonsidered as ‘eyes’. The
simplest eye we can imagine will consist of both types, however even simplified
version, that contain both shading pigment andefdlcthembrane with photo-pigment,
in one cell, exist.

If we explore eye variety in detail we will find bthat of ca.33 phyla, about a third
have no specialized organ for detecting light. Arot third have light sensitive
organs and the remainder are animals with what addwconsider eyes. Image
forming eyes evolved in six of the 33 extant megawphyla Cnidaria, Mollusca,
Annelida, Onychophora, Arthropoda and Choroddthese six phyla contribute
about 96% of the known species alive today, pogntin the importance of eyes in
our world. There are several features common teyas and arising from constrains
regarding their physical properties - the abilaycbllectandfocuslight (land MF
2002).

These constrains restrict the eye varietgitht types of eye optics
Both chamber ed eyes andcompound eyes form images using shadows, refraction ,
or reflection . The simplpit eye led to thdensed eyes in fish ,cephalopods and

terrestrial animals.

Theapposition compound eye found in bees, crabs, and fruit flies; ttefr acting
super position compound eye found in moths and krill; and theflecting



super position eye found in decapod shrimps and lobsters. (FernaléR0
Figurelshows an example of the chambered and campsyes.

Chambered
eyes

Compound
@

A, %

N/

(Fernald, 2006)

Figure 1: Eight major types of optics in animal eyes.

Both chambered eyes (top) and compound eyes (bottom) form images using shadows (A and B), refraction

(C to F), or reflection (G and H).

Light rays shown in blue, photoreceptive structures are shaded. The simple pit eye (A) (chambered nautilus) led
to the lensed eyes in fish and cephalopods (C) and terrestrial animals (D). Scallop eyes (G) (bay scallop) are
chambered but use concave mirror optics to produce an image. The simplest compound eye (B) found in bivalve
molluscs , the apposition compound eye (E) found in bees, crabs, and fruit flies; the refracting superposition
compound eye (F) (Antarctic krill) of moths and krill; and the reflecting superposition eye (H) found in decapod
shrimps and lobsters. (Fernald, 2006)

Beside eyes optics, classification of eyes canralyoon their complexity. ‘Ocelli’
are simple, multicellular eyes composed of a pleaieptor cell, pigment cell and
optionally support cells. Structurally they ofteasemble ‘pigment cup eye’.
‘Compound eyes’ are composed of number of distiasic units called ommatidia,
found inPolychaeta, BivalviandArthropoda An individual ommatidium resembles
a pigment cup ocellus, on the structural level.npex eyes’ composed of cornea,
iris, lens and retina. They are founddephalopoda and VertebratArendt and
Wittbrodt 2001)

Invertebrates have the greatest variety of eyesstyipaving both camera eyes (in e.g.
Cephalopodsand compound eyes. Moreover, the number anditocaf eyes is
highly varied in invertebrates - one can find npl#inon-paired eyes and eyes in
remarkable locations while vertebrates usually h@aieed chambered eyes with
lenses (Fernald 2004). This remarkable structiaaety reflects off course physical



properties variety in terms of the eye’s functigthile very simple eyes provide
limited information regarding light intensity andettion, more advanced eyes can
provide image reception. The capabilities of eysea &unction of their structure and
therefore the different specificity of their devehoental programs vary a lot. As an
example the resolution of an image as measuredbitesded degrees differs by about
13 fold among vertebrates and even more betwedebrates and invertebrates.
Eagles posses the greatest acuity, which is arbQrD0 fold greater than that of
certainplanaria. (land MF 2002)

Another interesting distinction between vertebraies invertebrates eyes repertoire
is their embryonic origin. The cephalopod eye fofrosn epidermal placode through
successive infolding while the vertebrae eye dgvéiom the neural plate, induces
the overlying epidermis to form the lens, it isrifere considered as an invagination
of the brain. Another interesting distinction i tlack of cornea in cephalopod eyes,
which is present in all aquatic and non aquatiteleates.

1.2.1 The basic units of the eye

After exploring the great variety of eyesBilateria, it is astonishing to realize that
they are all built from same ‘cornerstone’ — th@toineceptor and pigment cells. In
the following section | will introduce them in déta

1.2.1.1 Photoreceptor cells

In order to fulfill their function, photoreceptoelts have a clear bias to enlarge their
membrane surface in order to collect light. Thelyiewe this by enlarging either their
apical cell membrane or their ciliary membrane tlg, two distinct groups of
photoreceptor cell types are defined: the Rhabdiemersus Ciliary photoreceptors
(PRCs). In annelids a third type is present, theeopbmous photoreceptor cells.

In rhabdomeric PRCs the photoreceptive membranme@villi, finger like
extension of the apical plasma membrane (EakinHmrthans 1988). They are
usually highly ordered, densely arranged and p&ralone another.

Ciliary PRCs bear an expansion of the cell membnarniee form of cilia projecting
into an extracellular cavity (Eakin and Hermans&8)98hey are usually multi ciliated
with either branched or un-branched cilia.

The phaosomous PRCs are seemingly intracellulgtesgell vacuoles into which the
photoreceptive processes project (Eakin and Herrh@88). It arises during
development by invagination of the apical cell meanie and therefore provides a
large surface from which the receptoral processgsawtend. This vacuole may
either remain open or closed upon completion adiégelopment. Its photoreceptive
membranes are usually microvilli although cilia nieeypresent as well. Although
extremely rare ipolychaetathey are most likely the only type of PRCs présen
clitellata (except for ciliary ones found in their brain).

Both rhabomeric and ciliary PRCs coexist in the¢hbranches of the Bilaterian tree:
Lophotrochozoa, Ecdyzoa and Deuterostomiaeir tissue distribution, however, is
not random, pointing at a bias for Rhabdomeric PRC&rebral eyes versus Ciliary



PRCs in non cerebral eyes or as ciliary brain PlR&sare not associated with
pigment cells and therefore do not represent @sie exceptions, however, exist in
every branch.

Ciliary PRCs in non cerebral eyes are found atlisiglvergent positions, for example
in polychaetes they are have been detected inrémehial crown eyes (Eakin and
Hermans 1988) and in some mollusks they form datie@mantel edge eyes and
optic tentacles (Barber, Evans et al. 1967; BaalberWright 1969; Hughes 1970). In
Deuterostomes, PRCs in the apical eyespots dbtharia larva are rhabdomeric
(Brandenburger, Woollacott et al. 1973), pointihgttlarval cerebral eyes with
rhabdomeric PRCs (like the larval eyedtditynerei$ might have existed at the very
root of theDeuterostomiaRemarkably, as apposed to the vast majorigilatteria,

in chordates, cerebral eyes haieary PRCs. The vertebrates are in fact the only
deuterostomes that don’t posses any rhabdomeris PRahfleteren and Coomans
1982). (See figure 2 for examples of rPRCs and c&JRC

lex

Rhabdomeric PRC Ciliary PRC

(Arendt and Wittbrodt, 2002)

(Lacalli, 2004)
Figure 2: Rhabdomeric and ciliary photoreceptors (PRCs).

(A) An example of rhabdomeric photorecepttor (from Platynereis larval eye) showing the parallel
array of microvilli (the Rhabdome is marked by asterisk) which is employed to increase the surface
available for light reception. (B) The vertebrate eye contains ciliary photoreceptors, in which
membranous lamellae are stacked within the body of a modified cilium, the base of which is arrowed
(Lacalli, 2004) . (C) schematic drawing of the two types of PRCs (Arendt and Wittbrodt, 2002).

1.2.1.2 Pigment cells and pigment synthesis

Animal pigments are formed through the melanintigiee, ommochrome and
papiliochrome synthesis pathways. Among thesefitstethree are the main
contributors to body coloration. It is known thaglamin is widely distributed
throughout the animal kingdom. However, insectsificantly differ from vertebrates
in the mechanism of melanin formation, they useatiape rather than dopa as the
major precursor of melanin formation (Sugumaran2}00



The variety of eye color patterns observed in thi fly, Drosophila melanogaster,
for example (Grelll968), is a result of accumulation of xanthommatin
(ommochrome) and pteridines .

Ommochromes are distributed among Protostomesrbutot found among
Deuterostomes. The ommochrome pathway is the myxirtant route for
elimination of tryptophan metabolites, which arei¢dn the presence of excessive
guantities. In this respect, it is important to émgize that the general metabolic
pathway of Tryptophan is typically very differerdttveen vertebrates and insects. In
the former, the pathway leads to Serotonin andrgiteducts with a defined role in
the synthesis of for example: nucleotides. In itseam the other hand, the process
leads to the production of Kynurenine and 3-hydkyxyirenine which condenses to
give rise to a large amount of dermal and eye pigmeTwo important groups of
pigments derived from Tryptophan: Ommatarsl OmminsOmmatinsare
represented by (a) xanthommatin, the simplest mgioent formed by condensation
of two molecules of 3-hydroxylkynurenine formingplaenoxazone structure; (b)
rhodommatin, ommatin C and D. (See figure 3 for@memochrome pathway)
Omminsmay be mixture of different sulfur-containing pignts and their molecules
are more complicated . Ommatinas are present insdlall insects investigated,
Principally in the eyes and the epidermis. Omnairesgenerally less frequently
found. (Fuzeau-Braesch, 1972

Pterins.- Thigroup of substances is a very large one which s &asic structure a
double pyramidic-pyrazinic ring system, includingtéms of nitrogen. Pterins are
very common in insects. Some principal members@family are: pterin (white),
pteridine (clear yellow), xanthopterin (yellow)y#ropterin (red), ehrysopterin
(yellow), isoxanthopterin (colorless), leucoptefvhite), biopterin, drosopterin (red),
and sepiapterin. To this type, we must add thejlgated" pterins (C-6 substitution),
like folic acid or pteroic acid, and the dehydrogiea pterins . New

compoundsa are continually described in an inangasumber of insects and it seems
that pteridines are often present in all the basues throughout the life of the
animal. (Fuzeau-Braesch, 1972

The eye pigment d?latynereis dumerliwas isolated from adult worms and was
identified as a mixture of three different pteriolecules (Viscontini, Hummel et al.
1970):

1. A dimer of Platynerepterin (a novel pterin, oedure pigment)

2. Nerepterin (a novel pterin, yellow colure pigr)en

3. Neopterin

However in my Phd, | have accumulated data thgvatphe synthesis and presence
of ommochorme as well, in both eyesRtatynereis dumerlii.

Pteridines are synthesized from GTP with partiograbdf a number of enzymes such
as GTP-cyclohydrolase |, 6-pyruvoyl-tetrahydropiesynthase , sepiapterin
deaminase anskpiapterin reductase. | have identified and characterized the last
enzyme on the list, as a marker Riatynereisadult eyes pigment cells. (See figure 3
for the pteridine pathway)
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Figure 3: The ommochrome and pteridine synthesis pathways.

(A) The ommochrome synthesis pathway. TDO2, Tryptophan 2,3 dioxygenase; I identified TDO2
in Platynereis and confirmed it as a pigment cell marker of both adult and larval eyes. (B) The
pteridine synthesis pathway. SPR, Sepiapterin reducatse (also known as Sepiapterin synthase). |
identified SPR in Platynereis and confirmed it as a pigment cell marker of the adult eyes.

Insects usually use a mixture of both pterin andnochore as their eye pigment. The
pigment in pigment cells is stored in pigment gtasuln certain polycaetes, their
photoreceptor cells also contain pigment granuddbeir long processes (Fischer and
Brokelmann 1966; Hermans and Eakin 1974), but ipe@nt granules in both cell
types probably have different chemical properties @arigins (Rhode 1992). The
function of this pigment is very likely to preveadmittance of light through parts of
the pigment cup. Another key but often overlooketttion of pigment cells is that

of cell and tissue support by means of insuringRREs’ optical alignment and
position.

1.2.2 The phototransduction cascade in Ciliary
versus Rhabdomeric photoreceptors

On top of the ultrastructure differences betwediargi and rhabdomeric
photoreceptor, they also differ in their phototdungion pathway:the molecules and
mechanisms they use in order to transmit and psdags information. | would like
to describe the two mechanisms:

Phototransduction begins with the absorption dftligy rhodopsin, triggering thkl-
cisto all-transphotoisomerization of the chromophore (retinal @ehydro-retinal in
vertebrates, 3-hydroxy-retinal in flies) and formatof the activated metarhodopsin
state. In vertebrateall-transretinal subsequently dissociates and must be re-
isomerized through a lengthy and time-consumingyeatic pathway. Invertebrates’
metarhodopsin is usually thermostable, and carrbetly re-isomerized back to
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rhodopsin by absorption of longer wavelength lightvertebrate rods, the
heterotrimeric G protein transducin activates agphodiesterase (PDE) resulting in
hydrolysis of guanosine 3,5-cyclic monophosphat@&\®@) and closure of the
transduction channels . Drosophilg as in most invertebrates, rhodopsin activates a
distinct G-protein isoform, Gq, which activatesstead of PDE, a phospholipase C
isoform (PL(4, encoded by theorpAgene). This leads to opening of two classes of
Ca2+-permeable light-sensitive channels: trangiergptor potential (TRP) and TRP-
like (TRPL) channels.

Surprisingly, vertebrate photoreceptors also expaeBL @4 isoform, which is more
closely related t@rosophila norpAthan it is to other vertebrate PLC isoforms,
perhaps indicative of a common ancestral phototec@pthe distant evolutionary
past.

The substrate re-synthesis also differ: In vertiglstacGMP is re-synthesized by
guanylate cyclase (GC) and GC-activating protei@A®), which is inhibited by
Ca2+. InDrosophilg DAG is converted to phosphatidic acid (PA) by DAGase
(DGK). PA is converted to Ptdins(4,5)By a multienzymatic pathway.
Metarhodopsin inactivation: Metarhodopsin is phasglated by rhodopsin kinase
(RK) and capped by arrestin. RK is inhibited byonesrin in presence of Ca2+
(vertebrates only).

Inactivation of G protein and effector: Effectorzgme and G are inactivated by the
GTPase activity of the G protein, leading to reasgmn with G,. Accelerated by
the GAP activity of RGS9/@ and PDE (rods) and PLO(osophilg (Hardie and
Raghu 2001).

1.2.3 The lens

Complex eyes with cellular lenses are found frolgfjsh to man. Generally, the role
of the transparent lens is to focus an image ompliodoreceptor cells or the eye, or
simply to gather light (especially in some invertgbs). Lenses of different species
share many properties such as loss of organeltta@umulation of water-soluble
proteins called crystallin. Crystallin account &yout 90% of the water-soluble
proteins of eye lenses, they contribute to trarespar and affect refraction by
forming a uniform concentration gradient, with tiighest protein concentration at
the center of the lens.
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Lens proteins

Since the structure and function of lenses areljgimilar among animals it was
expected that their crystallin would be correspoghji similar. This turned out to be
different then expected. Comparative studies rexkhigh heterogeneity and
diversity among lens crystalline (Wistow and Piatgky 1988).

In vertebratesy-crystallins found in all vertebrates lenses amablogous to the

small heat shock proteins Dfosophila(Ingolia and Craig 1982) and are able to act
as chaperones to protect against physiologicas{i¢orwitz 1992). It was also
found that taxon-specific crystallins are similaidentical to metabolic enzymes. In
many cases the taxon-specific enzyme-crystallive lezymatic activity.
Consistence with the later, they are also expreissshall amounts outside of the
lens.

Invertebrates’ lenses also contain crystallins #nathomologous to metabolic
enzymes. Two examples are: S-crystallins of cequals are related to glutathione S-
transferase (Wistow and Piatigorsky 1987) @adrystallin of cephalopods

(Tomarev, Zinovieva et al. 1991) and scallops (§oasky, Kozmik et al. 2000) is
homologous to aldehyde dehydrogenase class 1 psoténlike the situation in the
vertebrates, these crystallins have lost enzynaativity by exon shuffling and amino
acid substitutions. Possibly the inactivity of thésvertebrates enzyme-crystallins is a
consequence of more ancient recruitment for criysgéatole in the lens. Therefore the
principle of accumulating proteins with non-lenadtions as lens crystallins began
early in eye evolution in invertebrates (Piatiggr&k03).

Crystalline recruitment from ubiquitously expresgemes has occurred both with and
without gene duplication; there is therefore ndamm rule that explains the
evolutionary strategy of crystallins gene requiratn&ince gene duplication is not
necessary for the innovation of a crystalline tmfea ubiquitously expressed protein
such as an enzyme or small heat shock proteingBraky and Wistow 1991), It
seems more likely that crystalline recruitment teken place by changes in gene
regulation of single copy gene and that in somesaswas followed by gene
duplication, resulting in both genes being hightpressed in the lens. However the
opposite scenario might also exist.

Experiment using transgenic mouse have shownehatdxpression of crystallin
genes is controlled at the transcriptional levétjorsky 1992). It was also shown
that lens specificity is often speciesl@pendent (Takahashi, Hanaoka et al. 1994).
Numerous studies have found that vertebrates diigstgenes are regulated by a
limited and similar set of developmentally impott&anscription factors such as
Pax6 and AP-1 (Cvekl and Piatigorsky 1996). Howekecis-regulatory elements
are often distributed differently in the promotarsl enhancers of different crystalline
genes (llagan, Cvekl et al. 1999).

Data is currently accumulating, supporting the ithest the convergent recruitment of
crystalline genes have operated by similar mechais invertebrates and
vertebrates.
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Lens structure

The literature suggests that definition of the lewslves some difficulties. This
arises because of the mostly unknown physical ptiegeof this structure in many
marine invertebrates, for example can it form imagdoes it only conduct light?
Hesse (Hesse 1899) described variabley shapedikerstructure of unknown
function in polychaete eyes. He tried to repla@etédim lens’ with the terms
Glaskaorper(=vitreous body) oFullmassg=filling material). InPlatynereisthis
structure was defined &sillmasseby Fischer and Brokelmann (Fischer and
Brokelmann 1966). At 1988, Eakin and Hermans (Eakitt Hermans 1988) joined
the discussion and proposed the tevitreous bodyas an alternative that was
accepted. They also provided a great survey obuariens structures and could make
the general distinction between 3 types: 1. leasithformed by supporting/pigment
cells processes. 2. Lens that is formed as a selcbeidy from supporting/pigment
cells. 3. Lens that is formed by granules secrited specialized lenticular cells.

In all nereids studies so far (5 species), as agih Platynereis, the vitreous bodies
are composed of extensions of supporting/pigmdig peocesses knitted together by
septate desmosomes. However no data exists al@phiisical property of the
tubules found in these extensions, nor we knowaf/tcontain protein. Therefore we
can only speculate about their function. In my Rhiis interested to isolate and
identify the proteins used as lens proteinBletynereiseyes.
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1.3 Cell type comparison and molecular fingerprint
concept

The main interest of my Phd is to gain more insajtdut how did the eye or eyes of
Urbilateria , the last common ancestorRifotostomiaandDeutrostomialook like,
and what were their molecular and cellular charatte and complexity?

In general, how can we elucidate the historicarsewf evolution? By two main
strategies, fossil records and the identificatibhamologous structures between
today’s living forms. Traditionally, comparativaaomists have looked at
homologies at the organ and tissue level, howéayr inostly restricted themselves
to comparisons within the vertebrates or arthromouscouldn’t establish proper
neuroantomical homologies betwderptostomiaandDeutrostomiapr at the best at
the cell type level. For the eye, as mentionecettienl.l, this type of comparison
(both on the organ and cell type level) ended upriee contradicting hypothesis
regarding the origin of the eye, that were not Iketh Clearly, the homology
approach reached a point where new qualities af ae required. The new data, or
new level of comparison, apply to gene expressitormation (Arendt 2005).

If one combines the classical morphological comgmars with the study of ortholgy
and paralogy of neuronal transcription factors effieictor genes (downstream targets)
and the comparative analysis of their function exgression, it is possible to
establish a new level of molecular comparison afraeal cell types. This is done by
mean of defining anolecular fingerprint'to a given cell typ€eithe unique

combination of genes active in a given cell typ&fendt 2005).

One example for this approach is the work of (Atefiéssmar-Raible et al. 2004),
where they were able to indeed combine all the almo®ntioned criteria, in order to
define a new cell type, formally undescribed, Rtaitynereis dumeriliiThese are the
brain ciliary photoreceptor described at the molpdjcal level (electron

microscopy), the transcription factBx expression and the expression of the effector
genec-opsin.

In my Phd | have adopted these approaches foittllg sf eye evolution in the
model organismPlatynereis dumerilii.

1.4 Platynereis dumerilii as a model organism to study
evolution and development

The polychaete worrmlatynereis dumerilihas been chosen for the study of evolution
and development for several reasons. As a polyehadtelongs to the phylum
Lophotrochozoa, the third branch of the bilatepaglogenetic tree that comprises
many marine animals that are so far underrepregémi@olecular studies in
comparison to Ecdysozoa (insect and nematode ascalat model organisms) and
Deuterostomia (vertebrates, ascidians, lanceletssaa urchins as molecular model
organisms).
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1.4.1 Why choosing a Lophotrochozoa as a model
organism?

Recent molecular phylogenies based on 18S rRNAardluster gene relationships
have revolutionized classification of bilaterianmals (Adoutte, Balavoine et al.
2000) now groping the bilaterians into three maemiches: th®euterostomia and

two large groups of related protostomes,Eledysozoa and thel ophotr ochozoa
(mostly animals displaying a spiral cleavage ofdfjg and a trochophore-like larva,
including annelids and mollusks).

Conventional model organism for the study of depeiental processes and control
all (except leeches) belong to either the deutersso(vertebrates, sea urchiGeona)
or to the ecdysozoanBiosophilaandAnophelesas insectsC.elegansaas nematode).
Therefore, thé.ophotrochozoas a whole group and in particular its marine than
were neglected. This group, however, exhibit aorashing variety of developmental
patterns, mechanisms and biological phenomenax@mple: asexual reproduction,
regeneration (in planarians and annelids) (Bely\aindy 2001; Salo and Baguna
2002) and diurnal, tidal, lunar and annual rhythtyimm marine polychaetes (Bentley
and Olive 2001).

But in addition to this, the major reason to studphotrochozod@n many cases is
their ancestral developmental, body plan and gencimaracteristic. According to
fossil records, the earliest bilaterians found waegine worms of considerable size,
with morphology somewhat in between the body ptarteday’s polychaete annelids,
mollusks and brachiopods (Conway-Morris 2003). Agestanding discussion on the
basis of comparative morphological arguments pastaell that urbilaterians may
have resembled annelids (Dohrn 1875; Arendt ande¥iilung 1994; Nubler-Jung
and Arendt 1994).

All these features are in contrary to conventigratostomes models that have been
chosen for their short generation time and thaupgdighly specialized ecological
niches and are thus evolutionary derived.
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1.4.2 Platynereis dumerilii (Polychaeta, Annelida)
as model organism - in general

A group of animals is considered ‘evolutionary asta’ the more it lacks group
specific (derived) characters that distinguishmatt its relatives. Among
Lophotrochozoans, this is particularly true forymblaete annelids, and best
understood by the difficulty to define a polychadte@ppears impossible to delimit
features that other Lophotrochozoans, or sometevies other bilaterian branches,
would not share. For example, their spiral cleavagiared by molluscs and many
other Lophotrochozoans (Nielsen 1995; ShanklandSsaaVer 2000). The polychaete
as well as the mollusc trochophora-type primanatgd larvae bear a striking
resemblance to their deuterostome counterparts.

Recently the genomic complexity Bfatynereis dumeriliwas analyzed and
compared to both vertebrates and invertebratesespd®emarkablyPlatynereis on

the gene structure level (intron numbers) is morelar to vertebrates than to any
ecdysozoan and further, on the intron and exon,|eRkatynereisand humans can be
regarded as similarly slow-evolving representativiggrotostomes and
deuterostomes, respectively (Raible, Tessmar-Raildé 2005). This analysis shows
thatPlatynereishas retained ancestral bilaterian genomic featwise other

common model organisms have experienced extensive Igss.

In addition to the above mention advantagdpiatynereis dumeriliis easily cultured
(Hauenschild and Fischer 1969) with a moderatedydrafe cycle (well compared
with vertebrate standard models like fish and mpusmbryos and adults are
transparent, it has a simple cell lineage andawss in a way that produces
thousands of synchronously developing embryosstalljes of development are
accessible to wide array of imaging techniquesfandtional analysis including
expression studies, immunohistochemistry, live ioetiging and laser cell ablation.

1.4.3 For the study of eye development and eye
evolution

Platynereishas three important advantages for the study edeyelopment and eye
evolution:

1. The concurrently presence of two different typkesyes in the embryonic stages:
adult and larval eyes. One of the questions | whtdeanswer in my PhD is what is
the significant of the distinct occurrence of bette types? Are the adult eyes
representing multiplications of the larval eyeslorthey represent two distinct types
of eyes, controlled by distinct molecular mechasi8rAnd therefore are composed of
distinct cell types?

2. The larval eyes correspond to the definitioa pfototype eye, composed of a
single rhabdomeric photoreceptor and single pigroelht They are actually the
simplest eye that is conserved across bilateriay HEne also found in deuterstomes, in
tornaria larva,where they have the same structure and locatiftrafie right of the
apical organ).
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3. The adult eyes, in the embryonic stages, argposad of very few rhabdomeric
photoreceptors, pigment cells and support cellsyigmg an excellent simplified
model for the study of the MFP of the differentis¢ypes.

1.4.4 Eye development of Platynereis dumerilii

The information described here is based on the wbix. Birgit Rhode from 1992,
who used TEM (transmission electron microscopysttaly the eye development of
Platynereis dumerilint several stages of development. Another workrdesg
Platynereis’eye development is the work of Fischer and Brokalmiaom 1966 that
used light microscopy. The following paper of Areertlal. (2002) about Platynereis
eyes was the first one to include molecular dataé¢gexpression) as well.

Platynereis dumerilipossesses two types of eyes: adult and larvalléyeadult-post
trochophoral eyes are two pairs of eyes with ofreeus body (‘lens’) each. The
existence of different types of eyes during develept is a commom feture of marine
invertebrates. Changing life habits during ontogene=quire alterations of existing
sense organs or replacement by others. Larvallepesbeen described for some
polychaete species and apart from the one of dioaisl larvae, all other trochopores
eyes are two celled eyes composed of rhabdomeoitopdteptors (Rhode 1992).

Thelarval eyes: from 24hpf onwards, the free swimming trochophexkibits a pair
of larval eyes in the upper episphere. These egts $ig within the epidermis close
beneath the cuticle. Each of these eye spots vasided by Rohde as composed of
one sensory cell and one pigment cell. The distdla#f the sensory cell bears the
photo sensory apparatus, an array of parallel gecmicrovilli which are oriented
towards the concavity of the pigment cell and par#d the epithelial surface. The
pigment cell distal region has a crescent shapesafiited with electron-dense
pigment granules. (See figure 4 for illustration)

The adult eyes: at 43hpf, the late trochophore or metatrochop@spectively, begins
to develop the adult eyes. ¢arly 2 days old larvae, epidermal cells directly beneath
the larval cuticle indicate the developing eye galm the region of the dorsolateral
prototroch. A few pigment granules are accumulatatie apex of one of these cells.
Two peripherally located cells, pigment cells, esel two other cells, sensory cells.
Both cell types bear pigment granule but with défe appearance. The origin of
these two types of pigment granule was not clearir my PhD | have identified
molecular markers that can account for this (sessURs”). At this developmental
stage, each eye anlage, which will give rise to &dolt eyes (anterior and posterior),
comprises four cells. Ilate 2 day old larvae, the eye anlage sink below the epidermi
and the number of cells in each eye anlage do\fadas pigment cells and four
sensory cells). In the following 24 hours the whadenplex rearranges so that in each
case, two pairs of pigment cells encloses two disensory cells. In early 3 day old
larvae the anlage of each @gecomposed of two pigment cells and two senselg.c
(See figure 4 for illustration). lkate 3 days old larvae the eye anlagen of the anterior
and posterior eyes are separated and each devettper independently. The
posterior eye tilts its long axis slightly obligtethe surface of the epithelium.
Pigment cells accumulate pigment granules abouiOBin diameter at the distal
region to create the pigment cup. In adition eddhe pigment cells send long

18



process that dilates and forms a sac that accuasutdéctron dense vesicles or
tubules. The tubule sacks of two adjoining pignusils are connected via septate
desmosomes thus forming the ocular cavity betwieemtand the pigment cup. This
apical assembly of supporting cells forms a sod #ns/vitreous body. The sensory
cells form small necks passing through the pigneeptand contributing to it with
their pigment granules.

The grow of Platynereis dumeriliisadult eye continues along it’s life span, in the
fashion described here. However, the striking giarent of the eye volume during
epitokous metamorphosis happens by extensioneafdls. The sensory cells
processes elongate to more then double their atigine and the vitreous body
increased its volume many times (Fischer and Brb&aah 1966).

Figure 4: Platynereis developing Adult and Larval eyes.

(A) Platynereis developing adult eyes in: (1) early-two-day-old larvae; (2) late-two-day-old larvae; (3) late-three-day-
old larvae and (4) three-week-old young worm. Light gray,Photorecptor cells (PRCs); dark gray, pigment cells; white
circles, lens vesicles; black circles, PRCs pigment vesicles. (B) Platynereis adult eye of an adult worm. Note the lens
like structure that is formed by long process of the PRCs. Note the pigment cup structure that formed of pigment
vesicles from both PRCs and pigment cells. (C) Platynereis larval eye. Light gray,Photorecptor cell (PRC); Dark gray,
pigment cell; Black circles, pigment cell pigment vesicles. (A-C: Arendt and Wittbrodt, 2001)

(D) Apical view of live Platynereis 24h larva. D.dorsal; V,ventral. Orange dots are the larval eyes. (E) Apical view of
live Platynereis 72h larva. D.dorsal; V,ventral. The dots circled by a blue circle are the adult eyes. The ones without a
circle are the larval eyes. (F) Adult Platynereis worm and its’ eyes.

1.4.5 Introducing the investigated specimen -
Platynereis embryos and life cycle

After fertilization of the oocyteRlatynereisshows typical spiral cleavage

resulting in the appearance of smaller micrometréseaapical pole that will, by
further cleavage, overgrow the larger macromeresiapibolic fashion (Dorresteijn
1990). Then the embryo further undergoes gastanlatiovements and starts
differentiating into a spherical trochophore larikalevelops an apical tuft, a
prototroch ciliary circle at the equator of theviarand a posterior telotroch ciliated
band (Dorresteijn, O'Grady et al. 1993). The umsaged larva starts to develop
metameric chaetal sacs that give rise to the chdbtastles) of the prospective
parapodial appendages . At about 52hpf, the labeistles start protruding from the
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metatrochophore that takes is being elongated/2Apf, the larva has transformed
into an elongated juvenile young worm with protnglhead appendages and three
chaetae-bearing (chaetiferous) parapodial segniidatgeenschild and Fischer 1969).
New homonomous segments are added constantly ldirguftom a growth zone
located probably just anterior of the telotrochte&f3-4 weeks of development,
Platynereisundergoes metamorphosis - cephalisation of the amastior
chaetiferous segment by transforming the parapatbatentacular cirri (Hauenschild
and Fischer 1969). New segments are constantlifgnating throughout the worm’s
life until sexual maturation occurs. At least 3-dnths after fertilization, the adult
Platynereisvorm undergoes sexual maturation that includestoamation of the
body (e.g. loss of muscles, formation of additidmabd vessels) from the atoke form
into the epitoke form (Hauenschild and Fischer 1%68cher and Dorresteijn 2004).
The sexually-mature epitoke worm releases eggsrspeo the seawater after
induction of males and females by pheromones. {i§eee 5 for illustrations)

(After: Fischer and Dorresteijn, 2004)

Figure 5. (A-E) Different stages of Platynereis development , schematized

(A) Four cell stage embryo showing the four quadrants. (B) Ventral view of 1-day-old trochophore larva.
(A, antennae; AC, anal cirri; AT, apical tuft, GC, larval gland cells; LA, larval eyes; NR, neurogenic
region; P, prototroch; Pa, palps; S, stomodeum; SS, setal sacs). (C) Ventral view of 2-day metatrocho-
phore larva (same abbreviations as in B). (D) Dorsal view of three segmented 5-day-old juvenile, with
the central nervous system marked in yellow and the musculature tissues marked in red. (E) An adult
worm. (After: Fischer and Dorresteijn, 2004).
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1.5 Molecular regulation of visual systems
development

As described in the previous chaptelatynereiseye development was studied in
details on the morphological level, however thalgtof the molecular mechanism
that control it was at it's genesis at the begigrohmy PhD. Arendt et al. 2002
describe the cloning and expression of fBlatynereisgenes and postulate regarding
their role inPlatynereiseye development. The genes are: the effector gessin

and three transcription factors: Pax6, Six1/2 atwhAl.

My aim was to expand as much as possible the irdtbam regarding gene expression
in Platynereiseyes, and moreover, to increase the “resolutidit’ly means of
distinguishing between the different cell typesha adult and larval eyes and their
MFP. In the following chapter | will describe kegeeconserved eye genes, gene
network and one signaling pathway, which were cdetei genes in the process of
establishing the MFP dtlatynereiseyes.

1.5.1 Key regulators of eye development

1.5.1.1 Otx

One of the earliest genes expressed in the antegioal region is the homeobox gene
Otx2. Otx homeobox genes play an important roleointrolling specification,
maintenance and regionalization of the vertebredgentand together with the
DrosophilaOtd gene exhibit a reciprocal high degree of functi@tmivalence
(Montalta-He, Leemans et al. 2002). Drosophilaauténticle is required for
photoreceptor cell development and is expressatl siages of the developing visual
system, including the photosensitive cells of Bghwiorgan, the ocelli, and the adult
eye, it is a key player in the terminal differetiba of subtypes of photoreceptors by
regulating rhodopsin expression, a function rencigms of the role of one of its
mammalian homologs, Crx, in eye development (Tatway@onneville et al. 2003).
Mouse Otx genes are also required for tissue gpatidn in the developing eye
(Martinez-Morales, Signore et al. 2001).

1.5.1.2 The Pax family of transcription factors

Pax transcription factors are defined by the presef a highly conserved 128 amino
acid DNA binding domain, the paired domain . Thegghdomain is a bipartite
domain consisting of two independent subdomairesathino-terminal PAI domain
and the carboxy-terminal RED domain. Three amindsa@t positions 42, 44, and
47) within the PAI domain are responsible for tiféedence in the DNA-binding
specificities between Pax2/5/8 and Pax6. Pax6tandajor contribution to eye
development will be discussed in the context ofREBESN. However Apart from
Pax6, additional Pax proteins are essential fomabeye development in Drosophila
and mice. Two Drosophila Pax6-like geneggandtoe, might act in parallel to ey
during eye formation. Recent results suggest disbat coordinated roles fety
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andeyg In the current statey provides eye specification whereagy being
genetically downstream of Notch signalling , regegaproliferation. Remarkably,
Pax6(5a) protein, although playing a minor roleentebrate eye development , can
mimic Eyg in promoting tissue growth , which suggest least biochemical
equivalency of the two proteins.

Pax2 is another member of the Pax gene familyhthstunique functions during
Drosophila and mouse eye development . Some siti@k&ain nested expression
patterns of Pax6 and Pax2 in developing eye disftg and vertebrate eyes have
been noticed ,however, the genetic interaction eetwthe two genes has only been
observed in vertebrates. Mutual repression betwea® and Pax2 is responsible for
the morphogenesis of the mouse optic primordium2Racrucial for the generation
of the optic stalk while Pax6 is required for trevdlopment of the optic cup . Both
genes seem to have partially redundant functiotisametinal pigment epithelium . In
Drosophila, the sparkling (spa) function of Pax2xpressed in the differentiating
cone cells and primary pigment cells of late laivadl pupal eye discs, whereas its
shaven (sv) function is expressed in the developyggbristles. In the context of
specific roles for paired domain and homeodomanmdueye evolution, | would like
to preset ‘the Paxcentric (PD-HD) model’ for paxigevolution. This model,
introduced by Zbynek Kozmik, suggest that the mod@ax2 and Pax6 genes in
bilateria evolved from a cnidarian PaxB-like anoe$ty duplication and
diversification. Since the PaxB gene in the cnataffripedalia is expressed in the
lens and retina and is able to activate both leystallin in addition to opsin reporter
genes. The model suggest that Pax2 lost its homeaidq HD), and Pax6 lost the
octapeptide (yellow box) and changed the DNA-bigdipecificity of the paired
domain (PD) by acquiring amino acids 142, Q44 add NIr'he model predicts that the
PD has been captured to function in the ‘pigmeotépathway as well as for driving
morphogenesis (‘eye design’) through intercalaryleion, whereas the HD
functioned in opsin expression. Meaning that twaejmendent DNA binding domains
within a single Pax transcription factor have

been co-opted for two essential features of theopy@: production of a dark pigment
(the ‘pigmentation’ program; paired domain-drivamd production of a
photopigment (the ‘opsin’ program; HD-driven).

Few supporting evidence are brought here:

The Pax6 gene is expressed in the pigment cetlsegbrototypic planarian eye. Pax2
is required for the development of pigment cellthiea Drosophila eye. In mouse,
pax6 genes regulate retinal pigment epithelium §PBax2), neural crest-derived
melanocytes (Pax3) and in ascidians they reguéateosy pigment cells development
(Pax6, Pax3/7) . Another supporting evidence @teel to the Mitf transcription factor
that has a conserved and fundamental functionerévelopment of melanin
producing cells. The loss of function of Mitf retsuin retinal pigment epithelium
becoming an additional unpigmented neuroretina redseoverexpression of

Mitf induces a pigmented phenotype in neuroretifarious Pax genes activate the
Mitf gene promoter .In particular to our interesixB directly interacts through its
paired domain with Mitf protein and, is able to nfgdMitf function through protein-
protein interaction.

Drosophila Pax6 (ey) directly activates expressibrhabdomeric rhodopsin genes

through homeodomain binding sites in their prommteshich might reflect an
ancestral role of the homeodomain in opsin regutatin vertebrates, Pax6 is not
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expressed in ciliary photoreceptors and therefornger used for activation of
opsins promoters. Remarkably, Pax6 expression reniaivertebrate retinal ganglion
cells, which are considered to be a sister celtestnal rhabdomeric photoreceptor
cells. In the course of bilaterian evolution, amdfial paired-type homeodomain
proteins, such as Crx in vertebrates or Otd in Bpbga, were co-opted for opsin
regulation (Kozmik 2005). Our results regarding tholecular fingerprint of
Platynereiseye cell types are in line with the proposed madlel way that Pax258 is
expressed in pigment cells, of both adult and lagyas, while Pax6 is expressed in
all cells of the larval eyes. For further discusssee results and discussion sections.

1.5.1.3 Prox1/Prospero

The homeobox gene prospero was identified in Driok@pasa gene essential for
CNS (Doe, Chu-LaGraff et al. 1991; Vaessin, Gredle1991; Matsuzaki, Koizumi
et al. 1992) and eydevelopment (Oliver, Sosapineda et al. 1993).

In Drosophilaprospero is detected in the R7 photoreceptor amtktis-secreting
cone cells of the eye (Oliver, Sosapineda et &31Prosperoexpression is required
for proper connectivity of R7 photoreceptor axam$hieir synaptic targets
(Kauffmann, Li et al. 1996). Prospero is also neagsand sufficient to repress R8
Rhodopsins In vivo, it therefore affects R7 verR&scell fate decisions (Cook,
Pichaud et al. 2003).

Prospero/Prox form a separate family of proteinsestheir HD is highly atypical and
is divergent from a classical antennapedia or d@dhgrdHD. Prospero/Prox also
contains a conserved C-terminal domain which wleathe prospero domain
(Burglin 1994).During vertebrate development, Prox1 is expressegveral tissues,
including the retina. In the retina, Prox1 is fiofiserved in a subset of proliferating
retinal precursors, and is later present in difigeged horizontal, bipolar, and,A
amacrine cells (Belecky-Adams, Tomarev et al. 19®iarev 1997; Dyer, Livesey
et al. 2003). Dyer et al. have demonstrated thatPis both necessary and sufficient
for the formation of horizontal cells. Additionataysis revealed that cells expressing
Prox1 are more likely to stop proliferating and ergb differentiation, suggesting that
cells induced to express Prox1 exit the precursot o develop as horizontal cells,
while those cells not induced continue prolifergtumtil they encounter a rod or glia-
inducing signal.

Thus, we hypothesis that Prox1 is a key regulatboth early and late stages of
photoreceptor development, not only in insectsabedin vertebrates.

1.5.1.4 Rx

the Rx/Rax (for Retinal homeobox) family is a pditike homeobox gene family.
each gene contains a highly conserpattedlike homeodomain and octapeptide
typical of this homeobox gene subfamily . They aleatain a conserved motif in the
carboxy-terminal end of their proteins. This domaipresent in severphiredlike
homeobox genes, and the consensus sequence &gtus, which we call thpaired
tail. The structure of Rx genes is very conservatisnce their discovery, they have
been described in several vertebrate and invetebpeecies including chicken,
Xenopus, mouse, medaka, Drosophila, zebrafishhantan (Bailey, El-Hodiri et al.
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2004). The number of Rx genes varies among diftespecies, and generally ranges
from one to three. The homeodomains of Rx protareswvell conserved.

The expression pattern of Rx genes in different species is partially $amiHere are
few examples:

In Xenopus, During neurulation, the retina is the primarg ot Rx expression, but
the pineal gland (epiphysis), and the ventral hiyplaimus also express this gene .
Initially the entire retinal neuroepithelium expses Xrx to the same degree, but by
the time the optic cup is formed, the Xrx RNA e)gsien domain is restricted to the
cells of the retinal ciliary margin. This regionntains the multipotent retinal stem
cells that continually generate the entire colatof retinal cell types throughout
Xenopus life . Later in development, Xrx1 is reaated in the photoreceptor cells
(reviewed in (Bailey, El-Hodiri et al. 2004).

Themurine Rx (Mrx) is first activated in the anterior neupdéte of E7.5 embryos.

At E10.5 its expression is confined to the develgpietina and ventral forebrain. At
E15.5 There is a uniform expression in the entararetina. At later stages there is a
progressive reduction of Mrx expression in thenagtiand by P6.5 Mrx transcripts are
present only in the photoreceptor and inner nudbgar (Mathers, Grinberg et al.
1997).

Two Rx genes were found ahicken, cRax and cRaxL. cRax is expressed in the
ectoderm anterior to Hensen’s node at stage 4nDureurulation, cRax is expressed
similarly to mice in the anterior neural folds hretprospective retina, and in the
ventral forebrain (Ohuchi, Tomonari et al. 199%RagL is expressed in the anterior
neural ectoderm somewhat later than cRax. Duriagétlular differentiation of the
retina, it is expressed in the initial stages aftpheceptor differentiation. cRax is not
expressed in photoreceptor cells (Chen and Cep&2)20

Drosophila Rx, DRx is expressed in the embryo in the procephagion and in the
clypeolabrum from stage 8 on and later in the baaid the central nervous system.
The DRx expression pattern argues for a conservactibn at least during brain
development, but nexpression could be detected in the embryonigeyeordial or
in the larval eye imaginal dis¢gggert, Hauck et al. 1998).

In planarians, the Rx gene was isolated@ tigrina, and named Gtrx. It does not
show any expression in the planarian eye cello($aheda et al. 2002).

Some indications regarding Rx function:

In mice, targeted elimination of the Mrx gene showed Mat-/- embryos have no
visible eye structures, the ventral neuroectodermuch thinner in mutants compare
to w.t siblings, while the dorsal and lateral fawgh structures appear to be normal.
The initial activation of Pax6, Otx2, and Six3 i®-R embryos, in the anterior neural
plate is not Rx dependent, but the specific upleggun of these genes in the retinal
progenitor cells is Rx dependent (reviewed in (BaiEl-Hodiri et al. 2004).

Of special significance is the lack of Pax6 expess the retinal progenitor cells as
it suggests that Rx is genetically upstream of Pax6ontrast, there were no
significant changes in Rx expression in the Paxfitkground, demonstrating that
both Rx expression and the initiation of eye deprlent in mice is Pax6 independent
(Zhang, Mathers et al. 2000).
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The Mrx null embryos are unique in their failureféom an optic vesicle since even
the Small eyemutant embryos develop optic vesicle to some éxXtdogan,

Horsburgh et al. 1986) . This demonstrate eveméurthat Mrx function igssential

for eye development from its initial stages and thes gene has a unique role in eye
development.

In Xenopus, embryonic Rx elimination leads to a reductiormdoss of eyes and
anterior head .

In humans, RX has a critical role in eye formation as wellmautations in human RX
gene cause anophthalmia and sclerocornea (Vorddoremyakina et al. 2004).

These examples serve as increasing evidence thattR@as a cell type specific
proliferation factor in cells from which the retiaad the ventral hypothalamus are
derived. Regarding the later, a recent study thatacterized and compared neurons
that express the prohormone vasotocin (vasopresgiatcin)-neurophysin in the
developing forebrain dPlatynereisand zebrafish shows thalatynereisRx gene is
actually a part of the conserved molecular addieg’-7+, nk2.1+yx+, otp+) that
specify this conserved cell type (vasotocinergicaocular photoreceptors). In
addition it also shows the specific requiremertedfrafish rx3 for vasotocin-
neurophysin expression (Tessmar-Raible, Raiblé 2087).

However, the requirement for Rx function is notuamsal in all species, while the
development of the vertebrate eye is dependenixdarittion, the development of
eyes in lower animals, including the insect, is not

1.5.2 The retinal determination gene network

The specification of the eye field in diverse origars requires the expression of
homologous members of the retinal determinatioregextwork (RDGN), a group of
transcription factors and cofactors. | would likegive an overview of the protein
families that make up the RDGN. The proteins belogdo the PAX6, EYA (Eyes
absent), SIX and DAC (Dachshund) families makehgpkiey members of the RDGN.
(See figure 6 for the genes structure and netwinstiation)

Eyeless’PAX6: Drosophila eyelesgy) derives its name from the ‘eyeless’ phenotype
that is caused by eye-specific, loss-of-functideles of theeygene (Bridges 1935).
The isolation of null alleles &y highlighted its broader functions in the developtmen
of the fly embryo and brain (Kammermeier and ReaitB801). The cloning ody
revealed its homology to the vertebrBx6transcription factors, which encode a
subgroup of the large family of PAX proteins thatle contains two DNA-binding
motifs: a PAIRED box and a HOMEOBOX (Quiring, Wailflet al. 1994). The
Drosophilagenome also contains a second closely lirfkaxlhomolog,twin-of-
eyelesgtoy), which probably arose by gene duplication durimggct evolution
(Czerny, Halder et al. 1999). TOY and EY are inchejsantly required for eye
development (Quiring, Walldorf et al. 1994; Kronharfrei et al. 2002).

One of the most striking features of PAX6 familymizers is their ability to direct the
formation of ectopic eyes upon overexpression (efal@allaerts et al. 1998).
Consistent with this idea, TOY and EY act at thedda transcriptional hierarchy,
where they are required for the expression of dowwam members of the RDGN
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(Halder, Callaerts et al. 1998) . Likey andey, members of the RDGN encode
transcription factors, and include tRax6like geneeyegondeyg, which acts in
parallel toey (Jang, Chao et al. 2003) , and the downstream coemte of this
network -eya sine oculigso) anddac This transcriptional hierarchy is not absolute;
ectopic expression of downstream members of thearkt such as EYA or DAC,

can also induce ectopic eye tissue and the expres$ihe upstream gemegeless
(Bonini, Bui et al. 1997; Shen and Mardon 1997).

EYA

Drosophila eyaand its vertebrate homologyal-Eyashave important roles in cell
survival and differentiation, particularly duringgue specification (Bonini, Leiserson
et al. 1993; Xu, Cheng et al. 1997; Xu, Woo efLl&8B7; Bonini, Leiserson et al. 1998;
Xu, Adams et al. 1999). The four mouse Eya genes hath unique and overlapping
expression patterns, suggesting that their funstioay not be wholly redundant (Xu,
Cheng et al. 1997; Zimmerman, Bui et al. 1997).

EYA family proteins are characterized by a consé@eterminal domain called the
EYA domain (ED), while the N-terminus does not shawservation aside from the
tyrosine rich EYA domain 2 (ED2), which is embeddéthin a
proline/serine/threonine-rich region (Xu, Woo etl97; Zimmerman, Bui et al.
1997). These N-terminal domains are crucial fortthascriptional co-activator
function of EYA (Ohto, Kamada et al. 1999; SilvBgvies et al. 2003).

EYA has been best characterized as a transcriptoaativator that is recruited to
the DNA of target genes via its interaction witiK$amily members (Ohto, Kamada
et al. 1999; Silver, Davies et al. 2003). In adufitia second function has been
described for EYA through the identification of th® as a catalytic motif belonging
to the haloacid dehalogenase enzyme family (Li,i@ghl. 2003; Rayapureddi,
Kattamuri et al. 2003; Tootle, Silver et al. 200@cent studies have indicated that its
second property is utilized in vivo during eye depenent inDrosophila
(Rayapureddi, Kattamuri et al. 2003; Tootle, Silgeal. 2003).

SO/SIX

The SIX family contains three subgroups,/SIX1/SIX2, SIX4SIX4/SIX5 and
OPTIX/SIX3/SIX6, each with one memberDrosophila(underlined) and two
members in vertebrates. All family members are attarized by two conserved
domains, the SIX domain (mediates protein-proteiaractions) and a homeobox
DNA-binding domain (Seo, Curtiss et al. 1999; Kaask Sato et al. 2000). SIX
family transcription factors are necessary fordeeelopment of many tissues and
play an important role in regulating cell prolifaca (Cheyette, Green et al. 1994;
Dozier, Kagoshima et al. 2001; Carl, Loosli et2fl02; Li, Perissi et al. 2002; Ozaki,
Nakamura et al. 2004). The most divergent brangcheI1X family includes
DrosophilaOPTIX (Seimiya and Gehring 2000) and the vertebnat@ologues SIX3
and SIX6, which, unlike the other two members ef snbfamilies, do not interact
with EYA proteins (Kawakami, Sato et al. 2000). ®&&bm vertebrates suggests that
SIX3/SIX6 act as transcriptional repressors thatcaucial for proper eye and brain
development, through their interactions with the@JRCHO (GRO) family of co-
repressors (Kobayashi, Nishikawa et al. 2001; Ziyer et al. 2002; Lopez-Rios,
Tessmar et al. 2003).

DAC

dachshunddac) in Drosophilg and its vertebrate homolod3achlandDach2
encode novel nuclear proteins containing two coregbdomains, the DachBox-N
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and the DachBox- C (Kozmik and Cvekl 1999; Davisgibet al. 2001). No specific
DNA binding sites for DAC have been identified lfthas been shown to bind naked
DNA (Ikeda, Watanabe et al. 2002). The DachBox-thasght to be a protein-
protein interaction motif that interacts with thB Bf EYA family members (Chen,
Amoui et al. 1997). DAC synergizes with EYA to irese both the size and
frequency of ectopic eyes when the two are expdesggether (Chen, Amoui et al.
1997), supporting the model that these two protaatsn a complex to direct fly eye
development.

While Drosophila dachshund mutants have abnorrealiti eye, brain and limbs,
Mouse Dachl or Dach2 knockout mutants do not exhibit gjersatomical
malformations in these tissues. In addition, DaZlibuble homozygotes have intact
eyes and limbs. Recent work (Davis, Harding e2@08) show that in Dach1l/Dach2
double mutants, female reproductive tract (FRT)etlgyment is severely disrupted.
chicken Dachl is expressed in a variety of sites duringrgomic development,
including the eye and ear. In the developing eywoth chick and mouse, expression
domains of Dachl overlap with those of Pax6. SiryiJan the developing eaf both
mouse and chick, Dachl expression overlaps witlexipeession of another Pax gene,
Pax2.

The second vertebrate homolog of the Drosophildstamnd gene, Dachshund2
(Dach2) is expressed in the developing somite poi@ny myogenic genes with an
expression profile similar to Pax3, a gene previossown to induce muscle
differentiation. Dach2 and Pax3 positively regulaéeh other's expression in vivo in
the frame of the Pax3/Six1/Eya2/Dach 2 network@alagt a crucial role in regulating
early myogenesis during somite development (HeaRashef et al. 1999) (Kardon,
Heanue et al. 2002). Of the RDGN members, DAC ramthie least well
mechanistically understood.
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Figure 6 .(A) Domain structures of the retinal determination gene network (RDGN) members.
Representative members of the PAX6 (EY), EYA, SIX (SO) and DAC families from Drosophila show the
domain structure of RDGN members and their functions. Numbers represent amino acid number; **,
conserved MAPK phosphorylation sites in EYA. C, C terminus; DAC, Dachshund; EY, Eyeless; EYA, Eyes
absent; EYA D2, EYA domain 2; GRO, Groucho; HDAC3, Histone deacetylase 3; N, N terminus; N-CoR,
Nuclear co-repressor; P/S/T rich, proline, serine and threonine rich region; SO, Sine oculis.

(B) Retinal determination gene network (RDGN).

The RDGN is expressed in a transcriptional hierarchy (black arrows), in which Twin of eyeless (TOY)
leads to Eyeless (EY) expression, which leads to the expression of Sine oculis (SO), Eyes absent (EYA)
and Dachshund (DAC). However, the hierarchy is not only linear, as the lower tier members EYA, SO and
DAC contribute to positive feedback loops that ensure the continued expression of EY, and also physically
interact with each other (pink arrows). Other RDGN members Eyegone (EYG) and OPTIX are required
independently for proper eye development . Drosophila proteins are shown in green and their vertebrate
homologs in blue. (PAX6(5A), 5A splice isoform of PAX6). (Silver and Rebay, 2005)

The potential conservation of the ey paradigm irieleate eye development has
received tremendous attention. While homologued|alf the genes from the fly
RDGN are expressed during development of the vexteleye, the function of each
of these genes has not been strictly preserved.nbiable examples of non-
conservation are:

1. The failure of mutations in Eyal and EyaZ2 todoice an embryonic eye phenotype.
2. as mentioned above: Dachl or Dach2 knockoutmaitio not exhibit gross
anatomical malformations in the eyes, brain or Bmb

It is intriguing to note, however, that the verttiergenes are capable of many of the
interactions present in the Drosophila eye, asestittom the

vertebrate genes either rescuing Drosophila mutantseducing ectopic eyes in the

fly. This suggests that the orthologous vertebgatees have maintained their
molecular function but that the components haveptae extent, become uncoupled.
In addition it is important to note that some aspet the RDGN are well

conserved. In particular, Pax6 is highly reminidagrey, while Six3 and Six6 have
some characteristics of so. Thus, despite thed&skrict conservation of the RDGN,

it is significant that several critical eye regolagenes have been preserved between
the morphologically divergent fly and vertebrate élponner and Maas 2004).
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The RDGN nuclear factors do not act alone, bueanployed coordinately by, and
with, components of conserved signaling pathwayactoeve the specificity of
transcriptional response that is necessary forauate development. | would like to
further focus on one of these signaling pathways Hedgehog (HH) signaling
pathway, it's role and conservation in eye develepnand the link between it and
the RDGN components.

1.5.3 The Hedgehog signaling pathway

The Hedgehog (Hh) signaling pathway is a well stddhighly conserved pathway
that plays an important role in eye developmendath vertebrates and invertebrates.
| was interested to find out weather it also plapla inPlatynereisadult and/or

larval eye development.

In the following section | will briefly describe ¢hpathway, its’ components and
thereatfter its’ role in eye development.

1.5.3.1 Pathway overview

Embryonic and post embryonic development procemsesegulated by few
evolutionary conserved signaling pathways (e.g. BMAt and Notch among others).
These pathways are used repeatedly in differeriegtmto control many cell fate
decisions in all animals. Although cellular conteahtrols the final output of a
signaling pathway, most experiments suggest tleattine components of each
pathway - ligand, receptor, cytoplasmic signal sdrction machinery and
transcription factor — are conserved in evolutibime Hh pathway, first elucidated in
Drosophila has been considered to be such a conservedteagdeivever, recent
genetic studies have defined a surprisingly largalver of proteins required for Hh
signaling in vertebrates that have no apparentindirosophilaHh signaling]

The Hh family of secreted proteins regulates maswetbpmental

processes in both vertebrates and invertebrateshfigene was first identified in
Drosophilabecause of its role in embryonic segment polarity @was later shown to
act in other aspects birosophiladevelopment. Soon after , vertebrate homologs of
Hh were identified in chick and mouse, and werelicaped in patterning of the limb
and the neural tube among other orans that werkcigd later.

Drosophilahas a single Hh ligand, which binds to its receptme multiple
transmembrane protein Patched (Ptc). Ptc actiwitystoff the downstream signaling
pathway in the absence of ligand, and binding ofélieves that repression.
Smoothened (Smo), another transmembrane protésgdawnstream of Ptc and is an
essential positive mediator of the Hh signal. Aet&mo regulates the bifunctional
transcription factor Cubitus interruptus (Ci). Figdhgth Ci protein can be modified in
response to Hh and become a transcriptional aotiviat the absence of Hh ligand, Ci
is proteolytically processed into a shorter fornlR)hat acts as a transcriptional
repressor of target genes. Both the proteolyticgssing and the nuclear translocation
of Ci are tightly regulated processes that invay@otein complex containing the
atypical kinesin protein Costal 2 (Cos2; Cos — FElg8), the serine threonine kinase
Fused (Fu) and the novel protein Suppressor ofif{Sefu;Su(fu) — FlyBase]. (See
figure 7 for illustration of the Hh pathway)
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Figure 7. (A) Drosophila Hedgehog signalling pathway.

(a) Without Hedgehog (Hh), Ptc inhibits Smo and HSC is bound to microtubules or membranes and is
associated with Smo. Ci is bound to this complex and can undergo phosphorylation (P) by the kinases (PKA,
CK1 and GSK3) converting it to a transcriptional repressor. Sufu inhibits the full-length gene activator form
of Ci.

(b) Stimulation by Hedgehog leads to the activation of Smo, release of the kinases from Cos2 and phos-
phorylation of the Smo C-terminal tail. Ci is no longer processed and can enter the nucleus as a full-length
gene activator. Sufu is prevented from inhibiting Ci.

(B) Zebrafish (a) and mammalian (b) Hedgehog signalling.

Stimulation by Hedgehog (Hh) leads to activation of Smo and recruitment of b-Arrestin 2 in mammals,
which is probably mediated by the phosphorylation of the Smo C terminal by Grk2 (Grk). Smo activation
leads to the inhibition of Sufu and the activation of Gli2- and Gli3-mediated gene activation. (Dsterlund1
and Kogerman, 2006)
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Hh can act as an on/off switch that regulates d@be ¢f immediately adjacent cells, it
can also act as a short-range morphogen (over b@lll8iameters, ~20 pum) that
controls three alternative fates as a functionnsotoncentration, and as a third option,
Hh can act as a long-range morphogen that corgesisral cell fates, as in the
vertebrate neural tube, a field that spans ovef+@8. (Huangfu and Anderson
2006).

1.5.3.2 Hh pathway and eye development

The Hh pathway has a conserved role in eye devedoprilowever, because of the
different morphology of the eyes of Drosophila aedtebrates, | will divide the
description in two parts dealing with them sepdyate

In Drosophila

The adultDrosophilaeye contains ~ 800 ommatidia organized in a préwsagonal
array. each ommatidium comprises eight photorecgptaod 12 accessory cells,
including four cone cells, six pigment cells an@ onechanosensory bristle. The adult
eye develops from an epithelial monolayer calledeie imaginal disc. Photoreceptor
differentiation is initiated in early third instirvae at the posterior margin of the eye
disc and proceeds anteriorly following a synchrawave of cellular changes termed
the morphogenetic furrow (MF). Alterations in cgliape, cell cycle and patterns of
gene expression occur within the MF, and thesegd®unltimately generate
differentiated photoreceptors that are left inveske. Therefore, a crucial event during
Drosophilaeye development is the initiation of the MF (reveelnin (Donner and
Maas 2004).

hh signaling is required for the initiation of the mbogenetic furrow. Loss

of dppsignaling in the eye imaginal disc also blocksiatibn of photoreceptor
differentiation. The major role of Hh signaling thg Drosophilaeye development is
to alleviate the repression dppandeyaby Ci®". Eyais the critical tissue-specific
target of Hh signaling during the initiation of nwal photoreceptor differentiation in
Drosophila(Pappu, Chen et al. 2003).

Hh contribute to the propogation of the MF in tbdwing manner: Hh protein is
secreted by the newly differentiated ommatidiamstates the differentiation

of the neighboring, but nonadjacent, immature ondreathrough the activation of
atonalexpression, a basic helix-loop-helix transcriptiactor .atonalpromotes the
differentiation of the first cell type, the R8 pbogceptor that recruits the other cell
types, completing the ommatidial differentiatiomeBe newly born ommatidia will in
turn secrete Hh, thereby propagating the waveftdréntiation (Tio, Ma et al. 1996).
(See figure 8 for illustration)
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Figure 8. Expression of signaling molecules during Drosophila eye development.

A schematic of the eye disc that shows morphogenetic furrow progression. The eye disc undergoes waves of
differentiation as the morphogenetic furrow, which is driven by the cooperative actions of the Hedgehog (HH,
blue) and Decapentaplegic (DPP, green) signaling pathways, moves from the posterior to the anterior of the eye
disc. The most posterior cells have differentiated into the photoreceptor cells, while anterior cells are still
proliferating. Wingless (WG) expression in the dorsal- and ventral-most anterior regions of the disc prevents eye
tissue formation in that region, leading to head cuticle formation. (Silver and Rebay, 2005)

In vertebrates

Extraretinal derived Hh signal

In vertebrates, the eye field derives from a simgtgphogenetic field that later splits
into two lateral optic primordial under the influenof the precordal plate. This early
event establishes the proximo-distal (P-D) axithefoptic vesicle: the distal-most
region will invaginate, forming the optic cup armen the retina, while the proximal
region will give rise to the optic stalk. Shh, ssed from the ventral midline, plays a
primary role in this process. It is involved in b&-D and D-V axis establishment

in the protruding optic vesicles. Shh specifiesxpral territories (i . e. optic stalk) by
promoting the expression Bfax2 Pax2transcriptionally repress&ax6expression.
Pax6specifies distal territories (i. e. neural and pamted retina)Pax6andPax2
forming a boundary between the retina and the gpdilk. In addition, Shh, together
with other factors such as FGFs and retinoic aRi)( contributes to the activation
of Vax2 which specifies the ventral part of the retin&IB4, expressed

in the dorsal part of the retina, inhibits the valiting effect of Hh signaling through
the activation of Tbx5 expression.

Endogenous sources of Hh signaling

Shh is secreted from postmitotic ganglion cellsilevimdian or Desert Hedgehog
orthologs proteins, are secreted from RPE cellsviistream components of the
cascade (i.eRPatched SmoandGli genes) are mainly expressed by undifferentiated
precursors or proliferating retinoblasts

Retinal ganglion cells (RGCs) are the first neurons to be born in theaetollowed

by interneurons and photoreceptors and Miller gidls. RGC differentiation begins
roughly in the central part of the retina and peatsetowards the periphery along a
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central to peripheral pattern . This wave of défaration is reminiscent of the
neurogenic wave that occurs duridgosophilaeye differentiation. It has been
shown that Hh signaling controls this process sinalar way in botfDrosophilaand
zebrafish. The first patch of postmitotic neurasfoiund ventronasally, close to the
optic stalk. Two waves of gene expression spream these newly formed RGCs: a
wave ofath5and a wave oBhh ath5is anatonalhomologue, its protein is transiently
sweeps across the differentiating retinoblaststaed is maintained in the periphery
of the retina, where cells keep differentiatiBphexpression is initiated

first in differentiated RGCs and then extends a# tiiifferentiation proceeds. Both
Shhandath5waves are necessary to the propagation of retiresjenAfter retinal
differentiation has occurred, Hh has an opposiecebn RGCs: it inhibits the
ultimate differentiation of retinal precursors, andthis controls the number of
RGCs.

RPE cells

Hh expression has been reported in the RPE in alaflogertebrates studied: rat,
mouse, chickXenopusnewt and zebrafish .In mouse, Ihh expressioralsgsbeen
reported in the mesenchymal cells surrounding yiee Ehis area of expression

is situated on the opposite side of the retina ftloenganglion cell layer. It is possible
that cells situated in between these two sourcé#of. e. in the photoreceptor

layer and in the inner nuclear layer of the retoa) sense and be influenced by these
two Hh sources. In zebrafish it has been shownHhagignaling also plays a role in
photoreceptor genesis. Experiments in rat alsoesigy a possible role for Hh in
mammalian photoreceptor differentiation.

Hh signaling in the RPE is also essential for dédfeiation of the RPE itself.

(Amato, Boy et al. 2004) (See figure 9 for illusitva)
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Figure 9. (A) Examples of Hedgehog gene expression in vertebrate retina.

Hedgehog proteins are expressed in vertebrate retinas by postmitotic RGCs and RPE cells. Downstream components
of the cascade (i.e. Patched, Smo and Gli genes) are mainly expressed by undifferentiated precursors or proliferating
retinoblasts. (1) Example of a stage 41 Xenopus retina. Shh is expressed in the RGC layer, while the two other
members of the family, Bhh and Chh, are expressed in the central part of the RPE. Stem cells, situated at the edge of
the CMZ, strongly express Smo, Gli2 and Gli3 genes, being potential responding cells to RGC and RPE derived Hh
signals.

(2) Example of E17 mouse retina. The source of Shh is represented by the RGCs. RPE and surrounding
mesenchymal cells (not shown) express Thh. At this stage the signal is received by cells expressing Patched and Glil
in the still proliferating neuroblast layer. CMZ, ciliary marginal zone; RPE, retinal pigment epithelium; RGCs,
retinal ganglion cells.

(B) Functions of Hedgehog signaling in eye vesicle patterning.

Ventral derived Shh is involved in both P-D and D-V axis establishment in the protruding optic vesicles. (1) Shh
specifies proximal territories (i . e. optic stalk) by promoting the expression of Pax2 which transcriptionally
represses Pax6 expression. (2) Shh, together with other factors such as FGFs and retinoic acid (RA), contributes to
the activation of Vax2, which specifies the ventral part of the retina. BMP4, expressed in the dorsal part of the
retina, inhibits the ventralizing effect of Hh signaling through the activation of Tbx5 expression.

(Amato et al. 2004)

1.5.3.3 The use of Cyclopamine for inhibiting the Hh
pathway

Cyclopamine is a plant steroidal alkaloid whichunés cyclopia in vertebrate
embryogKeeler, R.F. & Binns, 1968l has been shown to act by inhibiting the
cellular response to the Shh signaling pathway f@odPorter et al. 1998)
(Incardona, Gaffield et al. 1998). This inhibitaffect is mediated by direct binding
of cyclopamine to the heptahelical bundle of Smen#d (Smo) (Chen, Taipale et al.
2002).

Cyclopamine was also use to block the Hh in inVeetes (Kang, Huang et al. 2003).
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In order to functionally interfere witRlatynereisHh pathway, we used the
commercially available cyclopamine drug and inced&®latynereis embryos with the
drug in two different time intervals:

1. Targeting the adult eye development

2. Targeting the larval eye development

The treatment was followed by fixation and wholemigo-situ hybridization for
certain adult/larval eye cell type markers and pudé adult/larval eye regulators.

We found out the adult but not the larval eyes veeneerely affected by the treatment
(for further details see ‘Results’). We thereforegmse a role for the Hh pathway in
Platynereiesadult eye development. On top of this, this readtts another molecular
distinction between the two eyesRiatynereis(for further details see ‘Discussion’).

35



36

Results



2.1 Identification of Platynereis eye specific genes

2.1.1 EST collection screen for molecular markers of
Platynereis eyes.

Platynereidarval and adult eyes have been described by (kjkther and
Brokelmann 1966) and EM microscopy (Fischer anckBirdann 1966; Rhode 1992).
However not much was known about their moleculapeprties. The only markers
that were previously known fétlatynereiseyes are: r-opsin (Arendt, Tessmar et al.
2002) and Go (Gaspar Jekely and Detlev arendt, unpublished)h éxpressed in the
adult but not the larval eyes (r-opsin is dete@ablthe larval eyes only at 48hpf, a
day after they have formed). Therefore it was cleat as a starting point for my
research, | will look for new specific markers fmth eyes and for markers that will
make it possible to distinguish between the difiell types of the eyes.

ThePlatynereisEST collection contains 21,762 EST clones. | hagched the
literature and made a list of candidate “eye gebe#fi from Drosophila and
vertebrates. The list was composed of: signal thactson molecules, pigment
synthesis enzymes and neuronal components of mansotission.

Using FlyBase and NCBI databases the translatasesegs of the genes were
extracted. These were then BLASTed againsPtag/nereisEST collection (with the
kind help of Dr.Gaspar Jekely, Dr. Florian Raibtel &aju Tomer) to identify
potential orthologous. Each promising candidate Bla&STed back against the non
redundant nucleotide collection at NCBI to see¢ was indeed the orthologous gene.

The candidate genes that proceeded to an in-sgersevere the following:

Source Name of the orthologous | PEPD ID ClonelD

organism gene

Dm guanine nucleotide-binding48-26-22-F CL360Contigl
protein gamma subunit

Dm Eye-specific 48-27-10-N | IBOAAA27DGO5FM1
diacylglycerol kinase

Dm Centaurin gamma 1A IBOAAA42BAOSEM2.SCF
protein

Dm CG17645-PA IBOAAA3BCCO9EM1

Human tyrosinase-related protein 1  48-15-15-M IB@AABGOSEM1

Human activin receptor 48-19-23-F IBOAAA19CCI12EM1

Human NADPH:quinone reductasé8-19-03-D CL327Contigl

Human 11-cis retinol CL1125Contigl
dehydrogenase

Human Cellular retinaldehyde- IBOAAA20AEO4EM1
binding protein

Mouse RAB27A protein 48-24-17-P CL957Contigl

Human glutathione S-transferase| 48-30-04-B IBOAAA30DAO2EM1
M5

Human guanylate cyclase activator 48-16-16-I IBOASBEOSEM1
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1A

Human vimentin 48-23-02-B CL65Contig3
Dm xanthine dehydrogenase IBOAAA29AHO4EM1
Dm white - ABC family IBOAAA35CAL0EM1
transporter
Rat c-fos 48-29-24-C IBOAAA29BB12EM1
Rat jun-B IBOAAA34AH12EM1
Gallus gallus| Calretinin 48-16-06-D IBOAAA16DBO3HEM
Danio rerio kit receptor tyrosine kinase IBOAAA24CGO1EM1
Danio rerio homeodomain protein lim148-21-05-H IBOAAA21CDO3EM1
Danio rerio homeodomain protein lim148-30-15-P IBOAAA30CHOBEM1
Xenopus calbindin D28k 48-21-C CL153Contigl
laevis
Xenopus calbindin D28k 48-31-04-D IBOAAA28CGO1EM1
laevis
Gallus gallus| photoreceptor-specific IBOAAA17BAO7EM1
nuclear receptor [Gallus
gallus]
gl-PA IBOAAD9YM23CM1
CG12559-PC IBOAAA28BAO9EM1
Phosphlipase C IBOAAA27AE01EM1
Neuroregulin IBOAAA15DB12EM1
Kr-PA IBOAAA42CBO5EM2.SCH
Dm Myo6 CL735Contigl

Om  |Lm7 | | IBOAAA22CCLIEMI

BDNF/NT-3 growth
factors receptor precurso

CL1423Contigl

Danio rerio

zinc finger transcription
factor Gli3

CL982Contigl

*  Separate random screen done by Heidi SnyttiarGeparate screen done by Dr. Kristin Tassmar
Raible. *** Separate screen done by Dr.Gaspar Jekel

3
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The most specifically expressed genes are higlgayht light blue.

The genes that are further highlighted with bottels were potential eye markers -
described in the literature as signal transduatiotecules, pigment synthesis
enzymes or neuronal components of neurotransmisgeres described in “flybase”
database as being expressed in the eyes or Botwggs (the larval eye) of
drosophila. see the following section for furthetadls and figure 1-3 for some
examples of their expression patterns.

Ser/Thr kinase

A

[

24h dorsal 24h apica

Homeodomain protein lim1

24h apic? 48h 72h apic.

Eye-specific diacylglycerol kinase

Figure 1. In-situ hybridization screen for eye candidate genes from Platynereies ESTs collections.

(A) Ser/Thr kinase, clone ID: IBOAAA41BDO06 note expression at 24h in the ciliated cells of the prototroch ring
(see shaded circle). At 72h in two symmetrical group of cells at the dorsal lateral brain (see arrows).

(B) Homeodomain protein lim1, clone ID: IBOAAA21CDO03 note expression at 24h at two group of cells below the
prototroch and at 72h in the dorsal, central and lateral brain as well as in the ventral plate.

(C) Carbonic anhydrase, clone ID: IBOAAA28CGO1 note expression at 24h in the ciliated cells of the prototroch
(see shaded circle) as well as in ciliated bands on the dorsal side of 72h embryo (see arrows).

(D) Eye-Specific diacylglycerol kinase, clone ID: IBOAAA27DGO5 note expression at 24h, 48h and 72h in the
larval eye region (see arrows). In addition, at 48h and 72h, in the dorsal medial brain. This marker was later
confirmed as being expressed in the larval eyes.
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Intermediate filament gliarin

24h dorsal

Acetylcholine receptor 7/8

Figure 2. /n-situ hybridization screen for eye candidate genes from Platynereies ESTs collections.

(A) Intermediate filament gliarin, clone ID: 48-11-04-D. Note expression at 24h in two symmetric groups of cells at
the dorsal brain as well as in the ventral side of the brain. Note the expression at the periphery of the ventral nerve
cord at 48h and 72h. (B) Glycocyamine kinase alpha/beta chain, clone ID:48-11-05-G. Note the highly specific
expression in two symmetrical group of cells (2-3 cells) at the prototroch level (note arrows) . Later, at 48h and 72h,
it is expressed in cells adjacent to the stomodeum (note arrows) and in the ventral plate. (C) Acetylcholine receptor
7/8, clone ID: IBOAAA19CA10. Note the expression at 24h in the ventral-medial brain, in the region of the devel-
oping larval eyes (note arrows) . Later at 36h it is expressed in additional group of cells in the ventral brain (note
arrows) and at 54h a type of a ring is formed from peripherally located cells that express the gene (note shaded
circle). This marker was later confirmed as being expressed in the larval eyes.
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Synaptotagmin

24h apical

o RN R

3

24h ventral

i /4
48h apical 54h apical 54h doéal

Tryptophane 2,3 dioxygenase

e

24h no expression 72h dqr'sal

Figure 3. In-situ hybridization screen for eye candidate genes from Platynereies ESTs collections.

(A) Synaptotagmin, clone ID: IBOAAA36ADO09. Note the early expression in the larval eye cells at 19h, indicated by
white arrows. Note the expression at the apical organ region marked by a yellow asterisk. This expression region is
later expanded to the developing adult eyes (marked by white arrows at 36h) and the developing nervous system
(marked by a blue asterisk at 48h). (B) FVRI, clone ID: IBOAAA17B08. Note the specific expression in the larval eye
cells at 24h (indicated by white arrows). At 48h expression also appears in the adult eyes cells (indicated by yellow
arrows). At 54h more cells are expressing FVRI in both adult and larval eyes. In addition more cells, located apical
and have a flask shape express the gene, see the 54h dorsal view, cells marked with purple arrows.

(C) Tryptophane 2,3 dioxygenase, clone ID: 48 11 03B. Note the highly specific expression in two cells of the larval
eye indicated by white arrows at 19h and 24h. At 48h expression is seen in the adult eyes (indicated by yellow arrows)
but not in the larval eyes. (D) Sepiapterin Synthase A, clone ID 48 8 H11. Note the specific expression in the adult
eyes cells at 48h and 72h. At 72h it is also expressed in cells adjacent to and bellow the stomodeum, indicated by white
asterisk.
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As part of our laboratory consortium to integratar@any EST clones as possible to
the PEPDIittp://ani.embl.de:8080/pepd/) , | also took part in it by analyzing and
integrating 18 genes.

This database contains gene expression d&&bfnereis dumeriliexamined

through whole mount in situ hybridization. Sequendmages and expression pattern
descriptions are freely accessible there.

The database is searchable by either of the fatigwptions:

a. Clone identity
a. Clone accession number

b. Keyword in blast results
b. Expression pattern

a. Stained structure

b. Intensity

c. Category

c. Sequence
a. Blast a nucleotide or protein sequence against PEPD

These 18 genes (the ones that have a PEPD ID ialthe), were submitted to the
PEPD database and | have submitted 123 picturiesah These pictures contain the
expression patterns at 3 stages: 24hpf, 48hpf ahgdfin three different orientations:
apical, ventral and dorsal.

2.1.1.1 The identification and verification of several
eye markers:

DAG kinase, Synaptotagmin, Sepiapterin Synthase A
Tryptophane 2,3 dioxygenase, , FVRI

DAG Kinase

In drosophilaDGK2 is exclusively expressed in adult fly retittzhas a role in the
response termination of the photo transductionvpayh and its activity is essential

for the maintenance of the photoreceptor. It acdmmphis role by controllindpAG
levels and converting it to phosphatidic acid andlso involved in the re-synthesis of
PIP2 (Posphatidyl inositol 4,5 bi-phosphate) (Raghal. 2000). Pdu DAG Kinase is
expressed at 24hpf in few cells in the region efldrval eyes. At 48hpf additional
cells in the dorsal medial brain and in the adydt eegion are stained. (See Figure
1D)

Synaptotagmin

Synaptotagmin is a synaptic vesicle-specific pmtkenown to bind Ca2+ in the
presence of phospholipids, has been proposed t@tedda(2+)-dependent
neurotransmitter release (Littleton and Bell#®95; Koh and Bellen, 2003 ) and
therefore serve as a neuronal marker. By gene ssipreanalysis - Wholemouim-
situ hybridization- | found Pdu Synaptotagmin to besanonal marker, since it is
indeed expressed in differentiated neurons, labelmong other differentiated
neurons, the developing larval eyes (as will hestated in section 2.2).

Its expression begins at 15hpf in few cells atapieal organ. Staining in the larval
eyes region appears at 17hpf, its expression bnsadeall the differentiated neurons
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of the developing nervous system. (See figure 3Aekpression at stages 19,24,36
and 48h).

Most insects use a mixture of Pterin and Ommochrdenatives for their pigment
(Fuzeau-Braesch 1972). | identified an enzyme feaich of the pathways, to be
expressed in Pdu eyes:

Sepiapterin Synthase A.

The eye pigment d?latynereis dumerliwas isolated from adult worms and was
identified as a mixture of three different pteriolecules (Viscontini, Hummel et al.
1970):

1. A dimer of Platynerepterin (a novel pterin, oedure pigment)

2. Nerepterin (a novel pterin, yellow colure pigrjen

3. Neopterin

Sepiapterin Synthase A is one of the enzymes imebin the complex biosynthesis
pathway of different pterins. It catalyses the @msion of GTP into H-4-biopterin
(Ichinose, Katoh et al. 1991) (see figure 3). & isighly conserved enzyme, found in
both vertebrates and invertebrates. Pdu Sepia@gnthase A is expressed
specifically in the adult eyes (and not in the #myes) from 48hpf (as will be
illustrated in section 2.2) . (See figure 3,D fepression at stages 48 and 72h)

Tryptophane 2,3 dioxygenase.

Tryptophane 2,3 dioxygenase is involved in the yoitisesis of Ommochrome by
catalyzing the degradation of L-Tryptophan into axfRylkynurenine (Linzerd967)
(see figure 3). Pdu Tryptophane 2,3 dioxygenas&psessed in both larval and adult
eyes,However in a dynamic mode (as will be illusitian section 2.2) . Itis
expressed in two cells of the larval eyes as eal¥5hpf, the expression in the larval
eyes abolishes at 30hpf and starts to be exprassed adult eyes between 36- 48hpf
and continued to be expressed there afterwards{(lstage examined 72h) . (See
figure 3,C for expression at stages 19,24 and 48h)

FVRI.

Peptides are a diverse and important class of mgeseand hormones that transmit
and regulate numerous behavioral, developmentdlphgsiological processes.

FVRI is a member of a large family of peptides (laggth) with RFamide C

terminus and with unique N-terminal extensionsstHolentified in a mollusk (clam
Macrocallista nimbospas a cardioexcitatory peptide, FMRFamide-relaiegtides
(FaRPsare now known to affect a wide range of processma behavior to

physiology in invertebrates and vertebrates (hedet gut motility and synaptic
activity). The number of times FMRFamide containpgptides are encoded in a gene
differs between animal species (Nichols 2003).

The Pdu FVRI gene contains 12 peptide 5 with idahtN-terminal and 5 different
ones. They are being cleaved by dibasic cleavage. giccordingly, an additional
peptide can be expected to be processed from doeigzor : pPENRQSPamide.
(Guenter Plickert, personal communication).
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The expression of this peptide in Pdu is highlycdpe in both the larval and adult
eyes (as will be illustrated in section 2.2). Fespression appears at 20hpf in the
larval eyes, where it persists, and at 48hpf exgovasn the adult eyes appear. Later -
at around 54hpf additional cells at the apical orggpress FRVI as well. All FVRI
expressing cells, as seen by wholemonwsitu hybridization, have a flask shape.
(See Figure 3-B for expression at stages 24,4%4hjl

2.1.2 Constructing brain-eye specific library

(The whole process was done together with Dr.Gasgkely.)

We were interested in creating a cDNA library tisa¢nriched with genes expressed
in the nervous system and the eyePlatynereis For this we have dissected ~100
adult worms that were first devoted of food anatee with anti-algae agent (in order
to prevent contaminations). Detailed descriptiotheflibrary construction steps is
found in Material and Methods, section 4.5.

The quantification of the material was as following

Thetotal RNA read was 1pg/ul (in a volume of 100pul).

ThemRNA read was 0.1ug/ul (in a volume of 10ul).

The second strand yield counting was: 0.125ug.

After the size fractionations steps, we have dettdeeep fractions number:
6,7,8,9,10
Two ligations were made and transformed:

1. combining fractions 6,7,8

2. combining fractions 9, 10
We have estimated tli@omplexity of the library (madérom 2 transformations
together) to be 287,000 clones. With #verage insert size of 870bp from the first
ligation and 1190bp from the second ligation.
An analysis (minipreping and sequencing) of a stte§48 colonies revealed the
following:

3 colonies were empty.

3 colonies were very shairt length.

24 colonies got no hit in GeneBank, when blastedresyj our existing ESTs
collection: only 5 dichot get any hit, the ones that got hit were in aved@febp
shorterthen the existing EST clone.

4 colonies got gene hits in GeneBank.

~10% got hits of ribosomal proteins.

From these features we have concluded that theryilsrquality is not sufficient in
order to incorporated it into the sequencing pipebf the EST's.
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2.1.3 Eyes absent 3’ RACE

An initial fragment of the Eyes absent gene wasaatbin the lab by Patrick
Steinmetz . | have done a 3’ and 5’ RACE PCR ireotd obtain a larger fragment.
Detailed description of the process is given in tétels and methods”, section 4.2.3.
A promising band was obtained and TOPO cloned.aBinges were analyzed by
“Insert PCR”. Six colonies had the expected siB50bp) and one of the three was
indeed the Eyes absent 3' RACE sequence. this #agmas TOPO cloned and put
into the lab’s plasmid database.

2.1.3.1 Eyes absent expression pattern

Wholemountin-situ hybridization was carried out with a new riboprabade of the
extended cloned fragment. The following stageshabryos:24, 36, 48 and 72hpf
were analysed. At 24h it is expressed extremelykvreéhe dorsal brain, at 36h the
expression becomes more apparent at that loc#tofBh it is expressed in the dorsal
brain with a narrow gap between the two sides deft right of the brain), and in the
stomodeum. The expression at 72h resembles thia¢ @8h. (See figure 4)

- e
36h apical 48h apical 72h apical

Figure 4. Eyes absent expression.

(A-E) Whole mount in-situ hybridization with an Eyes absent riboprobe. The expression at 24h is very weak and
diffused (not shown), at 36h the expression in the dorsal lateral brain is visible, however still in a diffused manner (A).
At 48h expression becomes more restricted to the dorsal brain with a gap between right and left side (B, high apical
view, expression domains are pointed by a black arrows. Note the orientation: d, dorsal; v,ventral) and the stomodeum
(C, mid-height apical view, the expression in the stomodeum is circled by a dashed circle. Dorsal brain domains are
pointed by black arrows). At 72h the expression in the brain is expanded, however it remains stronger on the dorsal
side, specially in the region of the adult eyes (D, pointed by black arrows). The expression in the stomodeum remains
as well (E, dashed black circle).

2.1.4 Prox1 cloning and expression - collaboration
project

Professor Zbynek Kozmik has initiated a collabamatetween his laboratory and
Detlev Arendt’s laboratory regarding the Prd@sperogene. (See “Introduction”

for the background and the reason for this studyave synthesizeBlatynereisfirst
strand cDNAs of the following stages: 24hpf, 48apfl 5 days (RNA was donated by
Kristin Tessmar-Raible) by using the SMART RACE c®Bmplification Kit
(Clonethech). The integrity of the cDNAs was camid by PCR using commonly
used primers of the Pax6 gene. The cDNA librariesevgent to the laboratory of
Zbynek Kozmik for the cloning of Platynereis Praydne.
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An initial fragment was cloned and followed by @sessful 3' RACE (Pavel
Vopalensky). The RACE fragment of the C-terminakss 1.17kb. An Alignment for
the Prospero domain sequence was done by Cludsigd¥tam and a Maximum-
likelihood (ML) tree was constructed as well (Pavepalensky), both are presented
in figure 5.

Caenorhabditis
Platynereis
21
47 &E Lottia
Capitella-
Drosophila
ZO—E Xenopus
14 Homo
65 Mus-
98
Gallus
97 :
Danio
AmphiProx
Prospero Domain
latynereis-comb E .‘=Q’;‘ E .K{ Q ’I‘=Q5 :1.99 'TT.NDM
Capitella-2449 EKYARQ QQTLREFYKSTSSQKDQEQS DDA QILNES
Drosophila-217346 EXY. ESTLREFFRAIQ! TEQSWKKS SRMDD QLE--
Lottia-107690 EXY QCs: E RSIIS S DES QLENV
Homo-21359846 EXYARQ QITLREFFNAITL DVD' §! DSE QELLHE
Gallus-56785422 EXYARQ QITLREFFNAITIAGKDVD! S! s QELLHE
Mus-6679483 EXYARQ QITLREFFNATT D g QELLH
Xenopus-11071924 EKYARQ QITLREFFNAIIL. DVD SWKN QELLHE
Danio-40254702 QITLREFFNAIV. D S Y QELLH
AmphiProx E EQTLSEFFNAIK EASWKKNIY s KELLGE
C. elegans-Pros QETLREFH KQ LY N DQ RLET

Pavel Vopalensky

Figure 5. Platynereis Prox1 gene cloning results (in collaboration with Pavel Vopalensky).

(A) Maximum likelihood (ML) tree of Platynereis Prox1 (Pdu Prox1) C-terminus (~1.2KB) .C. elegans is used as
the outgroup. Pdu Prox1 clusters with Capitella and Lottia sequences of Prox1 sequence. And the three cluster with
the Drosophilas’ Prox1 sequences. The different numbers shown on the branches represent percentages of 1000
bootstrap samples (for example 29 corresponds to 290) for ML method .(B) ClustalX Alignment of Platynereis Prox1
showing the high degree of conservation in the Prox1 domain.

| have synthesized an RNA probe and did wholemonssitu hybridization to see the
expression pattern of the gene.

Pdu Prox1 is expressed at 24hpf in the regionefdhval eyes in 2-3 cells on each
side , in few spots in the brain (relatively sdipgal) and in some cells at the dorsal
and ventral brain at the level of the larval ey@rsng (See figure 6,A,B). At 48hpf it
is expressed in the adult and larval eye regionthe ventral plate and in a dorsal
lateral region (See figure 6,D-F).

At 72hpf the brain expression is expanded in agldito very few cells in the ventral
plate( See Figure 6,C).
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Figure 6. Platynereis Prox1 expression analysis.

(A-F) whole mount in-situ hybridization with a Prox1 riboprobe. (A) 24h embryo stained with Prox1 probe, high
apical view. Note the expression in 4 peripheral regions pointed by red arrows and a central region (resembles the
apical organ area) circled by a red circle. (B) A slight deeper view then in A, showing Prox1 expression in the region
of the larval eyes (indicated by white asterisks) and in peripheral regions marked by red dashed lines. (C) broader
expression of Prox1 in the brain of a 72h embryo. (D-F) Prox1 expression in a 48h embryo with the indicated
orientations. Note the expression in the adult eye (AE, Adult eyes) in D and F, in the ventral plate in E ,as indicated
by two parallel lines bellow the mouth opening (M,mouth).

(G,H) 3D In-silico alignment of Prox1 and the indicated probe. Z projections of maximum intensity. White indicates
co-localization. (G) Z projections of stacks 24-37 (stacks representing the AE pigment cells) showing Prox1
expression in the AE pigment cells as indicated by the white signal. Red arrows pointing at superficial medial-
ventral brain expression . (H) Z projections of stacks 38-63 (AE PRCs representing stacks) showing Prox1 expres-
sion in the AE PRCs as indicated by the white signal. These stacks stained with r-opsin probe also show the expres-
sion of Prox1 in the LE r-opsin cell.

Incorporation of the gene into the 3D in silico
expression profiling protocol (Raju Tomer and
Detlev Arendt, unplished data):

In order to cinfirm Prox1 experssion in Platynemygs and to distinguish wich cells
exactly expressed it, | have decided to take tharmtdge of then silico expression
profiling protocol (Raju Tomer and Detlev Arendhplished data).

An in-situ hybridization with a Prox1 riboprobe together waitti-acetylated tubulin
antibody and DAPI was carried out and imaged incthr&focal microscop by me.
Five successful scans of 48hpf stage were obtathede were then incorporated by
Raju Tomer into the 3 silico expression profiling protocol (an average scan was
generated from the 5 scans, and this was thenealigma reference embryo).

To create a doubli@-silico expression data for:

Prox1 and r-opsin and:

Prox1 and Speiapterin reductase A

| have used the “colocalization analysis - colaalon highlighter” plug-in in
ImageJ software. By this one can visualize thexgrassing pixels of two different
staining (‘channels’) with the possibility to cooitthe threshold parameter. In
addition, this plug-in also generates a new chatiralcontain the information from
the co-expressing pixels exclusively (it is called localized points 8-bit’).
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By this we could see that Prox1 is expressed, lap#& the photoreceptor and
pigment cells of the adult eyes and in the r-opsisitive cell of the larval eyes. (See
Figure 6,G,H).

2.1.5 MITF cloning attempts

Mitf (microphthalmia-associated transcription factoagtes a transcription factor of
the basic/helix-loop helix/leucine-zipper familycais a key regulator during the
development of two different types of melanin-proidyg cell lineages, namely neural
crest-derived melanocytes/melanophores, and tmal@igment epithelium (RPE) -
differentiated from the outer layer of the eye ¢upvy, Khaled et al. 2006).

Melanin production is an ancient biological prociasd in all living kingdoms, and
is shared by pigment cells associated with Pax@uiégnt photoreceptive organs in
several invertebrates (Glardon et al., 1997, 192#laerts et al., 1999). This raises
the interesting question of how well conservedassociation of Mitf with melanin
production and/or pigment cell development is?

Drosophila Mitf ©Omel/Mitf) is expressed during embryonic development and in the
eye antennal imaginal disc (Hallsson et al.,2004vitro, transcriptional regulation

by Drosophila Mitf, like its mouse counterpartmgdified by the Eyeless
(Drosophila Pax6) transcription factdm.vivo, targeted expression of wild-type

or dominant-negative Drosophila Mitf results in dlpmental abnormalities
reminiscent oMitf function in mouse eye development.

Because of the interesting correlation of this geetsveen vertebrates and
invertebrates we were interested to find out whelthatyneriesMitf also exist and if
so, where does it express and what is its potefination.

We therefore tried to clone this genePilatynereishased on sequence homology at
the bHLH-zip domain.

First attempt

| have used primers designed by both myself an@&spar Jekely for degenerate
PCR reactions and further nested reaction. Prigteck numbers are the following:
1096-1099.The template | used was a mixture of 72imgle strand cDNA and 48hpf
3’ SMART RACE cDNA.The reactions were run on anraga gel, blotted and then
hybridized with a radioactive probe. The probe weasle from the Medaka Mitf
cDNA plasmid (540bp in size, a kind donation from Dochen Wittbrodt) and
therefore a low stringent radioactive hybridizatiwwas done in order to allow
mismatches in sequence. The radioactive signals mestly smears without an
indicative promising band for cloning.

Second attempt:

This time, | have decided to use cDNA from adultmvs. The reason was that
Platynereis eyes continue to grow along its lifge(eells continue to differentiate)
and therefore Mitf might be highly expressed atatalt worm as well (in addition:
there are more cells in the eye and therefore highgy number of mMRNA).

| have used the same primer set and did nestetiaesas well. The reactions were
run on a gel and blotted and | have used the Mella{&DNA as a probe. From this
hybridization 4 promising bands at the expected giere chosen, run on a
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preparative gel and cut. | have chosen the 2 mamaiping bands and TOPO cloned
them. Then, | did a colony PCR followed by restoictenzyme analysis to choose the
right size clones for sequencing. The sequences h@rever negative for the gene.
At this point, since | was involved in few projesismultaneously, | have decided to
put this project aside. However, all the informatand material (e.g. primers) needed
for continuing with the Mitf cloning are presemideaccessible in the laboratory.

2.1.6 Lens protein identification project

We have initiated collaboration with the laboratofydJoram Piatigorsky at the
National Eye Institute Bethesda, Maryland, for plaepose of isolating the lens
protein/s of Platynereis.

| have dissected the eyes of ~100 mature animalse(sexually-mature epitoke
worms expand their eyes tremendously). The mateaalfrozen at -80°c and once
the collection completed it was sent to Dr. Josefwitz, Our contact person for the
project. The processing of the sample there wéallasving:

The proteins from the sample were subjected to Balfgacrylamide gel
electrophoresis, the chosen band was excised gedtdd by treatment with trypsin.
Then, single microcapillary reverse-phase HPLC mas directly coupled to the
nano-electrospray ionization source of an ion m#ss spectrometer. This instrument
configuration is capable of acquiring individuatjgence (MS/MS) spectra on-lia¢
high sensitivity (<<<1 femtomole) for multiple péps in the chromatographic run.
These MS/MS spectra, (also referred to as CID,exagpior fragmentation spectra),
were then correlated with known sequences usingltfwithm Sequest (Eref al,

1994, Chittumet al, 1998). MS/MS peptide sequences reviewed by assidor
consensus with known proteins and the results nilgreanfirmed for fidelity.

In the first trial, | have used headlé¥atynereisbodies as a control sample. The
samples were loaded and run on an SDS gel (1@helsecond trial | have used
Platyneriesbrain (devoted from eyes) samples as control sarmid in this trail the
samples were loaded and run on a 2D gel system.

In both experiments actin and tubulin dominatedpitwtein profile. For the second
trail, lower molecular bands seen were common th bge and brain samples.

From the first trail 3 bands at the sizes of: 44a8d 25 Kd were sent for the
sequencing approach mentioned abdvsubstantial amount of actin/tubulin and
other intermediate filament proteins were presemiach of bands. No other apparent
candidate was present in the sequenced peptides.

From Western blot experiment performed in Joranidiesky’s laboratory, our
collaborators are convinced tHlatynereiedens proteins are totally different and
might not even be related to any of the known \m&ee or invertebrate lens proteins.
Platynereiedens proteine/s are probably hidden in one ohtheor bands.

See Figure 7 for the results summary.

From our communication with Dr. Joseph Horwitzeems that the main problem is
to micro-dissect aure Platynereidens and not the whole eye. It seems to me that for
Platynereis at least with common methods, this will not begible because of two
reasons:

1. The small size of the eye, and therefore aledeths.
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2. The fact that the eyes are fragile, meaningttiet leak immediately upon
dissection.

A Platynereis Project B Eve solubie |
SDS gel (12.5%) - -
| e -
== E " :
, -
07 kd [— . . - b
66 L — v ooy -
& e <— Acti
45kd . — ¢ . .
Srang ®
3
31 kd [ — 4 —
i
Brain soluble ‘
21kd b 4 =
—— °
.
14 kd Jug . " -
D &
o *
&
|
oo :
&
\\\\C
o * -
£ 4 — ]
Ton current (sum): 9.0ec TSN NN NN
97.4 kd : Ton Current (Ava): 1.6es INETHIGE DU RN
* p #ms/Ms spectra: 151 TSI NN NS
66.2 kd A all2sass2 Ms/MS Spectrat 11 Sum TIC: 1166 Ava TIC: 3,864
Sk et
(K) SYELPDGQUITIGNER 11294852 + 4.1e4 5480
(R) VAPEEHPTLLTEAPLNPK gil2: 1.1e5 5024-5089
() DSGOLAGSKR HIE b 2635
() VPIEHGITNWOOM “EK HIE 165 2690-4919
45 kd & (K) IWHHTM*YNELR ail2 1263 8680
W = ’ (K) YPIEHGIITNWDDMEK gil2: 3.4e4 5344
i ———— n.2 - est’ 44 kd (R) DLTDYLMK ail> 5.3e4 2773
() TWHHTHYNECR HE Tae 7199
(R) LDLAGRDLTDYLM*K gi|2: 4.5e4 5617-5658
(K) IWHHTM*YNELR gias 2.4e3 8775
(R) VAPEEHPTLLTEAPLNPK ail2 6.3¢5 5065-5183
B 0il288938 MS/MS Spectra: Sum TIC: 1.066 Ava TIC: 1.165
RAB2 [Lymnaea stagnalis] gi|464526|sp|Q05975|RAB2_LYMST Ras-related protein Rab-2 gi|481219|pir| |$38341 GTP-binding protein rab2 -
31kd - S +— n.1 -est’ 30 kd great pond snall
Sequence Reference TIC n
(K) LQIWDTAGQESFR gi|288938 +59 3.25 5317-5367
(R FamwiDLTIOVERGAR Gi289930 +56 7 soo7 o
v Sil260030 + 2
i (R) GARGALLWDITR Gil200038 166 e Soer 6173
<4—— n.3-est’ 25 kd (R) TAANVEEAFINTAK 01[288938 +5 5.3e4 4905-5103
(R) EHGLIFM*ETSAK gi|288938 +32 1.3e5 244-40
(®)  QHONSNMVIMELIGNK ol280036 123 bt preewred
(R) M*ITIDGK gi|288938 +21 5.5e4 262
215kd | e e e
= = € qil32450261 MS/MS Spectra: S Sum TIC: 6.15 Ava TIC: 1.2e5
14.4 kd ——— —— MGC64450 protein [Xenopus laevis]
Sequence Reference TIC Tons
0 VNGAIWLLCTGAR 14 coes 203
i (k) GsousvaK Soes  1ane
Standard  Platynereis ) Gue mEmEL WS i
(K)  FLPHSGGR 0i[32450261 +1 1.8e4 10/14

Figure 7: Lens protein identification project (Josef Horwitz).

(A) First trail of sampling run on 1D SDS gel. Headless Platynereis bodies serve as a control sample. (B) Second trail
of sampling run on a 2D gel system. Platyneries brain (devoted from eyes) serves as control sample. In both
experiments actin and tubulin dominated the protein profile (marked by red square in B). In the second trail, lower
molecular bands (marked by green squares in B) were common to both eye and brain samples.

From the first trail 3 bands at the sizes of: 44, 30 and 25 Kd (C, pointed by red arrows) were isolated and sent for
MS/MS peptide sequencing. (D) A picture of an adult Platynereis worm showing its’ large adult eyes. Note their
black colure which we hypothesis is due to accumulations of lens proteins.

A fraction of the sequencing results for band number 3 is shown in (E) as an example :on top is a flow chart of the
procedure which the chosen bands go through. Below is the relative representation of the different peptides in the
sampled band (the size of the colored cube is proportional to its’ relative amount in the sample). The third part is the
different hits that each peptide got using the BLAST “Sequest” algorithm. In this example the first three dominant
peptides are: alpha muscle actin, RAB2 and MGC64490.

2.1.7 r-opsin II cloning.

Since the known Pdu r-opsin is detectable in thealeeyes only from 48hpf onwards.
We have suspected that a different opsin is inwbladight reception at earlier
stages. This is a common feature of marine inveateb and fish: a switch between 2
or more opsins during growth and changes in liteitats (e.g. Hope, Partridge et al.
1998; Cheng, Gan et al. 2007) Therefore | haveddekcio clone a second r-opsin
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gene forPlatynereis | have used a 24h cDNA library, because of thievong
reasons:
1. Phototaxis behavior begins at this stage.
2. 24h stage is a ddgefor e the adult eyes forms, in which the known Pdu riofs
expressed.
| have used a set of degenerated primers (basdeatinopecten sequences foy G
proteins designed by Detlev Arendt). A single bahthe expected size (~470bp) was
obtained and cloned. 30 colonies were analyzedtéhrestriction enzymes: Hinfl
and EcoRI. 7 clones were sent for sequence. Gesktblones were identified as a
novel Pdu r-opsin. This gene was named Pdu r-dpégifter several attempts of 5’
and 3' RACE PCR with no success, | have deciddgdke a different approach and to
combine the use of:

1. Sequence specific primers, from the sequence | tlaved (stock numbers:

1118, 1119, 1139) at the most 3’ end of it.
2. New degenerated primers designed for an uppercétilun of the gene (stock
numbers 1299).

By this | have successfully obtained a longer fragtof the gene, adding 303bp to
the original fragment. In order to fuse the origiaad the extended fragment | have
first used the “fusion PCR” strategy, however withsuccess. Therefore | have used
the “restriction site cloning” strategy (using ttestriction enzymes: Xbal and Mfel,
followed by ligating the two cut fragments) for fing the two parts. By this | have
obtained a 850bp fragment of the gene. This plasvaglput into the laboratory’s
plasmid database.

2.1.7.1 Pdu r-opsin II expression

Wholemountin-situ hybridization was carried out by me, using thé&dahi477bp
fragment at several stages: 19, 24 and 48hpf @aeddond round also on other
intermediate stages). The only expression | coblkove was a weak staining at
19hpf that was not consistent among all embryosak expressed in 1-2 cells in a
location suggestive for the larval eyes but noboth sides. (See figure 8).
Additional Wholemounin-situ hybridization attempts with the elongated fragment
and different modification of the protocol (e.g hgization for 2 nights, using
hydrolyzed probe) could not reproduce the resutspnoduce different results.

2.1.7.2 Pdu r-opsin II southern blot

Since the expression pattern was unresolved, | laveloped doubts regarding the
gene, is it indeed Blatyneriesgene, could it be a contamination? In order tdioon
that Pdu r-opsin Il is indeedRiatynereisgene | have done southern blot
hybridization using genomic DNA made from adultraais and the fused r-opsinlI
fragment for the probe. Negative (no probe) andtipesthe plasmid of r-opsinll)
controls were included.

In the first attempt | have used the DIG systemcti®) as an alternative for
radioactivity (RA), this however was not sensitereough to detect the gene. | have
therefore used the classical methods using RA.

The result was positive meaning that this genedseéd a tru®latynereisgene.

(See figure 8.)
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Figure 8. Platynereis r-opsinll Southern Blot and expression.

(A) Southern blot using Platynereis genomic DNA hybridized with a probe
against r-opsinll. arrow indicats a positive signal. (B-C) Platynereis 24h (B)
and 17h embryo (C) hybridized with a riboprobe for r-opsinll. Arrows
indicating single cell expression in a position suggestive for the larval eyes.

2.1.8 BAC screening

For future applications such as functional intexfere, transgenesis etc, | have
decided to obtain the upstream sequences of tlwviag genes of interests:
Pdu r-opsin

Pdu r-opsin I

Pdu Pax258

2 BAC filters were screened for each gene. Scrgemas done using radioactive
hybridization according to the protocol describedWaterial and Methods”, section
4.2.1, under “High stringency Southern Blots /Raditve hybridization”.

Two clones were identified and ordered for r-o@sud one for r-opsinll, the clones
ID are the following:

For r-opsin: CH305-55E1, CH305-185P7

For r-opsinll: CH305-122F12

The BACs were plated and 3 colonies from each BATevpicked, mini-preped and

digested with Hindlll, EcoRI. The gels were blotat hybridized to confirm the
existence of the gene inside the BAC. By this lld@ee that both clones of r-opsin
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were positive, but r-opsinll was negative. By tleoEl and hindlIl digestion/RA
hybridization pattern we estimated that clone CH8BE1 contain more of the r-
opsin gene locus and therefore this clone wasfeetite BAC's sequencing by the
Genoscope institute, France.( See figure 9)

D
1234567 12345678

18-4R-CH305-59EL_Fin.fasta.
—_—

base pairs

Sk E3 7k ok oK ok 6ik 3
Pdur-opsin_nt

= 51119309910 | ewbl AJ316544 .11 Platunereis chaserilii wRA for rhabdoneric opsin (r-opsin gene)

sas:au,irmxcted,ms,mum,hp
Kev:
Poor ffmf rezion mﬁ Mim Transeript im:ctea igs

Figure 9 Top : r-opsin BAC confirmation - southern blot

(A,B) ECORI and HindlIlI digestions (respectively) of two Platynereis r-opsin BACs candidates. Loaded and run on an
agarose gel. These candidates were identified by me from Platynereis BAC filters using southern blot protocol
(hybridized with a Pdu_r-opsin probe). (A) lane 1 is a DNA size marker, lanes 2-4 are three colonies of BAC number:
CH305-55E1, Lanes 5-7 are three colonies of BAC number: CH305-185P7. (B) lanes represent the same colonies
loaded in the same order as in A with the only exception that both lanes 1 and 2 are loaded with a DNA size marker (in
order to distinguish between the two gels). (C,D) Southern blots of the gels shown in A and B (respectively) using
Pdu_r-opsin probe. All six colonies gave a positive signal. The signal from the first colony (lane 2 in A and C, lane 3 in
B and D) was weaker then all others.

Figure 9 Bottom. r-opsin BAC confirmation (bioinformatics analysis - Dr. Florian Raible)

The published Platynereis r-opsin sequence (NCBI accession number AJ316544 ) was run against the isolated BAC
sequence, using alignment software specialized in recognizing exon boundaries. The gene indeed mapped to this BAC
sequence as seen by the red exon squares. In addition, a prediction algorithm, which predicts genes from the BAC
sequence, was run and mapped the predicted r-opsin gene on the same BAC sequence (green exon squares). The sized
of r-opsin BAC is 164313 nucleotides long (~164 KB). According to the mapping, the upstream sequence is around
55KB long and the down stream sequence is around 104 KB long.

The complete genomic r-opsin locus was annotatddrifylorian Raible, using a
combination of gene prediction (Burge and Karli®ZPand transcript mapping
algorithms (Florea, Hartzell et al. 1998) (Wheel@hurch et al. 2001). The r-opsin
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sequenced used for the analysis is the followirgBNaccession number AJ316544
(Arendt, Tessmar et al. 2002). (For visualized aathan see figure 9).

The 16,4313 nucleotides loRyatynereisr-opsin BAC is now available for certain
future applications (e.g. bioinformatics predict@nl Fs binding sites, transgenesis
etc.). it contains around 55KB upstream sequendeaesund 104KB downstream
sequence of Pdu r-opsin gene.

2.2 Assignment of different eye markers to different
cell types of the larval eyes

In collaboration with:

Dr. Gaspr Jekely

1. Confocal microscopy of doubie-situ hybridization for r-opsin and FVRI.

2. Triple immunostaining and confocal microscopyaofti-Pdu_FVRI antibody,anti-
acetylated tubulin and ar@ihalloidinantibody.

Dr. Harald Hausen

1. Transmission Electron Microscopy.

2. 3D reconstructions.

At this point of my research | had 3 additional didiate markers for thiarval eyes.
Tryptophane 2,3 dioxygenase, FVRI and Synaptotagimiarder to confirm their
expression in the larval eyes | have performeddhewing experiments:

1. Doublein-situ hybridization of Synaptotagmin and r-opsin (theeatly established
marker for the larval eyes at 48h)4&h. From this doublén-situ we could see that
Synaptotagmin is indeed expressed in the larvad.epee cell that expresses
Synaptotagmin is laterally adjacent to the cellregping r-opsin (See figure 10,A).
This finding was un-excepted since we believed tifatr-opsin positive cell is the
rhabdomeric photoreceptor and therefore shoulddifeaentiated neuron by itself.

| then wanted to confirm the other two new marlkard performed the following
experiments:

2. Doublein-situ hybridization of FVRI and r-opsin. In light of theevious result and
the fact that FVRI is a neuropeptide, | was nopgged to find that the cell expresses
FVRI is adjacent to the r-opsin positive cell, arad the r-opsin positive cell itself.
(See figure 10,B)

Since both FVRI and Synaptotagmin were expresseaccilladjacent to the r-opsin
positive cell, | wanted to find out if they are aally expressed in the same cell. For
this | have done the following experiment:

3. Doublein-situ hybridization of Synaptotagmin and FVRI2#h. From this
experiment, | could see that both genes are coeegpd in the same cell. (See figure
10,C). The co-expression of two different neuranatkers in this cell strengthens the
hypothesis that it is a functional neuron.

| then wanted to locate the pigment marker Tryp&meh2,3 dioxygenase in relation
to the others markers confirmed. For this | hawvktde following experiment:
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4. Doublein-situ hybridization of Tryptophane 2,3 dioxygenase aw&RFat 24hpf.
From this experiment, | could see that Tryptopha@edioxygenase is expressed in
two cells that one of them is co-expressing FVRie Tell co-expressing FVRI is the
lateral cell among the two (See figure 10,D). Ftbm | concluded that the medial
Tryptophane 2,3 dioxygenase positive cell is tlggr@nt cell and the lateral
Tryptophane 2,3 dioxygenase positive cell, thalss positive for FVRI and
Synaptotagmin, is the rPRC. Similar result was iolethfrom the following
experiment:

5. Doublein-situ hybridization of Tryptophane 2,3 dioxygenase apdaptotagmin at
24hpf. In this staining | could re-confirm the locatiohthe neuronal cell, lateral to
the pigment cell (see figure 10,F, *in this staqifryptophane 2,3 dioxygenase is
stained with Fluorescent dye that is being shigithe NBT-BCIP of the
Synaptotagmin and therefore seen only in one siéad of two).
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Larval eyes

48h apical 24h apical 24h lateral

Larval eyes

24h ventral

Adult eyes

48h apical 54h apical 50h apical

Figure 10. Verification of Adult and Larval eye markers
Whole mount in situ hybridizations imaged by reflection confocal microscopy (z projections of maximum

intensity).

(A-F) Larval eye markers. (A) Apical view of Platynereis 48h embryo, focused on one larval eye, hybridized with
indicated riboprobes. Syt, Synaptotagmin - is expressed in a cell adjacent to the r-opsin positive cell. (B) Dorsal view
of 48h Platynereis embryo hybridized with the indicated riboprobes. Note that FVRI and r-opsin are not
co-localized to the same cell. (C) Apical view of Platynereis 24h embryo hybridized with the indicated riboprobes,
showing that FVRI and Synaptotagmine are expressed in the same cell, the rhabdomeric photoreceptor cell (rPRC).
(D) Lateral view of Platynereis 24h embryo hybridized with the indicated riboprobes. FVRI is marking the rPRC
and Tryptophan 2,3 dioxygenase is marking both the pigment cell and the rPRC. (E) Triple immuno-staining with
indicated antibodies (experiment and microscopy performed by Dr.Gaspar Jekely) showing the FVRI cell body
(azure) ,the Rhabdom (red) and a dendrite (green), all located to the same cell.

Note that the spatial orientation is indicated where needed: 1, lateral; m, medial; a, anterior; p, postirior; d, dorsal, v,

ventral.
(G-I) Adult eye markers. (G,H,I) apical views of Platynereis 48h,54h and 50h (respectively) embryo hybridized
with indicated riboprobes. Showing the co-localization of the three markers with r-opsin in the adult eyes.

From the last 4 experiments, evidences suppottiayiew that r-opsin positive cell
is actually not the rPRC, have accumulated. Theidate cell for the “real” rPRC
was the adjacent FVRI positive cell.

To confirm this hypothesis, Dr. Gaspar Jekely pented and imaged the following
experiment: triple immunostaining of anti-Pdu_F\&Ritibody, anti-acetylated tubulin
and antiPhalloidinantibody. From this staining we could see thatRW&I positive
cell is the cell containing the Rhabdom (by thel®idin staining) and a dendrite (by
the acetylated tubulin antibody) - proving thasiindeed the rhabdomeric
photoreceptor cell (see figure 10,E).

The rPRC mystery was solved, but we were stillwath the mystery of which cell is
the cell positive for r-opsin?

Based on doublm-situ hybridization (FVRI + r-opsin) and TEM sections (Btarald
Hausen) of Platynereis larval eyes at 48h, twoiplessptions emerged:
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1. The r-opsin cell is one of the several flask shaglks found in close vicinity
to the rPRC. (Observdibth by TEM and by FVRIn-situ hybridization
staining at >48h).

2. The r-opsin cell is the pigment cell.

By constructing two 3D models (Dr. Harald Hausen):

1. A 3D model based on a series of TEM sectiorRRlatfynereis larval eyes at 48h
(see figure 11).

2. A 3D model based on confocal stacks of doubk&tu hybridization (FVRI + r-
opsin) (see figure 12).

Figure 11. The identification of the larval eye r-opsin positive cell.

(A-C, F) Transmission electromicrographs (TEM) of Platynereies larval eye (Dr. Harald Hausen).
The Orentation of the figures is indicated in figure A. The pigment cell is colored in green, the rPRC
is colored in red and its thabdome in purple.

(A-C) TEM consequent cross sections of three different layers of a Platynereis right larval eye .(A)
Apical layer with rhabdom of rPRC and pigment shield of pigment cell. Yellow arrow is pointing at
the membrane bound pigment granules of the pigment cell. (B) Mid layer with pigment cell nucleus
(yellow asterisk). (C) Basal layer with nucleus of the rPRC (blue asterisk).

(F) Horizontal section of Platynereis right larval eye, showing the location and orientation of the
rPRCc and the pigment cell , and their nuclei, being tightly adjacent.

(D,E) 3D reconstruction (Dr. Harald Hausen) of a complete series of TEM cross sections of Platyne-
reis right larval eye from a ventral view. Note the orientation as implicated in the figure. The pigment
cell is colored in green, the rPRC is colored in red. In D the flask shaped cells (here, two of them)
that are adjacent to the PC and rPRC cells are also visible.

A clearer picture emerged. We found out that tiygengint cell in the TEM model
(recognized by its’ pigment cup) is situated tigt#tijacent to the rPRC (recognized
by its’ rhabdom). This arrangement is perfectlyretated to the spatial location of the
FVRI cell and the r-opsin cell according to the Biddel of than-situ hybridization
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(compare figure 11,E and 12,C). We therefore catezithat the r-opsin positive cell
is the pigment cell.

Pdu_r-opsin

Pdu_r-opsin Pdu_r-opsin
54h apical

Figure 12. The identification of the larval eye r-opsin positive cell.

(A) Double whole mount in-situ hybridization with indicated probes showing Platynereis
larval eye. (B,C) 3D reconstruction of the same staining as in (E), however this time imaged
from apical view. (B) AE, adult eyes; White asterisks indicating the larval eyes.

(C) magnification of the marked eye in (B) showing the tight location of the rPRCc and
r-opsin positive cell one relative to the other. (D, E) In-situ hybridization with r-opsin probe
and anti-acetylated tubulin antibody (a-aT) (Dr. Gaspar Jekely).

(D) Z projection of the confocal scans, scanning depth: 110um. AE, adult eyes. White
asterisks indicating the larval eyes. (E) Single confocal stack showing the direct connection
of the larval eye r-opsin cell with an axon (pointed by white arrow).

2.2.1 The early expression of three LE markers:
Synaptotagmin, FVRI, Tryptophan 2,3 dioxygenase.

In order to find out when are the larval eye cairkers start to be expressed | have
done a set of earip-situ hybridization experiments using the above mentione
riboprobes. Synaptotagmin and FVRI as markersiferPRC and Tryptophan 2,3
dioxygenase as a marker for the rPRC and the pigosdin The earliest stage used
was 15hpf. The results are presented in figurel3.

The earliest expression of Synaptotagmine is deddcotthe larval eyes at 17hpf and
is consistently expressed there (among other difteated neurons) in later stages
(see figure 13,A-D).

The earliest expression of FVRI is detected inldéineal eyes at 20.5hpf and is
consistently expressed there (among other celfjter stages (See figure 13,E-H).
The earliest expression of Tryptophan 2,3 dioxygena detected in the larval eyes at
15hpf (the earliest stage examined). Its’ expogstiere persist until the adult eye
start to develop and at stage 30hpf it is no lowigéected in the larval eyes(See figure
13,I-L). At 48hpf it is detected in the adult eyes.
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Tryptophan 2,3 dioxygenase is therefore the eaniiesker for the development of

the larval eyes, however it is also the most dywamne, being down regulated in the
LE at around 28hpf.

I I Pdu_Synaptotagmin I

Pdu_FVRI

Pdu_Tryptophan 2,3
dioxygenase

Figure 13. Larval eye markers at early stages of development.

(A-L) Whole mount in-situ hybridization with the larval eye markers indicated on the left side. Stage and orientation
are indicated. Blue asterisks indicate the larval eye cells. 15h was the earliest stage included in the analysis.
According to the neuronal differentiation marker: Synaptotagmine, the larval eyes rPRC differentiate between stages
15h and 17h. At 15h there are very few cells stained in the apical organ region of the brain (A, marked by a blue
circle). At 17h, the larval eyes are stained as well (B, indicated by blue asterisks). They continue to express Synapto-
tagmine as more other neurons differentiate in the brain (D).

The neuropeptide: FVRI is detectable in the larval eyes from stage 20.5h onwards (E-H). In (H) the dendrite of the
FVRI, reaching the apical surface, is visible and pointed by an azure arrow.

The Ommochrome pigment marker: Tryptophan 2,3 dioxygenase is detectable in the larval eyes from stage 15h

onwards (I-L). the latest detected expression in the larval eyes is at 28h. From this stage onwards this marker is
expressed in the adult eyes.
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2.3 Assigning the different eye markers to the
different cell types of the adult eyes

In collaboration with:

Dr. Gaspr Jekely

1. Confocal microscopy of doubile-situ hybridization for r-opsin and FVRI.
Raju Tomer

1. Wholemountn Silico Expression Profiling protocol (Raju Tomer and Betl
Arendt, unpublished data)

At that point of my research | had 3 additionaldidate markers for thadult eyes:
FVRI, Tryptophane 2,3 dioxygenase and Sepiaptermitaise A. In order to confirm
their expression in the adult eyes | have perforthedollowing experiment:

1. Doublein-situ hybridization of FVRI and r-opsin (the alreadyaddished marker
for the adult eyes at 48h) 4&h. From this doublén-situ hybridization we could see
that FVRI is indeed expressed in the adult eyesfigere 10,G). It is co-expressed
with r-opsin and occasionally additional FVRI posatcells (that don’t express r-
opsin) are observed in close vicinity to the r-agsositive cells. From this we
concluded that FVRI is expressed in, and adjacetite rhabdomeric photoreceptors
of the adult eyes.

| then wanted to find out where do the two pigmaatkers expressed and therefore
performed the following experiments:

2. Doublein-situ hybridization of Tryptophane 2,3 dioxygenase aogsin. From

this doublen-situ hybridization we could see that Tryptophane 2¢gkgjenase is
expressed in the adult eyes (see figure 10,13.dbtexpressed with r-opsin and in
additional cells (that don’t express r-opsin arglfaund in higher confocal stacks
then the r-opsin positive ones).

3. Doublein-situ hybridization of Sepiapterin Synthase A and r-npBrom this
doublein-situ hybridization we could see that Sepiapterin Sysgha is expressed in
the adult eyes (see figure 10,H). It is co-expreseg¢h r-opsin and in additional cells
(that don’t express r-opsin and are found in higioefocal stacks then the r-opsin
positive ones).

From experiments 1,2 and 3 | concluded that :

A. The adult eye rhabdomeric photoreceptor celfgess the following markers: r-
opsin, FVRI and the two pigment synthesis markérgptophane 2,3 dioxygenase
and Sepiapterin Synthase A.

B. The two pigment synthesis markers: TryptophaBeadibxygenase and Sepiapterin
Synthase A are also expressed in additional aedisr{esecarly the same ones) that
are found somewhat above the rhabdomeric photai@ceglls. | suspected these
cells to be the adult eyes pigment cells (basetth@in location and the description of
these cells by Rhode, 1992)

In order to see if the two pigment synthesis marlege co-expressed in the same cells
| have performed the following experiments:

1. Doublein-situ hybridization of Tryptophane 2,3 dioxygenase aadi&pterin
Synthase A, in two ways:
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a. Using a florescent probe for Tryptophaned23ygenase and a dig probe for
Sepiapterin Synthase A.

b. Using a florescent probe for Sepiapterin Bgs¢ A and a dig probe for
Tryptophane 2,3 dioxygenase.

(Detecting the dig probe with NBT-BCIP and the éscent probe with florescent
detection).

However, these genes are expressed relatively wieaktaining develops very
slowly and by florescent detection | could not deteem. Therefore it was not
possible to combine them in a doubsiesitu hybridization experiment.

Experiments 1-3 gave partial information regardimg cells that express each of the
markers. However, it was almost impossible to dateeand integrate the information
from the different double combinations in ordeutwerstand, at the cellular
resolution, the complete 3D molecular-cellular cosipon of the adult eye.

To further resolve the co-expression data of treespecific genes iRlatynereies
adult eyes, together with Raju Tomer, we have natiegl the gene expression
information into the new Wholemouim-silico expression profiling protocol (Raju
Tomer and Detlev Arendt, unpublished data) whi¢étmed thein-silico alignment of
several single wholemount in-situ hybridizationrsc@y image registration.

For the purpose of the adult eye analysis, | haaarsed the Tryptophan 2,3
dioxygenase and Sepiapterin synthase A genes.dRanned the r-opsin and FVRI
genes. Every 5 scans of a particular gene wergratied into an average scan and
aligned to a reference embroy. Then the stainingwembined in order to have the
complete picture of the markers expression in thétayes.

For this | have used the “colocalization analysislocalization highlighter” plug-in
in ImageJ software. By this one can visualize thvexpressing pixels of two different
staining (‘channels’) with the possibility to cooitthe threshold parameter. In
addition, this plug-in also generates a new chatialcontain the information from
the co-expressing pixels exclusively (it is called: localized points 8-bit’).

The results were the following:

from combiningr-opsin and FVRI: Most cells co-express both markers, a new
‘channel’ of co-expressing cells was created (tth®ve mentioned ‘co localized
points 8-bit’) to define thehotoreceptor cells (PRCs), they are found between
stacks 38-68f the scanned embryoarked by -opsin staining(since FVRI
expression is broader). With these stacks we calslulsee the larval eye r-opsin cell.
(See figures 14,C and 15,A).

From combinindl' ryptophan 2,3 dioxygenase + Sepiapterin synthase A:

In the Upper stacks 24-3bth markers are expressed the same celldn the deeper
stacks only Tryp’ 2,3 is expressed and in thespelestacks, the newly formed PRCs
‘channel’ (see the section above) is also “expsgeee figures: 14,C and 15,B-F)

Combining the data from EM of Platynereis eyes rdigg the location of the
pigment cells at 48hpf and their pigment granulegosition (Platynereis pigment
cells contain 2 types of membrane bound granuleke e photoreceptor cells
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contain 1 type of them,(Rhode 1992)conclude that stacks 24-84 Sepiapterin
synthase A expressing cells represent the adult gygment cells.

Adult eyes PCs stacks 24-34
} Larval eyes PRCs stacks 28-30

Adult /Larval eyes PRCs stacks 38-63
}Larval eyes FVRI PRCs stacks 42-46

Figure 14. Assigning the spatial location of each of the eye cell types in the whole mount 3D in-silico model
of 48h Platynereis embryo.

(A) lustration based on TEM of eye from a 3-dyas-old Platynereies worm (Rhode, 1992). Blue asterisks
indicating the rPRCc, purple asterisks indicating the pigment cells. Note that two pairs of pigment cells encloses
two pairs of rPRC cells. In addition note that the pigment cells comprise two types (by appearance - more
electron dense and less electron dense) of membrane bound pigment granule (marked by purple arrow) while the
rPRCs comprise only one type. (B) Scanning electron microscopy (SEM, Dr. Harald Hausen) of Platynereies
embryo. Pro, prostomium; Per, peristomium; met, metastomium; mo, mouth; lat, lateral; med, medial; AE, adult
eyes; LE, larval eyes. (C) Illustration of the relative position of each of the eye cell types in the 3D whole mount
in-silico model (PCs, pigment cells; PRCs, photoreceptor cells; stacks, confocal stacks). (D) An apical view of
Platynereis embryo imaged by light microscopy with Nomarski optics showing the natural pigment of the adult
eyes (two developing pairs indicated by orange arrows) and the larval eye (indicated by yellow arrow).
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Z projection Z projection

Z projection Z projection stacks 1-38 Z projection stacks 38-80

Figure 15. 3D whole mount in-silico expression profiling of the adult eye cell markers.

All images are z projection (maximum intensity) of a 48h embryo. White color indicate co-localization of the green
and red channels in single stacks. Co-localization analysis was done by the “co-localization highlighter” plug-in for
Image J software. By this plug-in we can created a new channel, representing the co-localized pixels exclusively.
(A) Double in-silico expression analysis of the indicated probes showing that Platynereis rPRCs express both
r-opsin and FVRI. We created a new channel of the co-localized pixels and named it “rPRCs”. (B) Double in-silico
expression analysis of the rPRCs from A and the pigment marker: Sepiapterin Synthase A. Yellow indicating
co-expression, showing that Platynereis rPRCs express this marker as well. (C) Double in-silico expression analy-
sis of the rPRCs from A and the second pigment marker: Tryptophane 2,3 dioxygenase. Yellow indicating co-
expression, showing that Platynereis rPRCs express the second pigment marker as well. (D) Double in-silico
expression analysis of both of the pigment markers. We created a new channel of the co-localized pixels and named
it “PCs”. (E,F) Double in-silico expression analysis of the both of the novel channels: the rPRCs and the PC. We
noted that at stacks 1-38 only the PCs is expressed (E) while in the following, deeper stacks, both the PCs and the
rPRCs are expressed (F). We therefore define stacks 1-38 as representing the PCs and stacks 38-80 as representing
the rPRCs.

2.4 Establishing a molecular fingerprint of
Platynereis adult and larval eyes

In collaboration with:

Dr. Gaspr Jekely

1. Several joint confocal microscopy imaging of dieun-situ hybridization for
different transcription factors and eye markersenswne by us, as a process of
teaching me the confocal microscopy tools

Raju Tomer

1. Wholemountn Silico Expression Profiling protocol (Raju Tomer and betl
Arendt, unpublished data)

2. Hierarchical clustering analysis

Once the appropriate markers were found (effeaoeg) to each of the cell types of
both adult and larval eyes | could start establighhe molecular fingerprint of them
in terms of transcription factors. The transcriptfactors that were included in the
analysis were cloned by current and previous mesnbiethe Arendt lab or found in
the ESTs collection. We choose the set of TFswiilabe analyzed according to the
following criteria:
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TFs known to be involved in eye development (e iy,”Fax6)
TFs that have a role in brain regionalization (ehx, Rx)
TFs that have a role in neuronal differentiaticsief])
Signaling pathways molecules (e.g: Wnt, Hh)

Neuronal specification markers (AchRec7/8, GLT1)

PO T®

Since Platynereis is an emerging model organisnrmigiods | have used were also
evolving during the time of my research. | havedyseth this order, the following
techniques:
1. Double fluorescent in-situ hybridization (TessmaitiRe, Steinmetz et al.
2005).
2. Wholemount reflection confocal microscopy (Jeketd @rendt 2007).
3. 3Din silico expression profiling protocol (Raju Tomer and BetArendt,
unpublished).

The preliminary molecular fingerprint profile haoherged from the second technique
and included a set of 14 transcription factors [TFke reflection confocal
microscopy enables the detection of NBT-BCIP priéatie at the confocal

microscopy in combination with a fluorescent stagni

In my experiments | have used the following combora

1. A Dig probe for the transcription factor of irdet and detected it with NBT-BCIP.
2. A Flu-probe for the eye marker of choice thaswatected with the TSA
fluorescent Systems (Perkin Elmer). (See figurei® &/ for adult and larval eye
examples, respectively)

By this | could also analyze weakly expressed Tias would not have produce
proper staining with a fluorescent probe.
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Figure 16: Wholemount double in-situ hybridizations of several transcription factors and adult eye rPRCs
markers.

(A-L) Z-projections, apical orientations, made of confocal scans of the brain.

(A-D) Wholemount double florescent in-situ hybridizations with indicated probes on 48hpf embryos.

(E-L) Wholemount double in-situ hybridizations with indicated probes on 48hpf embryos ,using the reflection
confocal microscopy method. For these in-sifu hybridizations I have used the dig robe and NBT-BCIP for detecting
the transcription factor, and a Fluorescein probe and the TSA fluorescent Systems for detecting the eye marker.

Anti acetylated tubulin antibody was also included in these assays, as indicated in the figure.

Co-expression analysis was done on a single stack level. Note that the quality of the staining of the transcription factor
varies due to different expression intensities. In addition, the Anti acetylated tubulin antibody staining was not yet
optimized at this stage of my work, and therefore it also exhibits variable quality. This improved a lot by using the 3D
in-silico alignment protocol for these staining.
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3 Microsoft Excel - In Situ Data TFs.xIs
J_] Eile Edit Wiew Insert Format Tools Data  Window Help

HRNE=N = REWE NS W AW e ¥ @ > -4 2] |4 100% vy‘éiAr\a\ v 10 ~ 4
S17 > A
T B B e D E | F 6 | H [ 1 D K L M N 0
il Nk2.1 Otp Rx Pax258 [Chx10 Six1/2 Pax6 Gsx Sim Lhx3 Lhx2 Otx Dach Atonal
2 |FVRI adult eyes n n P P n n n 888 p* n P né
3 |FVRI larval eyes n* P n* n n P n'p “33& |p* P P né n
4 |r-opsin adult eyes n n n n* n n P
5 |r-opsin larval eyes n P n* p n p* P
6 | Tryp 2.3 Adult eyes n P P P P&
7 |Tryp 2.3 larval eyes |* [ n n n P n n n n P
g
el
10 |Legend: comments
11 |24h The combination of re/six12/otx for pigment cells also came out using in-sifico alignment, independently.
12 |n negative
13 |p positive
14 |* not a clear case
15 ™ roled out by position
16 in-situ is in process
ﬂ will be analysed according to FVRIfr-opsin
18 | & at 54h however the apical dorsal FVRI do express Dach and all the surronding cells of the adult eyes FVRI
19 | && at 54h and only one Tryp cell is positive
20 | *8.8.8 at 54h, the tip of the cells are positive...
21 [*but 2 cells next to FVRI are positive, mediall and dorsal to it.

Figure 17: Wholemount double in-situ hybridizations of several transcription factors and larval eyes cells
markers.

(A-H) Z-projections, apical orientations, made of confocal scans of the brain. Wholemount double in-situ
hybridizations with indicated probes on 24hptf embryos ,using the reflection confocal microscopy method. For these
in-situ hybridizations I have used the dig robe and NBT-BCIP for detecting the transcription factor, and a Fluorescein
probe and the TSA fluorescent Systems for detecting the eye marker. FVRI served as a marker for the larval eye rPRC
and Tryptophan 2,3 dioxygenase (Tryp’ 2,3) was used as a marker for the larval eye pigment cell.

Anti acetylated tubulin antibody was also included in A,C and G. However we found out that the nervous system at
this stage is not yet well developed. In A, for example, one can note some axons, but this is rather rare. In the others
one can note the ciliated prototroph ring stained.

(I) An example for data collection as was done by me for the double in-sifu hybridizations, showing that in many
cases, | got unresolved answer or had to repeat the experiments since Flurescein probes don’t always perform well.
Another cause for uncertainty is the shading effect of NBT-BCIP staining on a florescent staining that also ended up in
unresolved cases.
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There are however disadvantages for this methquedtally when one is aiming for
as large as possible collection of TFs to be inmlid’he main disadvantages are:

1. Weakly expressed genes do not perform well flutbrescent staining.

2. Shading effect - the NBT-BCIP precipitate chade a fluorescent staining which
is found in the same cell or in cells that are @eephis can cause a lot of border line
cases when looking for co-expression.

3. Laborious - limited number of genes can be aealy

In light of these disadvantages, it was clear tiat/Wholemounin Silico Expression
Profiling protocol (Raju Tomer and Detlev Arendbpwblished data) will be of a
great benefit for the completion of the moleculagérprint ofPlatynereiesyes cell
types.

Therefore, together with Raju Tomer, we chose @&87 genes according to the
above mentioned criteria. These genes were scdiynBdju Tomer (Prox1, Gli-1 and
Sufu were scanned by me) and by combining them tivéleye markers gene scans,
we have obtained the molecular fingerprint of éedtént cell types dPlatynereies
eyes.

The generation of the doulilesilico scans was automated using an algorithm written
by Raju Tomer. For this we have defined the stagkge and the appropriate marker
for each cell type (as mentioned before), thesessuies were then combined with the
sub-series of 37 selected genes.

The algorithm generated two types of data:

1. avi. movies.
2. Z projection pictures of the doubiesilico combinations:
See the following figures for examples of:
MFP of AE rPRCs - figure 18.
MFP of AE PCs - figure 19.
MFP of LE PC - figure 20.
MFP of LE rPRC - figure 21.
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r-opsin r-opsin r-opsin

r-opsin

r-opsin r-opsin r-opsin

r-opsin r-opsin r-opsin r-opsin

Figure 18. 3D whole mount in-silico expression profiling of the adult eye rPRCs - MFP

All figures are 3D in-silico alignments of the indicated probes on a 48h embryo. All figures are z projections,
(maximum intensity), apical views, of the stacks representing the rPRCs (38-80). white colure indicates
co-localization according to the co-localization highlighter plug-in of Image J. In all figures, as noted in figure A,
adult eyes are indicated by the white arrows, larval eyes indicated by the yellow arrows.

(A-D) Examples for co-expression of the indicated TF and r-opsin in the mentioned stacks. VGLUT, Vesicular
glutamate transporter; EyeA, Eyes Absent. (E-H) Examples for a differential co-expression of the indicated TF and
r-opsin in either the dorsal rPRCs (E,F,G) - The positive cells are circled by a yellow dashed circle. Or the ventral
rPRCs (H) - The positive cells are circled by a blue dashed circle. By the observation that the dorsal and ventral
rPRCs have different MFP we have defined the adult eyes rPRCs as comprising two cell types: dorsal rPRCs
(drPRCs) and ventral rPRCs (viPRCs). Svp, Seven up; Rx, Retinal Homeobox; GLT1, Glutamate transporter 1;
BF1, Brain factor 1. (I-L) examples of TFs not expressed in the adult eyes rPRCs. TII, tailless; AchRec7/8, Acetyl
choline receptor 7/8; Otp, Orthopedia.
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Sepiapterin Synthase A Sepiapterin Synthase A Sepiapterin Synthase A Sepiapterin Synthase A

Sepiapterin Synthase A Sepiapterin Synthase A Sepiapterin Synthase A Sepiapterin Synthase A

Sepiapterin Synthase A Sepiapterin Synthase A Sepiapterin Synthase A Sepiapterin Synthase A

Figure 19. 3D whole mount in-silico expression profiling of the adult eye PCs - MFP

All figures are 3D in-silico alignments of the indicated probes on a 48h embryo. All figures are z projections
(maximum intensity), apical views ,of the stacks representing the PCs (1-38). White colure indicates
co-localization according to the co-localization highlighter plug-in of Image J.

(A-D) Examples for co-expression of the indicated TF and Sepiapterin Synthase A in the mentioned stacks. (E-H)
Examples for a differential co-expression of the indicated TF and Sepiapterin Synthase A in either the ventral PCs
(E,F,G)- the positive cells are circled by a blue dashed circle. Or the dorsal PCs (H) - the positive cells are circled
by a yellow dashed circle. By the observation that the dorsal and ventral PCs have different MFP we have defined
the adult eyes PCs as comprising two cell types: dorsal PCs (dPCs) and ventral PCs (vPCs). DII, Distal-less;
BF1, Brain factor-1. (I-L) examples of TFs not expressed in the adult eyes PCs. VACHT, vesicular acetylcholine
transporter; Sim, single-minded; Dbx, developing brain homeobox.
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r-opsin  Z projection stacks 42-46 r-opsin r-opsin r-opsin

r-opsin r-opsin r-opsin r-opsin

r-opsin r-opsin r-opsin

r-opsin

Figure 20. 3D whole mount in-silico expression profiling of the larval eye (LE) r-opsin positive cell

(the pigment cell - PC) - MFP

(A) in-silico alignment of FVRI and r-opsin probes at 48h. Z projection of stacks 42-46. These stacks were chosen
for the analysis of the MFP of the larval eyes since they comprise the cell bodies of both the LE FVRI cell (pointed by
ared arrow) and the LE pigment cell (pointed by a green arrow). The cells analyzed in this section are circled by a
dashed white circle (A, B).

(B-L) All figures are 3D in-silico alignments of the indicated probes on a 48h embryo. All figures are z projections
(maximum intensity), apical views ,of the stacks representing the LE PC (42-46). White colure indicates
co-localization according to the co-localization highlighter plug-in of Image J. (B-F) Examples for co-expression of
the indicated TF and LE r-opsin in the mentioned stacks. Ngn, Neurogenin. (G-L) Examples of TFs not expressed in
the LE r-opsin cell. Dach, Dachshund; Hh, Hedgehog.
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r-opsin Z projection stacks 42-46

Figure 21. 3D whole mount in-silico expression profiling of the larval eye (LE) FVRI cell (the rhabdomeric
photoreceptor cell, rPRC) - MFP

(A) in-silico alignment of FVRI and r-opsin probes at 48h. Z projection of stacks 42-46. these stacks were chosen
for the analysis of the MFP of the larval eyes since they comprise the cell bodies of both the LE rPRC cell (pointed
by a red arrow) and the LE pigment cell (pointed by a green arrow). The cells analyzed in this section are circled
by a dashed white circle (A, B).

(B-L) All figures are 3D in-silico alignments of the indicated probes on a 48h embryo. All figures are z projections
(maximum intensity), apical views ,of the stacks representing the LE rPRC (42-46). White colure indicates co-
localization according to the co-localization highlighter plug-in of Image J. (B-E) Examples for co-expression of
the indicated TF and LE FVRI in the mentioned stacks. VAChT, Vesicular acetylcholine transporter;

Syt, Synaptotagmin; Sim, Single-minded. (F-L) Examples of TFs not expressed in the LE rPRC cell. Note that in
these examples (F-L) the indicated TFs are expressed in the LE PC but not in the LE rPRC. TIl, Tailless; Ngn,
Neurogenin; COE, Collier.
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| visually analyzed the 148 combinations and caséd a raw data table of co-
expression versus non co-expression results. €igay

Using the data from this table, Raju Tomer perfaradierarchical clustering
analysis of the molecular finger print. The clustgrand its’ analysis are presented in
figures 22 and 23.
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Figure 22. Hierarchical clustering analysis (1, Raju Tomer) done on the raw expression data shown in the
table (2).

In 1 and 2: LE r-opsin/PC, Larval eye r-opsin/pigment cell; LE FVRI/PRC, Larval eye FVRI/photoreceptor cell;
AE _V_PRCs, Adult eyes ventral photoreceptor cells; AE_ D PRCs, Adult eyes dorsal photoreceptor cells;
AE V _PCs, Adult eyes ventral pigment cells; AE D PCs, Adult eyes dorsal pigment cells.

In 1: Note that the continuous yellow line draws a border between the larval and the adult eyes while the dashed line
draws a border between the adult eyes PRCs and adult eyes PCs (in order to facilitate the overview of the analysis).
Red square indicates positive for expression, black square indicates negative for expression.

In 2: The square highlighted in yellow indicates a known dynamic expression pattern - the LE FVRI/PRC expresses
Tryptophan 2,3 dioxygenase at 24h but not at 48h. We included it as negative in order to be consistent with the
chosen 48h stage.

Note that in the tree made from the clustering, the adult eyes cell types cluster together, so do the larval eye cell
types, indicating that these eyes are different eye types, controlled by different molecular mechanisms. In order to
further explore this finding [ have grouped the analyzed genes into 3 groups, as indicated by A,B and C (1). This
will be further discussed in the following figure (figure 23).
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A first observation was the different signaturedofsal rPRCs vsventral rPRCs.

And the same case for the PCs. Therefore the aged#t are composed of 4 cell types
(in terms of molecular fingerprint) and the laregkes contain 2 cell types (rPRC and
pigment cell).

Other features of the MFP (see figure 23) : GrAud genes is expressed (among
the cell types included in this analysis) onlyhe tdult eyes and not in the larval
eyes. Sub-group A.1 are genes that expressedhintiiAE PRC and the AE PC as
apposed to sub-groups A.2 and A.3 that are exptesdyg in the AE PRCs and the
AE PC, respectively.

Group B represents genes that are shared in exgrdsstween the adult and larval
eyes. Note that Otx is expressed in all cell tygfdsoth AE and LE. The genes in sub-
group B.1 (r-opsin and COE,) are expressed in R€dof both AE and LE.

Group C of genes is expressed (among the cell imo&sled in this analysis) only in
the larval eyes and not in the adult eyes (withetkaeption of Tll, Wnt5 and BF1). In
this group we can distinguish between 4 sub-groGgk: genes that are expressed
only in the LE r-opsin/PC. C.2: genes that are egped in both cells of the larval eye.
C.3: genes that are expressed in both cell typ@sedarval eyes as well as in the
ventral adult eyes PRCs and ventral adult eyes €d@s(VAChHT) is expressed only

in the LE FVRI cell. Interpretation and conclusiafghese results is discussed in the
“Discussion” chapter.
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Figure 23. Hierarchical clustering analysis (Raju Tomer) - detailed view.

(A) This group of genes is expressed (among the cell types included in this analysis) only in the adult eyes and not
in the larval eyes. (A.1) this sub-group of genes are expressed in both the AE PRC and the AE PC as apposed to
sub-groups (A.2) and (A.3) that are expressed only in the AE PRCs and the AE PC, respectively.

(B) This group represents genes that are shared in expression between the adult and larval eyes. Note that Otx is
expressed in all cell types of both AE and LE. The genes in sub-group B.1 (r-opsin and COE,) are expressed in the
PRCs of both AE and LE.

(C) This group of genes is expressed (among the cell types included in this analysis) only in the larval eyes and not
in the adult eyes (with the exception of Tll, Wnt5 and BF1). In this group we can distinguish between 4 sub-
groups: C.1 genes that are expressed only in the LE r-opsin/PC. C.2 genes that are expressed in both cells of the
larval eye. C.3 genes that are expressed in both cell types of the larval eyes as well as in the ventral adult eyes
PRCs and ventral adult eyes PCs. C.4 (VAChT) is expressed only in the LE FVRI cell.
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3 A role for the hedgehog signaling pathway in Pdu
eyes development (In collaboration with Dr. Kristin
Tessmar-Raible)

3.1 The expression of hedgehog, Gli-1, Smo and
sufu

The following Platynereis hedgehog (Hh) pathwayeunales were cloned in the lab
by Dr.Kristin Tessmar-Raible and Fay Christodoul&onic hedgehogHf) , Gli-1,

Smoothened (Smandsuppressor of fusedfu).

Dr.Kristin Tessmar-Raible and me looked at thepression pattern (by wholemount
in-situ hybridization) around the start and end of thehition with Cyclopamine:
24,38 and 50hpf. (See Figure 24)

Smoothened expression:

At 24hpf it is expressed in 2 cells in the dorgalifn. At 38hpf it is expressed in the
mentioned dorsal brain cells, 2-3 on each sidedbfition expression in the ventral
lateral brain is observed which is deeper therdtiveal brain staining. The ventral
cord is also stained. At 50hpf the expression fatithe one of 38hpf. The dorsal
brain regions are now found closer to the venatarhl ones (See figure 24,A-D).

Hh expression:

At 24hpf, Hh is expressed at symmetrically dorsgions of the brain (in vicinity to
the future adult eye anlage) and weakly in the gpheg stomodeum.

At 38hpf it is expressed in the mentioned dorsairbregiones, in the stomodeum and
in horizontal strips at the ventral plate.

At 50hpf it is expressed weakly at a very supeafionedial brain area, in the
mentioned dorsal brain regions, in the stomodeudnmsymmetrically ventral brain
regions (See figure 24,E-H).

Gli-1 expression:

We looked at Gli-1 expression as early as 19hjs, eixpressed at 2 posterior-dorsal
cells. At 24hpf it starts to be expressed in tharbm a weak, diffused like fashion. At
38hpf its brain expression is gathered into twaswetrically dorsal-medial regions,
between the adult and larval eye anlage, but guperficial. It is also expressed
weakly in the dorsal half of the stomodeum, antheventral plate — in horizontal
stripes (ladder like). At 50hpf the expressionimsilar to the one of 38hpf and
additional ventral lateral regions, deeper thendibvsal ones are also observed. (See
figure 24, I-L).

Sufu expression:

We looked at Sufu expression as early as 19hsfgixpressed in 2 apical cells. At
38hpf there are two small groups of expressioménldrain: the one is in the dorsal
medial brain, relatively deep. The second is inrdggon of the apical organ and very
superficial. It is also expressed in few cellsh&t inedial dorsal region. At 50hpf the
expression remains as at 38hpf (See figure 24,M-P).
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Figure 24. Expression patterns of Platynereis Hedgehog signaling pathway molecules.

(A-L) whole mount in-situ hybridization with the probes indicated on the left side. Stage and orientation are indicated.
(H,L,P) Z projections of whole mount in-situ hybridization combined with anti-acetylated tubulin antibody scanned by
confocal microscopy. (A-D) Smoothened expression: Note the two symmetrical expression domains in the brain, one
in the dorsal brain (B, pointed by red arrows) the second in the medial brain, deeper then the first (C, pointed by red
arrows). Both expressed also earlier (A). It is also expressed in the ventral nerve cord (D). Hedgehog expression: Note
the two symmetrical expression domains in the dorsal brain, higher one (E, pointed by red arrows) and deeper one

(F, pointed by red arrows). Note the expression in the stomodeum (F, marked by a dashed circle. M=mouth opening).
Note the transverse stripes of expression in the ventral plate (G, marked by red dashed lines). Gli-1 expression: note
the two symmetrical expression domains in the brain, one in the dorsal brain (I, pointed by red arrows) the second in
the medial-dorsal brain, deeper then the first (J, pointed by red arrows). Note the expression in the ventral plate

(K, bounded by red lines. M=mouth opening). Sufu expression: note the restricted expression domains in the region of
the apical organ. The most superficial expressing cells are shown in N (N, pointed by red arrows). The deeper ones are
shown in M and O (pointed by red arrows). Additional expressing cells are found on the dorsal side (M).

In order to get more insight about the identityhaf cells that express these genes and
about co-expression of the pathway genes, | hareedtthe process of inserting them
into the pipeline of the Wholemount In Silico Exgsen Profiling protocol (Raju
Tomer and Detlev Arendt, unpublished, currentlyilakde for 48hpf stage).

Gli-1 was scanned by me (x5) and Hh was scanndRblly Tomer (x5). These genes
were included in the molecular fingerprint analysdishePlatynereiseyes.
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The following doubléan-silico alignment on 48h stage were done:

1. Gli-1 and Hh. From this alignment we could dest Gli-1 and Hh are co-expressed
in a group of cells located at the dorsal lateralrh in a region adjaceid the adult

eye anlage. See figure 25,A.

2. Gli-1 and r-opsin. From this alignment we cosde that Gli-1 and r-opsin are not
co-expressed. See figure 25,B.

3. Sepiapterin synthase A and Hh. From this aligitme= could see that Sepiapterin
synthase A and Hh are nob-expressed. See figure 25,C.

4. Sepiapterin synthase A and Gli-1. From thisratignt we could see that
Sepiapterin synthase A and Gli-1 are co-expressétkei adult eyes pigment cells
(found in stacks 24-37). See figure 25,D

Sufu and Smo are currently being processed andchedaand will also be included in
the database.

48h Z projection 48h Z projection 48h Z projection

Figure 25. 3D in-silico alignments of Hh, Gli, r-opsin and Sepiapterin Synthase A.

All images are Z projection, Maximum intensity of different stacks (according to the cells analyzed, mentioned for each
picture individually). White colure indicates co-localization according to co-localization highlighter plug-in of Image J.
(A) in-silico alignment of indicated probes. Z projection comprising the whole brain (down to the level of the
stomodeum). showing that cells in the dorsal lateral brain (pointed by white arrows), in close vicinity to the developing
adult eyes, co-express hedgehog and the receptor Gli-1. the co-expressed cells are found in stacks 36-55 in which the
PRC:s are also present. (B) in-silico alignment of indicated probes, Z projection of stacks 38-63 (stacks representing the
rPRCs with r-opsin). No co-expression is observed. (C) in-silico alignment of indicated probes, Z projection of stacks
24-37 (stacks representing the PCs with Sepiapterin Synthase A). No co-expression is observed. (D) in-silico alignment
of indicated probes, Z projection of stacks 24-37 (stacks representing the PCs with Sepiapterin Synthase A). Note that
the AE PCs co-expressing the receptor Gli-1 (indicated by white arrows).

3.2 Cyclopamine inhibition results

We have used Cyclopamine to block the Hh pathwalatynereis The method,
drug concentration and the inhibition periods asaidibed in “Materials and
Methods” section 4.4.

For the analysis of larval eye developmédatvae were fixed at the end of the
inhibition and using wholemouit-situ hybridization | have looked at larval eye
markers and potential regulators.
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The markers | have used were:

FVRI

Tryptophan 2,3 dioxygenase (inhibition 12-24hpf)

Synaptotagmin (Syt)

Pax6

Eyes absent

Dachshund

The expression of the larval eye markers FVRI plophan 2,3 dioxygenase and
Syt (also serves as a general neuronal marker) nagraffected by the inhibition,
the expression was similar to the contiadicating that the development of the
larval eyeis not affected by cyclopamine at this time andoamtration of
inhibition. Pax6 expression was reduced in theraémedial brain (see figure
26,B,F). Dach expression was reduced in 3 diffedemains (see figure 26,C,G).
EyeA was stained stronger in some of the embryes figure 26.
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Figure 26. Cyclopamine inhibition stages 18h to 30h.

Whole mount in-situ hybridization with cyclopamine treated (E-H) and control embryos (A-D). The probes used
are indicated on top. Note that according to the rPRC marker FRVI, the larval eye are present in the treated
embryos, marked by black asterisk in both A (control) and E (treated). Note the reduced ventral medial expression
of Pax6 in the treated embryos (F) as compared to the control (B) (affected region pointed by black arrows).
Dachshund expression is affected as well, in two region: the lateral dorsal expression is reduced in the treated
embryos (circled by blue circle in the control embryo, C ), the ventral lateral expression is missing (pointed by
black arrows in the affected embryo, G). Synaptotagmine expression is not significantly affected. In D and G one
larval eye is visible, marked by black asterisk (because of focus plane), however in all treated embryos observed,
larval eye staining was present.

For the analysis of adult eye developmdmtvae were fixed at the end of the
inhibition and usingn-situ hybridization | have looked at adult eye markerd a
potential regulators.
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The markers | have used were:
FVRI

Tryptophan 2,3 dioxygenase
Sepiapterin synthase A

r-opsin

Synaptotagmin

Pax258

Eyes absent

Dachshund*

(*Initial analysis of Dach expression in cyclopamiitneated embryos was done
together with Raju Tomer)

The following adult eyes cell markers were severetjuced or not expressed in the
adult eyes of the inhibited embryos:

r-opsin ,FVRI, Sepiapterin synthase A ,TryptophHaB dioxygenase (See figure
27,A-H).

Indicating that adult eydevelopment is severely disrupted by cyclopanmiébition.
Synaptotagmin expression was reduced in the labeaat and ventral nerve cord (See
figure 28,B,F).

Pax258 expression was differentially reduced inbitaeén but remained similar to the
control embryos in the trunk (See figure 28,A,E)

Eyes absent expression was reduced botleibrdin and stomodeum. (See figure
28,C,D,G,H).
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Figure 27. Cyclopamine inhibition stages 38 to S0h.

Whole mount in-situ hybridization with Cyclopamine treated (E-H) and control embryos (A-D). The probes used
are indicated on top and represent the adult eye cell markers. All views (expect E-dorsal) are apical views. Note
that according to the adult eye rPRCs marker r-opsin the adult eyes rPRCs are affected, note the reduced
expression of the gene in the treated embryo (E) compared to the control embryo (A). The second rPRCs marker
FRVI is differentially affected in the adult eyes of treated embryos (indicated by blue arrows, the larval eyes —
indicated by asterisks - are not affected). According to the pigment markers: Sepiapterin Synthase A (C,G) and
Tryptophan 2,3 dioxygenase (D,H), the adult eyes pigment cells are also strongly affected. Note that they are both
not expressed in the treated embryos (G,H) compared to the control ones (C,D).
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Figure 28. Cyclopamine inhibition stages 38 to 50h.

Whole mount in-situ hybridization with Cyclopamine treated (E-H) and control embryos (A-D). The probes used are
indicated on top. All views (expect E-ventral) are apical views. Note that Pax258 expression is differentially affected
in the brain (and not in the trunk) in treated (E) embryo compared to control (A, the affected regions are circled by
blue circles, these expression regions are located between the adult and the larval eyes, on each side of the brain).
The expression of Synaptotagmine is reduced in the lateral brain regions, as indicated by the black arrows (F).

The expression of Eyes Absent is affected in the brain of treated embryos (G) compared to control (C) and in the
stomodeum , circled by dashed circle ( H compared to D).

Dach expression was reduced in several expressimaids. Some were more
affected then others. In order to better recoggitive affected regions, I first
introduce the Dach ‘wild type’ expression pattena @ame the different expression
domains as following:

Ventral medial spots

Mushroom body anlage (ldentified as such by Rajmé&ig unpublished data)

Adult eye anlage a

Adult eye anlage b

Ventral lateral spots

Dorsal medial spots

Stomodeum

(See figure 29, A-D and figure 30,A-C)

And then compare them to a one, representing,taffeambryo (See figure 30,D-F).I
found out that the ventral medial spots and vetatakal spots were reduced in the
treated embryo. Adult eye anlage a and b and mashbmdy anlage were also
reduced in the treated embryo. Dorsal medial spete missing in the treated
embryo. In figure 31, | present statistics of tlféedent affected region in Dach
expression.
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Figure 29. Dachshund expression domains at SOh.

(A-D) Consequent apical views of whole mount in-situ hybridizations with Dachshund riboprobe. A-upper most,
D-deeper most. | have defined the expression domains as following: (A) Ventral medial spots (marked by a
white circle), Mushroom body analge (Identified as such by Raju Tomer, marked by blue circles ,also in C).
(B) Adult eye anlage a (pointed by azure arrows), Ventral lateral spots (marked by dashed white circle).

(C) Adult eye anlage b (pointed by azure arrows), Dorsal medial spots (marked by dashed blue arch).

(D) Stomodeum (marked by dashed black circle).

AEAa AEAb

-

BAEAb

Ethanol

Cyclopamine

Figure 30. Dachshund expression domains affected by Cyclopamine inhibition between 38-50h.

(A-C) Consequent apical views of whole mount in-situ hybridizations with Dachshund riboprobe on control (A-C)
and cyclopamine treated embryos (D-F). A,D-upper most, C,F -deeper most. The affected regions are marked as
following: (A,D) Ventral medial spots (marked by a white circle) are reduced in the treated embryo. (B,E) Adult
eye anlage a and b (AEAa, AEAD, pointed by azure arrows) are reduced in the treated embryo. Mushroom body
anlage (marked by blue circles) are reduced in the treated embryo. (C,F) Dorsal medial spots (marked by dashed
blue arch) are missing in the treated embryo. Ventral lateral spots (marked by dashed white circle) are reduced in
the treated embryo.

Detailed statistic (scoring of the embryos) of diigerent adult eye markers
expression is presented in figures 31,A-E. Inalkfadult eye markers: r-opsin,

FVRI, Sepiapterin synthase A and Tryptophan 2¢Xyfienase, the percentage of
strongly affected embryos is higher then 30% aedotrcentage of non affected ones
is lower then 13%. This indicates that the eftactdult eye development is
profound and consistent among the different markers

The differential effect on Dach different expresstomains is quantified and
presented in figure 29,E. It appears that the dosnaffected most severely are: the
dorsal medial spots (DMS), the ventral medial atdrbl spots (VMS,VLS) and the
the adult eyes anlage b (AEAD).
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B weak expression in one adult B weak expression in one adult
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DOweak expression in both 20 DOweak expression in both
adult eyes s adult eyes
Dnormal expression O normal expression
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n=70 5 n=79
0
C Tryptophan 2,3 dioxygenase D Sepiapterin Synthase A

O no expression in the adult

eyes 35 D no expression in the adult
B weak expression in one adult 30 eyes
eye Bweak expression in one adult
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adult eyes 20 DOweak expression in both
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Figure 31. Scoring results of cyclopamine treated embryos phenotypes.

The number of scored embryos is indicated by n=( ).The numbers written on the bars are percentages of embryos
showing the indicated phenotype.

A-D quantification of the phenotypes observed in Cyclopamine inhibited embryos at 38-50h, by whole mount in-situ
hybridization with indicated probe. The probes used in A and B are adult eyes rPRCs markers. The probes used in C
and D are adult eyes PCs markers. Note that in all four

markers the percentage of strongly affected embryos is higher then 30% and the percentage of non affected ones is
lower then 13%. E - The effect of Cyclopamine treatment between 38-50h on Dachshund different expression
domains: AEAa/b, adult eye anlage a/b; DMS, dorsal medial spots; MBA, mushroom body anlage; VMS, ventral
medial spots; VMS, ventral lateral spots.
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Detailed statistic (scoring of the embryos) of dfiect on different adult eye potential
regulators expression is presented in figures E,R-appears that the effect of
cyclopamine treatment on them is alike, having a®@% of the embryos severely
affected. Eyes absent is the most mildly affecti®4 of embryos with weak
expression) and Pax258 (94% of embryos havingreitbdrain expression or weak
brain expression) is the most severely affected.

A Synaptotagmin - Brain B Synatotagmin - Ventral nerve cord
50
80
45
i 40
Tno ventral nene cord
60 B reduced/weak brain 35 expression
50 expression 30 W reduced/weak ventral nene
o O normal brain expression 25 cord expression
20 Onormal ventral nerve cord
30 expression
15
20 n=41 10 n=41
10 5
0 0
C Eyes absent - Brain D Eyes absent - Stomodeum
60
50 )
Tno stomodeum expression
40
Bweak brain expression mweak stomodeum expression
O normal brain expression 30
Onormal stomodeum
20 expression
n=35 10 n=35
0
E Pax258
45
40 i
O no expression in the dorsal
35 brain
30 D weak expression on one side
o of the brain
DOweak expression on both
= sides of the brain
15 B normal expression
10
5
n=90

Figure 32. Scoring results of Cyclopamine treated embryos phenotypes.

The number of scored embryos is indicated by n=( ).The numbers written on the bars are percentages of embryos
showing the indicated phenotype.

A-E quantification of the phenotypes observed in Cyclopamine inhibited embryos at 38-50h, by whole mount in-situ
hybridization with the indicated probe. In (A,B) and (C,D) the differential effect on different expression domains of
Synaptotagmin and Eyes absent (respectively) is observed. Pax258 is only affected in the brain, the ventral expression
is not affected.
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Discussion



3.1 Platynereis adult versus larval eyes

My main research interest has been to find out whtlite evolutionary ‘relationship’
betweerPlatynereisadult and larval eyes and what can we learn ftambout the line
of eye evolution irPolychaetesAt the beginning of my research we postulated tha
two scenarios are possible for explaining the eiatuof adult and larval eyes and
their cell types (photoreceptor and pigment cétis)olychaetes

1. Today’sPlatynereiseyes have evolved from an ancient eye that wéaallpi
composed of two cellsPRC and a PC. This bicellular eye was duplicédefdrm the
adult and larval eyes. In this scenario we wouloeex that the adult eye rPRCs and
the larval eye rPRCs will be more related to eablemthan are the adult rPRCs and
the adult PCs, for example. This would be becausesplit into adult and larval eyes
would have occurred after the two celled eye wessadly present. (See figure 1 for
illustration).

2. Today’'sPlatynereiseyes have evolved from an ancient eye that waaliyi
composed of a singleell. This cell had the characteristics of botalbdiomeric
photoreceptor cell (rPRC) and a pigment cell (Ri&refore it had a rhabdom and
pigment granules. This cell then duplicated into tdentical cells, one that will later
form the adult eye and the other, the larval eybs.second step was the parallel
diversification of each of these two identical seétito rhabdomeric photoreceptor
cells and pigment cells which constitute both thiauet larval and adult eyes. (See
figure 1 for illustration)

In this scenario we would expect that the PCs efatiult and larval eyes will be less
related to one another than are the PC and the d?R@ larval eye, for example.
This would be because the split into two differesit typeswould have occurred after
the split of the ancestral cell into adult and &#myes.

During my research | accumulated evidence that@tppe second hypothesis.
| would like to present and discuss them in théofing sections:
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Figure 1: Two possible scenarios for the evolution of adult and larval eyes and their cell types in
Polycheates.

(A) The first possible scenario where a bicellular proto eye was the ancestral eye. This proto eye was first

duplicated to give rise to the adult and larval eyes and then diversified in each of the eyes and gave rise for the
different cell types.

(B) The second possible scenario where a single cell proto eye was the ancestral eye. It was duplicated and

diversified into the adult and larval eyes. This was then followed by the diversification of this cell into two
different cell types.

In the ancestral proto eye: black circles represent pigment granules of unknown material.
In the adult eyes: Dark brown circles represent pigment granules originating from the Ommochrome synthesis
pathway, Orange circles represent pigment granules originating from the Pterin synthesis pathway. White circles

represent membrane bound granules filled with unknown material that accumulate at the apex of the PCs to create
the lens.

In the larval eyes: light brown circles represent pigment granules originating from the Ommochrome synthesis
pathway. I colored it in light brown since the Ommochrome synthesis marker is expressed in the larval eyes only
until stage 30hpf. At 48hpf either this enzyme nor the Pterin synthesis enzyme are expressed in the larval eyes.

(C) A tree describing the evolutionary relationship between the different cell types of Platynereis adult and larval
eyes, based on the hierarchical clustering analysis.

LE, Larval eyes; AE, Adult eyes; PC, Pigment cell; PRC, Photoreceptor cell; V, Ventral; D, Dorsal.

3.1.2 Molecular fingerprint of Platynereis adult and
larval eyes

The hierarchical clustering analysis, based omtbkecular fingerprint (MFP) of the
different cell types oPlatynereiseyes, revealed as a first finding that the adRIRCs
as well as the adult PCs are composed of distinyctheir MFP) dorsal and ventral
cells. I would speculate that such distinction ex@ue to the fact th&tlatynereis
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developgwo pairs of adult eyes: anterior and posterior. Thalagen are at first joint
and will separate at late 3-day-old larvae (Rhd@@2}). | would assume that even
though in the examined stage (2-days-old larvaaj #imlagen are still ‘shared’, a
molecular regulatory distinction has already beeprinted. Among the genes that are
expressed differentially in either the ventral orghl adult rPRCs and adult PCs, two
genes actually share a common feature, being esgutemly in the ventral rPRCs and
the ventral PCs of the adult eyes as well as ih baies of cells of the larval eyes.
These are: Wnt5 and BF1. Therefore, they mightesgont ‘ventral oriented’

regulators of rPRCs and PCs (since the larval agefocated in the ventral half of

the brain).

The clustering analysis also shows that:

1. The adult eye ventral and dorsal rPRCs clustggther, as well as the adult eye
ventral and dorsal PCs.

2. The two types of adult eyes rPRCs and two tgbesiult eyes PCs cluster together.
3. The larval eyes rPRCs and PCs cluster together.

(See figure 1,C for illustration)

This result supports the second hypothesis sirdmeith the cell types of the larval
eyes are more closely related to each other tregnate to any of the adult eye cell
types. And this is the scenario we would expetitefcourse of evolution was one that
originated from a single cell proto eye that folgplicated to give rise to the adult and
larval eyes and only then diversified and gave tasthe different cell types existed
today in both eyes.

3.1.3 Molecular differences between adult and larval
eyes

If we look in more detail into the MFP we will fintiat key regulators of eye
development are distributed in their expressiothabwe find transcription factors
that are adult eye specific (e.g. Six1/2, Eyea lD&x) and others that are larval eye
specific (e.g. Pax6, Sim, Chx10).

In addition, few effector genes are also adult.(8&piapterin Synthase A,
Tryptophane 2,3 dioxygenase, VGLUT) or larval epedific (e.g. Acetylcholine
receptor7/8, VACHT). (See figures 22 and 23, inSiR&s’).

Therefore, the MFP clearly supports the view thatddult and larval eyes are
different ‘types’ of eyes, which evolved indepenigand are controlled by different
molecular regulators.

3.1.3.1 Platynereis larval eye r-opsinll

The expression of r-opsin adds another distinandhe MFP ofPlatynereiseyes,
which is directly related to the function of theeey As mentioned beforBlatynereis
r-opsin is detectable in the adult eyes from thanty differentiation stage : around
43hpf (Arendt, Tessmar et al. 2002), however inldineal eyes, it is detectable only
one day after they have formed. | cloned a se¢datynereisr-opsin, Pdu r-opsin |l,
from a 24hpf cDNA library.
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Even though a clear and ‘confident’ expressiongpattor this gene was not obtain,
that will correlate this gene directly to the ldreges rPRC, we do think that this gene
is a true Platynereis larval r-opsin. Our argumangs

1. According to sequence homology, Pdu r-opsirusters with a newly identified
r-opsin fromCapitella capitata(Tobias Kaller, unpublished data).

2. The newly identifiecCapitella capitata r-opsin is expressed in the larval eyes of
Capitella (Tobias Kaller, unpublished data)

3. I have confirmed Pdu r-opsin Il as a tRlatynereisgene by southern blot
hybridization using genomic DNA.

Based on these arguments we postulate that Pdsim-bbis expressed at early stages
(at least between 17h and 24h, since detectionhmfamountin-situ hybridization

was made at 17h,24h and the cloning of the genedaras from a 24hpf cDNA
library) when phototaxis start to take place. Wie'tthowever determine if it is

indeed theopsin responsible for the phototactic behavior exressed in the rPRC
(that is FVRI positive).

3.1.4 The ancestral single cell eye hypothesis

Regarding the distribution of the pigment cell nesk(Sepiapterin Synthase A and
Tryptophane 2,3 dioxygenase) expression, it ig@steng to note that they are both
expressed in both the rPRCs and the PC of the agedt Tryptophane 2,3
dioxygenase is expressed both in the rPRC and@hef Ehe larval eyes, at 24hpf.
This support the idea thBtatynereissPRC and PCs are actually sister cell types that
trace back to a single ancestral cell which coeticharacteristics from both cell
types: Photopigment as well as shading pigment.

Such mechanism for cell type evolution is termeggi®gation of functions in sister
cell types’ (Detlev Arendt, Nature Reviews Geneticgpresy. It implies that in the
beginning of Metazoan evolution, few cell typeshaitultiple functions existed that
then diversified by distributing their functions ang the emerging sister cell types,
resulting in greater number of specialized desaeinckells. These events are reflected
by a selective loss of expression of effector agiilatory genes resulting in selective
loss of function.

This idea is in line with the finding of specialadicin the planula larvae of a box
jellyfish, Tripedalia cystophora

cubozoan larvae reveals a simpler organization itnamost other cnidarian larvae,
having a radially symmetrical body plan. They hamg two tissue layers, five cell
types and no nervous system, cubozoan larvae emeftine among the most simply
organized animal life-forms. Their only advancedtiee is the presence of 10-15
pigment-cup ocelli, evenly spaced across the postealf of the larval ectoderm.

These ocelli are single cadtructures containing a cup of screening pigmidatlf

with presumably photosensory microvilli. These hainericphotoreceptors have no
neural connections but each has a well-developddrredium, appearing to be the
only means by which light can control the behawbthe larva, see figure 2
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(Nordstrom, Wallen et al. 2003). Their ocelli reggat the one of simplest visual
system described.

Combined with the larvaes’ general simple orgamrathese ocelli support our
hypothesis regarding the type of ancestral proeafypolychaetes and even expands
it to the base of Invertebrate linage: that theeatral proto eye was a single
multifunctional eye comprising three features: pipaggment, shading pigment and a
motor cilium (exactly as exhibited in the ocellitbe cubozoan larvae).

Regarding the third feature - the motor ciliuPhatynereislarval eyes are also
associated (spatially and functionalyith multi ciliated cells, as will be discussed i
section 3.7. These findings support a single comarain for rPRCs ,PCs and
ciliated cells.
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Figure 2. Schematic drawings of (a) the planula larva of Tripedalia cystophora and (b) a close-up

of an ocellus.
In (a) the extremely simple larval body has two tissue layers and a total of only five different cell

types. The single cell ocellus (b) has a fully developed cilium, photoreceptive microvilli and a
pigment cup. (Nordstrém et al.2003)

3.1.5 Comparing the MFP of Platynereis and
Drosophila eyes

If we compare the MFP d?latynereiseyes tdrosophilaeye regulation networks,

we will find that for the retinal determination me&trk genes (regulating the adult
compound eye), for example, 3 out of 4 of themaateally shared witPlatynereis
adult eyeMFP:

Six1/2, Eyea and Dach. The one that isinoluded is Pax6, it is part of the larval eye
MFP.
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An interesting observation is that alsddroshophilg there are interesting similarities
and differences between PRCs subtype specificatitme larval and adult eyes.
The larval eye consists of two distinct PRCs subsy[®RCs containing blue-sensitive
Rhodopsin-5 (Rh5) and PRCs containing green-seadkh6. These two kinds of
rhodopsin are found in the R8 PRCs of the adult(gya similar ratio), and are
specified by the bistable loop of thertsandmeltedtumor suppressor genes.
Surprisingly, in the larval eyes, the distinctiogtwween Rh5 and Rh6 expression is
regulated by a different mechanism:

Primary precursors, which give rise to the Rh5gpdtPRCs, signal to the
surrounding tissue to develop as secondary prenstich become the Rh6
subtype. EGFR signaling is required for the sutvbfdhese secondary precursors.
The combinatorial action of the three transcripfiactors Sal, Svp, and Otd then
direct the differentiation of the two PR subtyp8grecher, Pichaud et al. 2007).
Interestingly, even though larval PRs and the ad8lhave the same rhodopsin
content, the mechanisms to establish their faeseamarkably different, a situation
reminiscent oPlatynereisadult and larval eyes, which express (at 48h@)séime r-
opsin, but have a different MFP.

The shared and distinct gene regulating adult anal eyes in Drosophila are
summarized in the following table (distinct genes laighlighted in gray):

As a conclusion from the comparisonDmsophila we can say that, on the
molecular levelthe larval eyes of annelids and insects are difteiges well as the
adult annelids and adult insects eyes.

Adult compound eyes

Larval eye (Bolwig’s organ)

Atonal Atonal
Eyeless Eyeless
Sine Oculis Sine Oculis
Eyes absent Eyes absent
Signaling molecules | TGFa (Spitz) TGFa (Spitz)
Hh Hh
Tailless
Dachshund
Specifying rh5 vs. warts Spalt
rh6 rhodopsin fates melted Seven-up
Orthodenticle
Specifying rh7 vs. Prospero
rh8 rhodopsin fates

Vertebrates eye development regulators are altmpRtatynereisadult (e.g. Eyea,

Rx, Six3) and larval (e.g. Pax6, Chx10) eyes MFP.
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3.2 The fine structure of Platynereis adult and larval
eyes basic units: rPRC and PCs

If we look closely at their described morphologyn@de 1992) we will find some
apparent differences between the same cell typteedivo eyes:

1.The adult but not the larval PCs send long pcestaining granules filled with
unknown material that accumulate at the apex oPtis to creates the lens (also
known as the ‘vitreous body’).

2. The adult PCs contain two types of pigment gesi(described as such by electron
microscopy study, Rhode 1992 ) while the larvalseg@ntain only one type of them.
In this respect it is interesting to note that \vae well correlate and explain to some
extant the presence of these one/two types of piggranules types: the adult eyes
PCs express two pigment markers (Sepiapterin SyatAaand Tryptophane 2,3
dioxygenase) acting in two distinct pigment systhgathways: the pterin and the
ommochrome (respectively) synthesis pathways. @ahal eyes express only one of
them, Tryptophane 2,3 dioxygenase.

3. The adult but not the larval eye rPRCs contaampnt granules (of one type).

This can also be nicely correlated to the MFP stheeadult rPRC express the two
pigment synthesis markers mentioned above, whadatval eye rPRCs (at 48h) does
not express either of them (it does, however espregptophane 2,3 dioxygenase
between stages 15-24hpf).

Pigment granules in polychaete PRCs are commouartea®igment granules in PCs
as well as in PRCs have been reported for examplanadis tagensis (Hermans and
Eakin 1974) and Archtomoe vitata (Singla 197%)e Gbsence of pigment granules
in larval eyes PRCs was also reported for O.ctemast(\VVerger-Bocquet 1983).

From these fine observations we can conclude tegeteyes actually also differ
based on the morphology of their basic units: BRRC and the PCS.

In my PhD | have (together with Dr. Gaspar Jekalghtified a new cell type that is
tightly associated with the rPRC of both adult targtal eyes. These cells are flask
shape cells that express the amidated neuropdpéié. This neuropeptide is also
expressed in both adult and larval rPRC but mopomant, it is expressed in cells
adjacent tadhe rPRCs of both eyes, representing a sharegréebétween the adult
and larval eyes. We also observed that the nunfifevRl cells found in close
vicinity to the rPRCs increases during developmienboth eyes. (See figures 3,10
and 13, in ‘Results’ for FVRI expression pattern).

In Cnidaria, Photoreceptive organs are well assegiaith neural cells showing
immunoreactivity to RFamide peptides (the same lfataiwhich Platynereis FVRI
peptide belongs to). | will mention one examplepamfew, to illustrate a possible
role for these peptides associated with eyes:

A possible function of neuropeptidestiransmission of photic stimuli was assayed
by analyzing photic behavior in the cubomediigpedalia cystophorawhich has
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highly developed eyes. In this assay light orieatatvas effectively prevented by
RFamides administered to the animals in micromodauicentration. This result
support the hypothesis that one possible functidRF@amides in Cnidaria is to
transmit photic stimuli to epitheliomuscular tagéschneider 2003).

We therefore postulate that these cellRlstynereisalso have a role in transmitting
photic stimuli from the rPRCs to the operating oig/aystems.

3.3 Larval and adult eyes respond differently to
hedgehog antagonist

By looking at signaling/extracellular componenegt developmentRlatynereisHh
pathway - another distinction betweRlatynereisadult and larval eyes is added.
Using Cyclopamine to inhibit the Hh pathway, | slealthatPlatynereisadult eyes
development is severely disrupted, by the redudtiaghe expression of rPRC and PC
markers. (For further details see ‘Results’ secl@®).

In contrast, larval eyes development was not adfé&¢according to the expression of
rPRC and PC markers).In this respect | would likkenention that three candidate TFs
(that were chosen for the experiment betbeeMFP analysis was completed) for the
regulation of larval eyes, were affected. These are

Pax6 was down regulated in the ventral medial beanmegion that doesniiclude the
larval eyes (they are laterally located). Dach Bpda were down regulated and
slightly up regulated (respectively), however warfd out that they are not part of the
larval eyes MFP, and therefore | assume that tloest gplay a role in their
development.

We believe that the effect on adult eye developrigedte to the combined down
regulation in the expression of the following tremgtion factorsPax258, Dach and
EyesA(see figures 28 and 30, in ‘Results’, forsitu hybridizations, figures 31 and
32, in ‘Results’, for statisticsThese TFs are three of the eight adult eyes spddis
according to our MFP analysis. We also think thateffect of cyclopamine is
specific and not the result of a general toxicitg& causing a developmental delay.
Two supporting evidence for this are:

1. The differential down regulation B&ax258in the brain as apposed to the trunk,
where it is not affected.

2. We could see that the treated embryos wereewaldpmentally retarded by two
observations:
a. The fact that their chaetae were protruding éthe body, as characteristic for
50hpf stage.
b. According to immunostaining with anti-acetylatedulin antibody we could
see that overall, their nervous system doesn’estdifbm major abnormalities.

In addition the spatial and temporal expressioRad_Smo, Pdu_Gli-1 and Pdu_Hh

is nicely correlated to the adult eye developmtmgse three pathway components are
expressed next to the proposed adult eye anlagm@rTessmar et al. 2002), at the
dorsal lateral brain (see figure 24, in ‘Result$heir expression becomes prominent
at around 30hpf, which is before the formationhaf &dult but after the formation of
the larval eyes.
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By severalin-silico alignments oPlatynereisHh pathway players (see ‘results’
section 3.2) we also found out that:

1. Pdu_Hh and Pdu_Gli-1 are co-expressed in softseeatéhe dorsal lateral brain
2. Pigment cells express Pdu_Gili-1.
(See figure 25,A in ‘Results’).

Therefore they could be the cells receiving theskdimal for further growth and
differentiation of the adult eyes. We do howevepalee a severe effect of
cyclopamine on the differentiation of the rPRCsr{gs-opsin and FVRI as markers
for there cells). | would therefore speculate tha&latynereisadult eyes, rPRCs and
PCs differentiation are two dependent events, nngathiat the future/committed
rPRCs require some kind of a signal (maybe viaadllinteraction) from the PCs,
which receive the Hh signaling, in order to furtdédferentiate into rPRCs.

This possible scenario might resembles the mecmaloyswhich Hh signaling act in
the vertebrate retina, where Hh proteins are egpreby postmitotic retina ganglion
cells and retina pigmented epithelium cells, whidevnstream components of the
cascade (Patched, Smo and Gli) are mainly exprdssaddifferentiated precursors
(See figure 9, in ‘Introduction’).

We could therefore speculate that Rdatynereisthe signaling cells for adult eye
development are the Hh positive ones found on tieadl lateral brain, in close
vicinity to the developing adult eyes, and as nm@d above, the cells that receive
the signal are the PCs that send the signal futthitre future rPRCs.

3.3.1 Differences in Hh signaling between
Drosophila and Mammals

According to confocal scans of wholemoumsitu hybridization with a riboprobe for
Pdu_Sufu combined with anti-acetylated tubulintaodiy, it looks as if this gene is
expressed, in few cells, in the region of the brdiary photoreceptor cells (dorsal
medial brain, and not in the dorsal lateral regidrere all the other pathway members
are expressed). Therefore Pdu_Sufu expressiomistsmw puzzling

But, if we look closely at some comparative studiethe Hh pathway players we

will find that Su(Fu), together with Smo and Cos2 eomponents of the pathway that
have diverged remarkably betwderosophilaand mammals. | will briefly describe
the main differences:

Hh signaling is intact irosophilaembryos lacking Su(Fu) function, and such
embryos develop into viable and fertile adults &d992). Su(Fu) therefore exerts a
weak negative influence on Ci activity. In contr&tosophilaCos2 is a critical
component of the Hh pathway; it associates diregitly the Hh receptor component
Smoothened (Smo), and is essential for suppressithe transcriptional activity of

Ci in the absence of ligand. Loss of Cos2 resalesmbryonic lethality due to
constitutive activation of the Hh pathway (Grau &wchpson 1987; Sisson, Ho et al.
1997) .

However, despite the critical role of Cos2 in Dnaisita, mammalian proteins acting
equivalently to Cos2 have not been described.

A recent study explored the conservation of thevaboentioned Hh pathway
members betweedrosophilaand mammals. In brief, the mouse Smo (mSmo) C-
terminal domain that iDrosophilais phosphorylated in response to Hh and binds to
Cos2 isnot required for mammalian Smo function. On the otieard RNAIi-induced
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loss of Su(Fu) expression in mammals results iraedtic increase in Shh pathway
activity. (Varjosalo, Li et al. 2006).

(See figure 7, in ‘Introduction’, for pathway iltmation)

Based on theses finding and the expression paifesa(Fu) inPlatynereis | would
postulate thaPlatynereisSu(Fu) probably does not play an essential role in
PlatyenereiHh pathway.

The differential effect of cyclopamine inhibitiom @dult but not larval eyes adds
another distinction between the adult and larvakapPlatynereis

3.4 Prox1 cloning and expression (collaboration)

TheProx1/Prosperacollaboration project is aiming at performing ass species
comparison oProx1expression and regulation. The hypothesis istheatssociation
of Prox1 with rhabdomeric photoreceptors is conserved ad@iateria and that
Prox1 has a role in the regulation of r-opsin eggpi@n in these cells. The first
indication for such regulation comes franosophila(Cook, Pichaud et al. 2003),
where it was shown that Prospero is necessaryufidient to repress R8
Rhodopsinsgn vivo (via direct interaction with Seq56 - an R7 repras element - in
R8 rhodopsin promoters ) and that it thereforecaf®7 versus R8 cell fate
decisions.

My contribution to the project was:

1. To show, byn-situ hybridization patterns, a correlation between Rramd r-opsin
expression ifPlatynereis

| have synthesizeRBlatynereiscDNA that was used for Pdu-Prox1 cloning. Then,
wholemountin-situ hybridization with a Pdu_Prox1 riboprobe Blatynereis24, 48
and 72hpf embryos was done by me. The initial aaslgf the expression pattern
looked very promising for adult and larval eyesresgion. This was then confirmed
by including this gene in the 3D silico expression profiling protocol (Raju Tomer
and Detlev Arendt, unplished data). The resulteweat Prox1 is expressed, at
48hpf, in the photoreceptor and pigment cells efdadult eyes and in the r-opsin
positive cell (the pigment cell) of the larval eyskowing that the co-expression of
Prox1/Prospero and r-opsin is conserved betweeps6zda and Lophotrochozoa.
(See figure 6, in ‘Results’, for Prox1 expression)

AmphioxusProx1 is expressed in the Hesse cells and in tieddmeric
photoreceptors located dorsally in the brain, theeph cells (Pavel Vopalensky,
unpublished data) as revealed by double immunastaimith Amphioxus prox1
antibody and Amphioxus r-opsin antibody. This exgsathe conservation of this
feature to the Deuterostomes as well.

2. For the purpose of studying the regulation af Rdopsin by Prox1 using reporter
gene assays and DNA binding assays. | have isdRstgnereisr-opsin BAC (See
figure 9, in’Results’). The sequence of the BACIWi studied in the laboratory of
Professor Zbynek Kozmik.
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3.5 Pax genes expression in Platynereis adult and
larval eyes

The view that variednimals’ eyes arise independently, multiple timesray

evolution, was challenged about a decade ago bsiginéicant discoveries that Pax6,
a highly conserved transcription factor, plays g tae in eye morphogenesis in both
flies and mammals (Gehring and lkeo 1999; Kozmi@3)0Recent studies have
shown that other members of the Pax gene famity @ksy a centralole in eye
morphogenesis (e.qg. tliye gonagene regulate Drosophilas’ eye growth) (Jang, Chao
et al. 2003).

It is therefore interesting to explore the disttibn of Paxgenes expression in
Platynereis eyes.

PlatynereisPax6 is expressed in tHarval eyes pigment cell and photoreceptor cell
(but not in the adult eyedplatynereisPax258, on the other hand, is expressed in the
adult eyes pigment cells (and not in all other eye cell typa@e remarkable finding
thatPlatynereisadult eyes develop and exhibit life long growtldl aifferentiation
without the expression of Pax6 was discussed béfrendt, Tessmar et al. 2002).
Even though it was proposed tip@ix6genes have an ancestral direct role in
photoreceptor cell differentiation (Gehring anddk&999; Pichaud et al., 2001,
Sheng et al., 1997PRlatynereisadult eyes are a clear example (among others) that
contradicts this view.

The observation that Pdu-Pax258 is expressed iih gidment but not in
photoreceptor cells is highly interesting in thghti of the proposed ‘Paxcentric (PD-
HD) model’ for Pax gene evolution (Kozmik 2005)hélmodel is introduced in the
‘Introduction’ section 1.5.1.2. In brief, it suggeshat the modern Pax2 and Pax6
genes in bilateria evolved from a cnidarian Pax®-kncestor by duplication and
diversification in which Pax2 lost its homeodoméiD), and Pax6 lost the
octapeptide (yellow box) and changed the DNA-bigdpecificity of the paired
domain (PD). The model predicts that the PD has lbaptured to function in the
‘pigmentation’ pathway as well as for driving moggenesis (‘eye design’) through
intercalary evolution, whereas the HD functione@sin expression. Meaning that
two independent DNA binding domains within a singkex transcription factor have
been co-opted for two essential features of theopy@: production of a dark pigment
(the ‘pigmentation’ program; paired domain-drivamd production of a
photopigment (the ‘opsin’ program; HD-driven).

PlatynereisPax258 is expressed in the adult eyes pigmerst whlich correlate nicely
with the ‘pigmentation’ programme mentioned in theory. Pax6 is expressed in the
larval eye rhabdomeric photorecepand pigment cell. It is interesting to note that
the larval eye pigment cell is unique in the sehsagit expresses an opsin (Pdu-r-
opsin). It is most likely that the larval eye rPRISo expresses an opsin (since it has a
rhabdom and this cell was shown to mediate phomtdgkely et al. 2008,

rivision), however it is not identified yet. We can spetaithat since Pdu-pax6
inherited the ‘opsin’ prograntoth cells of the larval eyes (the rPRC and the PC)
express an opsin. And, that the transcriptionatrobof adult eyes rPRCs
specification is driven by a different factor, @esulated above. (an example for a
similar situation irDrosophilais also mentioned above, section 3.1.5)
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3.6 Candidate regulators for Platynereis adult eye
development

If PlatynereisPax6 plays no role in transcriptional controRditynereisadult

eyes differentiation, (e.g. driving r-opsin or asther rPRC or PCs specific gene
expression), which gene could fulfill this task?

We can speculate on the following candidates:

Otx

Drosophila orthodenticle is required for photordgoepell development and is
expressed at all stages of the developing viswséry, including the photosensitive
cells of Bolwig's organ, the ocelli, and the adwle (Vandendries, Johnson et al.
1996).

Crx , One of the four orthodenticle paralogs ineniegulates cone and rod PRCs
development as well as PR-specific gene expre¢€iban et al., 1997; Freund et al.,
1997; Furukawa et al., 1997). Mous&x1 andOtx2genes are required in a dose-
dependentanner for tissue specification in the developipg éMartinez-Morales,
Signore et al. 2001). Therefore, Otx plays a kég o eyes development in both
Drosophilaand mammals.

PlatynereisOtx is expressed ial cell types of both the adult and larval eyes (as
examined at 48hpf for both eyes and at 24h fotahel eyes). Among the 37
transcription factors that we have examined, flhéonly one that shows such a
feature. It is on the other hand not such a broarpressed transcription factor,
which strength our hypothesis that it plays a sigamt role in adult and larval eye
development. It is expressed as early as 15h @Hiest stage examined) in both
regions that would correspond to the adult andalagye anlage. (See figure 3).

The second candidateRsox1. As mentioned in the previous section, Prox1 has a
conserved role in photoreceptor differentiation 48hpf,PlatynereisProx1 is
expressed in the photoreceptor and pigment cetlseoddult eyes and in the r-opsin
positive cell (the pigment cell) of the larval ey8s 24hpf it is expressed in the larval
eye location, in two cells, that highly correlatethie larval eyes pigment and
photoreceptor cell (See figure 8 in ‘results’)isltherefore another promising
candidate to control adult and larval eye develaptrirePlatynereis
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Figure 3: The expression pattern of Platynereis Otx, a candidate transcription factor for regulating adult and
larval eyes development.

(A-C) Wholemount in-situ hybridization with an Otx riboprobe. Stages and orientations are indicated. Putative adult
eyes anlage are pointed by black arrows. Putative larval eyes anlage are indicated by white asterisks.

(D-F) Wholemount double in-situ hybridization using the reflection confocal microscopy method. (D) Z projection
of double in-situ hybridization with the indicated probes, showing Otx expression in the larval eyes FVRI cell/s.

(E) Z projection of double in-situ hybridization with the indicated probes, showing Otx expression in the adult eyes
rPRCs. (F) single stack of double in-situ hybridization with indicated probes showing the co-localization of Otx and
r-opsin in the adult and larval eyes. Larval eye is visible only on one side due to weak staining at this stage, it is
indicated by white arrow.

3.7 The function of Platynereis adult and larval eyes

The adult eyes are though to be used for visiamamage forming eyes, based on
their design as a pigment cup eye.

Regarding the larval eye function, | took part @maracterizing the expression pattern
of the FVRI gene iPlatynereieseyes) in a study describing the mechanism
governing phototaxis biplatynereidarval eyes (Jékely et al. 2008,revision.
Platynereislarvae swim using the ciliary band consistingved tiers of 12 large
multiciliated cells. The ring nerve underneath ¢hiary band shows axonal contact to
the eyespots. The study demonstratesRlai/nereisarval eyes are indeed
responsible for the phototactic behavior and thatselective illumination of one

larval eyespot changes the beating of adjacemat i directcholiner gic innervation
resulting in locally reduced water flow. Computanglations of larval swimming
show that these local effects are sufficient tectithe helically swimming
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trajectories towards the light. The computer madsb reveals that axial rotation of
the larval body is essential for phototaxis and bHedical swimming increases the
precision of navigation.

We therefore observed that also at the functianadl| Platynereidarval eyes employ
different function (phototaxis during vertical magion) compared to the adult eyes
that serve for vision. In addition, as apposedéxholiner gic activity of the larval
eyes we have evidence for the adult eyes beingmglilitamer gic (since the gene
Vesicular glutamate transporter is expressed irathdt eyes rPRCs whereas the
cholinergic markers: Acetylcholine receptor7/8 &#IChT are expressed only in the
larval eyes).
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Materials and methods
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4.1 Platynereis dumerilii animals and embryos

4.1.1 Platynereis dumerilii culture

Platynereis dumerilianimals were obtained from an in-house cultufeMBL. The
culture was established by Detlev Arendt and maiethby Heidi Snyman and Diana
Bryant followed the procedure described by (Dogigst O'Grady et al. 1993).
Animals were held in glass aquarium at 18°c, folimpa light cycle similar to the
natural moon cycle: approximately one week of @réif moonlight followed by three
weeks of darkness. Sexual maturation of both nemleésfemales occurred at 5-15
days after the moon was tuned off. The epitoke®vigtilized in a small transparent
cup filled with natural sea water (NSW), usuallgkedertilization resulted in several
thousand synchronously developing embryos. Theteggoere washed once, 5
minutes after the spawning and were left at 18teteelop to the desired
developmental stage. The embryos were washedafeeday of development, using
nylon net with a whole size of 100um and NSW.

4.1.2 Platynereis dumerilii embryos handling

Platynereisembryos were collected at the desired stage mgubke above mentioned
nylone net. Non developed embryos were discardadtién was done by incubation
with 4% Paraformaldehyde (PFA) in PTW (phosphal@esduffer, or PBS,
containing 0.1% Tween20) for two hours, followedthgee washing steps of half an
hour each in 100% Methanol. Embryos were stored@¢c in 100% Methanol.

4.2 Gene cloning

4.2.1 General gene cloning techniques

Degenerated PCR

Novel gene fragments &flatynereis dumeriliwvere cloned by designing degenerated
primers (Buck and Axel 1991) in conserved regitr@sed on the amino acid
sequence

alignment of bilaterian of the gene of intereste BHignment was generated using the
ClustalX software. The primers were designed withtielp of the Oligo 6.44
software for Mac OS 9.

RACE- Rapid amplification of cDNA-ends

RACE can provide the sequence of an RNA transtnopt a small known sequence
within the transcript to the 5' erf’ RACE-PCR) or 3' en(8' RACE-PCR) of the
RNA. The idea is to use a ‘fragment specific prinhegether with a ‘SMART RACE
cDNA specific primer’ to obtain a bigger fragmeatdither the 5’ or 3’ direction.
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The fragment specific primer should be designealivay that will keep at least
100bp of the original fragment in order to laterdine to detect positive bands using
RA hybridization.

Fragment specific primers were designed using (Bigd program. RACE cDNA
library was synthesized in the following way:

RNA was first extracted from specific developmeistalges (e.g. 24hpf, 48hpf) using
the RNAeasy kit (Qiagen) and this was used as plaenfor the synthesis of the
SMART RACE cDNA.

5" and 3' RACE cDNA were synthesized using the SMAK (Clonthech) according
to manufacture’s instructions.

RACE PCR program | used is the following:

95 °c for 2 min’ (*hot start’)

Addition of: Taqg DNA polymerase, 10x buffer
95 ©°c for 1 min’x °c for 2 min’, 72°c for 4 min’
Repeat 5 times

95 °c addition of RACE primers

95 °c for 1 min’x °c for 2 min’, 72°c for 4 min’
Repeat 35 times

72 °c for 10 min’

(x = according to the melting temp’ of the primers)

| used a 24hpf 5° RACE cDNA and 24hpf 3' RACE cDNi# 5" and 3’ RACE,
respectively. | have also used a ZAP 24hpf and ##hmaries for both 3’ and 5’ RACE.

RACE PCRs were preformed using a specific primettfe gene of interest and a
specific primer for the library used.

1. For first strand single-stranded cDNA synthesscé&Ada

2. For SMART RACE libraries: UPM long&short mix, NURr nested
reactions)

3. For Zap phage library: T7(70); T3(70)

In a first PCR reaction, the outer primers wereduseom this reaction, 1ul was used

in a “nested” PCR reaction to re-amplify extendedyiments. This increases the chances
of amplifying the desired fragment. All the produgtere run on an agarose gel , then
transferred according to the Southern blot tectenmpud hybridized with highly stringent
conditions, using the existing fragment of the gas@ template to synthesize*s P
labeled probe.

Fragments obtained by degenerated or RACE PCR el@ned by the following common
procedure:

Gel extraction and purification

100



PCR reaction was run on a 1.5% agarose gel. Vmatadn of the band/bands was
obtained by incubation in ethidiumbromide in TAELQO0O0O dilution) for 15 minutes.
The desired band was cut with a razor blade urmhg-Wave UV light {=366nm)
and using the GFx Gel Band Purification Kit (Amersham Pharmacia Bieace)
according to the manufacturer’s instructions.

TOPO cloning

The desired fragment was cloned into TOPO vagsorg TOPO TA Cloning® Kit
according to the manufacturer’s instructions.

Colonies amplification and analysis

Colonies were amplified in electrocompeténtoli DH10B cells. Grown over night in
5ml LB-AMP medium. DNA was extracted using a QIApi®pin Miniprep Kit® .

Colony analysis was done either by colony PCR siriction enzymes.

Colony PCR

Colony PCR is a rapid way to find out which of t@onies contains an insert with the
expected size. Primers used are designed accdalthg multiple cloning site (MCS)
of the TOPO vector. A sample of each colony is tadtieectly from the LB plate and
used for The PCR and in parallel gown slowly in ABHFP medium.

Primersused are:

Stock number 820

Stock number 821

PCR program used is:

95 ©c for 2 min’

95 °c for 30 sec’,72 °c for 30 sex+

Repeat 35 times

72 °c for 10 min’

(x=elongation time depends on the size of the expgantert, as a “role of thumb”
1min’ for every 1KB)

Restriction enzyme analysis

“Multi cutter” enzymes, creating a “pattern” of sindifferent size fragments, and
ECORI (as a cutter found both sides of the MCSdicating the insert size) were used
to Digest a sample from each of the DNA purifieohfirthe colonies. By this | could
distinguish between similar and dissimilar colonies

The next step would be sending few promising defor sequencing at the EMBL
gene core facility.

However, if the desired fragment was not obtaifeither the initial fragment or a RACE

fragment), my next procedure was radioactive hymaitibn of the PCR products or the
colonies that grow after cloning a suspected fragme
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High stringency Southern Blots /Radioactive hybridization

Synthesis of #-labeled probes

The fragment that used for probing was digestedbtite plasmid and extracted from
the agarose gel with GFRXPCR DNA and Gel Band Purification Kit (Amersham
Bioscience). The fragment was then labeled usiegdprime DNA Labelling Kit
(Amersham Bioscience, n. RPN 1604) afddC TP radioactive nucleotide, according
to manufacture’s instructions.

Hybridization procedure forColony-lifts from bacterial platesDNA loaded on an
agarose gel andAC filters.

After transfer of the DNA to nylon filters as deibed in a protocol of (Sambrook,
Fritsch et al. 1989), the filters were shortly tivad with 1xSSC and pre-hybridized for
15 min, 65 °C in RapidHyb Buffer (Amersham Bioswie,#RPN 1636). Then, 25ul of
the synthesized probe were denaturing for 5mB5dC and added into the tube
containing the filters. After hybridizing for 1,%h 65°C, the filter was washed twice
with 2xSSC containing 0.1%SDS, followed by a 30mash in 0.1xSSC containing
0.1% SDS, 65 °C. The blot was then exposed witintensifier screen at -80 °Qntil

a clear signal was detected.

Southern blot of genomic DNA

Genomic DNA of adulPlatynereisvorms was extracted using NucleoSpin® Tissue kit
(Clontech). Preior to extractions the worms werstvea with NSW. ~50ug of
genomic DNA was then digested with Hindlll restion enzyme (using 3 units of
enzyme/ 1 ug DNA) over night and re-precipitatethie following procedure :
Adding 0.1 volumes of 5M NACI + 3 volumes Etharfoljowed by incubating at -20°c
for 2.5h. the sample was then centrifuged for &9 at 14,000 rpm, the supernatant
was discarded and the pellet was washed with 70tan6t for 5 min’ followed by

10 min’ centrifugation. The pellet was then eluite@0ul of EB buffer.

The digested genomic DNA was loaded and run ireckfft dilutions (1:10, 1:100,
1:1000) on a 1% agarose gel. From this step theegioe followed the above
mentioned ‘High stringency Southern Blots /Radina&chybridization’ protocol.

4.2.2 r-opsinll cloning

For the cloning of a nov@latynereisr-opsin gene, | have used @Ggener ated
primers designed by Detlev Arendt. The primers saqas that | used are:

Stock number 73 - fRupl- CAYTGGACICARTTYCCICCIGT

Stock number 74 - Rlol - ATNGCYTCICKRWAYTTIGGRTG

Stock number 75 - fRup2 -CARACGCCAGCIAAYATGTTYATHATHAA
Stock number 76 - Rl02 - CTCTGCGTADATDATIGGRTTRTGIAT

TheDNA templates | have used were: 24hpf sscDNA library and 24hRACE
cDNA library (in separate reactions).
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ThePCR program was the following, according to the melting tengtare of the
Primers:

94 °c for 2 min’

94 °c for 1 min’, 43.3 °c for 2 min’, 72°c fomdin’
Repeat 5 times

94 °c for 1 min’, 48.3 °c for 2 min’, 72°c fomdin’
Repeat 35 times

72 °c for 10 min’

Stock number 1116 - upl GACGTCTTGCGGCTTTGACTTCCT
Stock number 1117 - up2 CGGCTTTGACTTCCTGTCCCAAGA
Stock number 1118 - lol GCTGGATGCCGTACGCTTTGTGA
Stock number 1119 - l1o02 CGTATGCCAAATCCCGAGTGTIT
Stock number 1137 - upl TTGCGGCTTTGACTTCCTG

Stock number 1138 - up2 GCGGGATACTTGCCACAGT

Stock number 1139 - lol CTGAGCACAAGCGGATACAGACA
Stock number 1140 - o2 CAACAAATACGCCTGGCAAAGAT
Stock number 1185 - upl GTTTAATTACTGCATCTTCAGTTGGTT
Stock number 1186 - 101 TACGCTTTGTTAGTAATGCTGABCAA

r-opsin Il initial fragment (‘28’) and the obtain€@dRACE (‘62_9’) fragment were fused
by restriction site cloning strategy. Both fragnsewere first cloned into TOPO vectors
as described above. They were then digested watfottowing enzymes:

62_9 was double digested wial (at the MCS) andiifel (has a single site at the region
of the overlap between the two fragments).

28 was digested with the same enzymes.

The digested fragments were run on a gel, theatbfiagments for the fusion were cut
and eluted and then ligated using a general liggirotocol (Sambrook, Fritsch et al.
1989).

4.2.3 EyeA RACE

| have obtained a 3' RACE fragment based an Eyagnfrent cloned by Patrick
Steinmentz. The sequence specific primers | used ar

Stock number 280 - EyeAUlgga gga ttg tta gga ccc cag aaa a
Stock number 281 - EyeAUZXag tgg tta caa ttg cga tca gaa a
Stock number 282 - EyeAlL lggc aag ttg atc cct gaa cga ttt t
Stock number 283 - EyeAL2tea gtg cca aag tca acc aat tgt ¢

The library specific primers | used are:

1. for 5 RACE: UPM (Universal Primer Mix) long primetock number 439 + shorter
primer stock number 440
NUP primer stock number 207.

2. for 3’ RACE: poly (A)-primer “RACE Ada”
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The PCR program was the following, according to the melting tengtare of the
Primers:

95 °c for 2 min’

95 °¢ for 1 min’, 60 °c for 2 min’, 72°c for 4mi
Repeat 5 times

95 °c for 1 min’, 60 °c for 2 min’, 72°c for 4 mi
Repeat 35 times

72 °c for 10 min’

As a template for 5’ RACE, | have used a 24hpf SMARACE cDNA library, for the 3’
RACE | have used a 24hpf sscDNA library

Followed by the procedures described above.

4.3 Whole mount in-situ hybridization

4.3.1 General protocol - single probe detection with
acetylated tubulin antibody and DAPI staining

RNA probe preparation

reagents:

NTP-Mix: ATP, CTP, GTP 15.4 mmeach, UTP 10.0 rn (all Boehringer)
Digoxigenin-11-UTP 10 m (Boehringer)

Fluorescein-12-UTP 10 m(Boehringer)

RNasin 20-40 U/ul (Promega, Pharmacia)
T7-/SP6-/T3-RNA-Polymerase 20 U/ul (Boehringer)
5xTranscriptionbuffer (Stratagene)

DNasel RNase-free 10U/ul (Boehringer)

1. linearize 10 pg of template with a suitable enzyatlewing as transcription
(blunt or 5-prime overhang should be preferredvimdisnap back effects)

2. purify template from enzyme and digestion bufferia@uick nucleotide
removal kit, Qiagen)

3. control for a complete digest on an agarose gel

4. add in the following order to a total volume of 20
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linearised template 1ug
100 v DTT 2ul
NTP-Mix 1,3
10 mM Digoxygenin-UTP/Fluorescein-UTP Ql7
RNase inhibitor 0,5
10xTranscriptionbuffer 2ul
H20 ad up to 1

RNA-Polymerase (T7 or SP6) 1l

Incubate at 37°c for 3-4 hours.

add 1 pl DNasel and incubate for another 15 mBva€

purify RNA using the Quiagen RNeasy kit

Take an aliquot of 4 pl and load in formamide logdbuffer onto a 1.5%TAE
agarose gel.

5. dilute the remaining probe in 150 pul Hyb-buffer astdre at —20°C

Hw N PE

Proteinase digestion and postfixation

reagents:
ProteinaseK: prepare a stock solution of 20 mg/ml and stosedn aliquots at -20°C.
4% PFA see above

all steps are performed at room temperature widlkisly.

* rehydrate 5 min in 75% MeOH/PTW

* rehydrate 5 min in 50% MeOH/PTW

* rehydrate 5 min in 25% MeOH/PTW

* rinse 2 x 5 min each in PTW

» digest with ProteinaseK (final concetration10Qmlgin PTW) without shaking

for several minutes depending on the stage of i@ ygos
<24hpf: 1min; 24hpf-48hpf: 1.5 min ; 48hpfhf: 2min; 72hpf-96hpf:3min

* rinse 2 x shortly in freshly prepared 2 mg/miahe/PTW
o fixin 4% PFA/PTW for 20 min
* wash5x5minin PTW

Hybridization

reagents:

Heparin: make a stock of 50 mg/ml ingd, store at -20°C

Hybridization Mix: 50% formamide (Fluka, ultra pure), 5xSSC, 50 [dieparin,

0.1%Tween20, 5 mg/ml torula RNA, store at -20°C,
for 50 ml of Hyb-Mix:
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stock Hyb-mix

Formamide 100 % 25 ml
SSC 20 x 12.5 ml
Heparin 50 mg/m 150 pl
Torula-RNA (Sigma) solid 250 mg
Tween20 10 % 500 pl
H-0O ad 50 ml

All steps are performed in a water bath or hybeatan oven preheated to 65°C

» transfer embryos to 2 ml Eppendorf tubes

* pre-hybridize 1-2 hrs in 1 ml Hyb-Mix at 65°C

» denature probe (4-10 ul/200ul Hyb-Mix, as a mfiehe thumb 4 ul of the probe
will give a good staining) in 200 ul of Hyb-Mix fdrO min at 80°C

Remove pre-hybridization solution leaving embryghtly covered to avoid
their desiccation, the embryos are very sensitivibaC

Quickly add hybridization probe, mix gently angbhidize at 65°C overnight

Washes

Reagents:
4xSSCT: dilute 20xSSC to 4xSSC and add Tween20 to 0.1%

All steps are performed in a water bath, all wadhtgns are pre-warmed to 65°C

» wash embryos 2 x 30 min in 1 ml 50% formamide2&3 at 65°C
* wash embryos 2x 15 minin 1 ml 2xSSCT at 65°C
* wash embryos 2 x each 30 min in 1 ml 0.2xSSC35ac

Detection

reagents:

BCIP (Boehringer): 50 mg/ml in 100% DMF
NBT (Boehringer): 75 mg/ml in 70% DMFAD

SB: 100 nm TrisCl, pH 9.5, 100 m NaCl, 50 nv MgCl2, 0.1%Tween20
for 50 ml of SB add:

stock 1xSB
TrisCl, pH 9.5 2M 2.5 ml
NaCl 5M 1.0ml
MgCl2 1M 2.5 ml
Tween20 20 % 250 pl
H20 ad 50 ml
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Primary staining

1. block embryos 1(-2) hrs with 1ml of 5% sheep seRIfW at room
temperature

2. incubate embryos in 200 pl pre absorbed anti-DigFaB fragments at 1 :
2000 dilution in PTW AND anti- acetylated tubulinBAat 1:250 dilution
overnight at 4°C , shaking at 450 rpm.

3. transfer embryos to a 6-well dish and wash 6 x i®while shaking in PTW
at room temperature

4. equilibrate 2 x 5 min in Staining buffer (SB)

5. dissolve 4.5 pl NBT (final 337.5 pg/ml) and 3.58CIP ( final 175 pg/ml) in
1 ml of SB and add to the embryos

6. stain in the dark without shaking for up to 5 dastep staining with SB ph 7.5

7. wash 3 x5 minin PTW

8. if staining only with NBT-BCIP, fix for 20min in 4RFA/2xPTW. If staining
with anti-AT as well, do not fix and continue toetimext steps (and keep in
dark).

9. block embryos for 1h with 5% sheep serum/PTW atréemperature

10.incubate embryos with anti-mouse FITC/TRITC/CY5 180,1:100,1:150)
AND DAPI (final concentration of 1ug/ml) over nigltt 4°C , shaking at
450rpm.

11.wash with PTW 5X5.

Mounting
» transfer embryos to 87% glycerol OR DABCO glyd€gmg/ml)
* leave in 87% glycerol at least overnight for cdeg equilibration
* mount in 87% glycerol OR DABCO glycerol

in®*)viewing chamber and continue to microscopy.

* viewing chamber: Glue two or three stripes ofeam microscope slide, add ~80ul
of glycerol with embryos and cover with cove sliphis enables to view the whole
embryo and rotate it within the slide.

Microscopy

Bright field images were taken with the Zeiss Aiopmicroscope with DIC optics.
Depending on the stages, using 20 and 40x objectRietures were recorded using a
digital camera in a “.tiff” format. Embryos wereuadly images in few stacks and
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orientations (apical, ventral, dorsal), dependindhe staining. Images were
processed using Image J software.

Confocal microscopy was done using a Leica TCS&fR Leica TCS SPE, with a
40x oil-immersion objective.

| have used:

1. The wholemount reflection CLSM (Jekely and Arendd?2) that enables the
detection of both NBT-BCIP precipitation and a flescent signal (either
from antibody or RNA probe)

2. The common detection of two or more fluorescemailigy

Step size was 1um. the volume scanned varied dejygeod the staining and the
purpose of the scan.

4.3.2 Double fluorescent in-situ hybridization protocol

The protocol is similar except the following addits and modifications:

1. The synthesis of two probes, one Digoxigenin arel Elnorescein.

2. The detection of the probes is done separatelgdoh probe, using the TSA
fluorescent Systems (Perkin Elmer). Thereforepttadocol for the detection is the
following:

1% Detection

reagents:

Perkin EImer Cyanine 3 TSA Plus System

Perkin EImer Fluorescein TSA Plus System

Perkin EImer Blocking Reagent (included in kitst.(Q¥o. FP1020 for separate order)
Perkin EImer Amplification Diluent Plus (only inaéd in “Plus” Systems; Cat.No.
FP1135 for separate order)

TNT: 0,1M Tris-Hcl pH 7,5; 0,15M NacCl; 0,1% Tweef 2

Anti-Digoxigenin-POD, Fab fragments (Roche, Cat. @07 733)
Anti-Fluorescein-POD, Fab fragments (Roche, Cat. N426 346)

All procedures are done in eppendorf tubes

1. block embryos 1(-2) hrs with 1ml of 1% Perkin EInBdocking Reagent/TNT
at

2. room temperature
3. incubate embryos for 1(-2) hrs in 100 ul preabswrbati-Fluo-POD Fp

fragments at a 1 : 50 dilution in 1%Blocking reag€NT overnight at 4°C
4. wash 6x 5 in TNT
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5. equilibrate 1x in 100ul TSA Plus Amplification

6. dilute Fluorescein Fluorophore Tyramide 1:25 in TBlas Amplification

7. add staining solution: 25ul/tube and stain in thekdvithout shaking for 2h-
5h

8. check staining by transferring a few embryos in IMNIT in a 6-well plate;
wash 3 times with TNT, mount and have a look utldemicroscope

9. wash 3xin TNT

POD enzyme inactivation
1. incubate 20’ in the dark in 1%B,/TNT without shaking
2. wash 4x 5 in TNT

2" Detection

All procedures are done in eppendorf tubes, irddr&.

1. block embryos 1(-2) hrs with 1ml of 1% Perkin EmBtocking Reagent/TNT
at room temperature

2. incubate embryos for 1(-2) hrs in 100 pl preabsdrbeti-Dig-POD Rp

fragments at a 1 : 100 dilution in 1%Blocking reatfENT overnight at 4°C

wash 6x 5" in TNT

equilibrate 1x in 100ul TSA Plus Amplification Déduat

dilute Cy3 Fluorophore Tyramide 1:25 in TSA Plus @ification Diluent

add staining solution: 25ul/tube and stain in thekdvithout shaking for 2h-

5h

7. check staining by transferring a few embryos in JINIT in a 6-well plate;

S

wash once with TNT, mount and have a look undentleeoscope
8. wash 3xin TNT

4.3.3 Double detection: fluorescent probe and DIG
probe

The technique described in detail by (Jekely andndt 2007). Briefly, the protocol
follows the above4.3.1 section. Then, continuing to additional fluoredcstaining
described above i4.3.2 (only the first detection, adding then the requissttondary
antibody for acetylated tubulin and the DAPI ).

At the confocal microscope | have used the 633rserlto detect the NBT-BCIP signal,
by tuning the diction window at treame wavelength as the laser used for shining and as
small as possible. For detecting the fluorescamtadil have used the standard method of
fluorescent microscopy, where | excite the flouraghwith the appropriate laser line and
detect the emitted light at a longer wavelength.
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Scannings that were incorporated into theiBBilico alignment tool were taken with a
zoom of 1.43 and 3 frames per averaging.
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4.4 Cyclopamine inhibitions

The assay was established in the lab by Kristirshes-Raible. In each experiment at
least 3 batches were used, and split into inhibé&ed control. The embryos were all
collected on one net and distributed equally inté ®ell plates (around 100

embryos/well). The drug Cyclopamine was purchasec fToronto Research Canada
(TRC), diluted with 95% Ethanol into a stock contcation of 2.4mM. From this stock |

have used a range of volumes (see table) diregibliead into the natural sea water,
followed by a moderate shaking. The controls resi95% Ethanol in an equivalent
volume. The embryos were incubated in cyclopamiS&Nfor a period of time (see

table). Incubation was done at 18°c, in the damkcésthe drug is light sensitive). The
embryos were then fixed according to the aboveopamtfor WMISH, for the analysis of

changes in gene expression.

Tablel

Targeting larval eyes Targeting adult eyes
development development

Concentration | 1-1.5ul/ml 4ul/1.5ml 1-1.5ul/Iml 4ul/1.5ml

(stock

solution/ml

NSW)

Inhibition 22-48hpf 18-30hpf 22-48hpf 38-50hpf

period

4.5 Construction of brain-eye specific library

For the construction of brain-eye specific libraayound 100 adult worms were
abstained from food and were treated with algderkib avoid contamination. The
worms were dissected to separate the head andni@ess were kept in Trizol at -
80°c prior to the following procedure.

4.5.1 Trizol extraction of total RNA

1. Homogenize extract first with pestle in 50l ofzili (GibcoBRL — Life
Technologies, Cat # 15596-018) then with a 27Gnhggiin total volume of
trizol of 1000pl.

2. Leave 5 min’ at room temperature (RT).

3. Centrifuge 10 min’, 4°c, 14, 000rpm
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4. Transfer supernatant to a new eppendorf, add 30Bgallorophorm, vortex 15
sec, leave 5 min’ at RT.

5. Centrifuge 15 min’, 4°c, 14, 000rpm

6. Save aqueous phase to a new eppendorf, add 30Gubgimorm, vortex 15
sec, leave 5 min’ at RT.

7. Centrifuge 15 min’, 4°c, 14, 000rpm

8. Save aqueous phase to a new eppendorf, add 5@@ubpanol, shake, leave
10 min’ at RT

9. Centrifuge 10 min’, 4°c, 14, 000rpm

10.Remove liquid, wash pellet with 1000ul 70% EtOHatcéuge 5 min’, 4°c,
14, 000rpm

11.Remove liquid and briefly air-dry the RNA pelle(bareful not to over dry
it)

12.Add 100ul of HO to dissolve pellet

4.5.2 mRNA isolation using Dynabeads®

We have used the Dynabe&dsRNA DIRECT" Kit, with the following modified

protocol (for 100-200ul of total RNA):

1. All buffers except the 20Mm Tris-HCI should be bghtito room temperature.
The RNA sample should be thawed on ice.

2. Re-suspend Dynabeads by pipetting and take 25Cuhew eppendorf tube.

3. Place the eppendorf tube with the Dynabeads ivigignet (Dynal MPC™

Magnetic Particle Concentrator MPC), wait 30 sescauad remove the

supernatant.

Re-suspend Dynabeads in 250ul lysis buffer anceplatPC.

Add 1ml lysis buffer to RNA sample

Remove sup’ from the Dynabeads.

Add RNA sample to Dynabeads, re-suspend Dynabeatimi in Nutator

for 5 minutes.

8. Place in the MPC, wait 30 sec’ and save sup’ tieinsample eppendorf and
keep it onice.

9. Add 1ml of buffer B to the Dynabeads, re-susperdrthplace in MPC, wait
30 seconds and remove sup’.

10. Repeat the wash with buffer B.

11.Re-suspend in 20ul of 10mM Tris-HC, heat to 65¢2fmin’.

12. Save supernatant with mRNA and mix with the supamtgrom step 8.

13.Wash Dynabeads with 250ul lysis buffer.

14.add lysis buffer and RNA to the Dynabeads, reptegiss/-13, without saving
the supernatant in step 8.

15. Save supernatante with RNA. Elute twice with Spg¢asure mRNA
concentration.

No ok
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4.5.3 cDNA library synthesis and cloning

We have used the SuperSchpPlasmid System with Gatw&yechnology for cDNA
Synthesis and cloning Kit from Invitrogene (Catato$8248-013). An overview of
the main steps is given:

oahwnE

© N

First strand synthesis

Second strand synthesis

Introducing Asymmetry into cDNA

Maximizing the ligation efficiency of cDNA to theeetor by adapter addition.
Size fractionation of cDNA

Ligation of size fractionation cDNA to the plasnvector and introduction into
E.coli

Gatway cloning

Expansion of plasmid cDNA libraries
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