Why is it worth making
eyes at Drosophila?
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Bolwig’s organ

GMR*™-Gal4, UAS-nisRedStinger Eucephalic Dipterans

IllSO Mya

Acephalic larva

No expression

A |

Parent 1: This fy expresses GALA in the eye (no toxicity) Parent 2 This fly possesses the ransgene for RedStinger, bul
inthe absence of GAL4, there is no expression

: n]w:g 's Organ X l
Niels Bolwig (1911 — 2004)
@@ B

s i Robust
GMR: glass multiple reporter prpmoter — @ DODDD ™ bessin
elements, has been commonly utilized to - —
express targEt transgenesl speCIflca"y n Offspring: This fly possesses the fransgene for tau in all tissues and expresses GAL4 in

the developing eye 6 > RedStinger exression oecus

Bolwig’s organ in the larva

apparatus ()
Bolwig organ . trachea

Rhodopsins:
RhS (460 nm)

© sensory neuron
© interneuron
© motorneuron
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Maggots are all eyes

Bolwig org
expressed
Xiang et al,, Nature 2010

Hofbauer — Buchner eyelets
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Epidermis W
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3: Bolwig organ 11: Hofbauer - Buchner eyelet
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An ommatidium of Drosophila eye
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Cross-section of eyes and brain

Ommatidial
facet




2021.04.21.

Organization of eye in 3D

Haltere

Genital apparatus
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The eye-antenna discs and the brain

B cuncLe™
B eve PRIMORL )




2021.04.21.

Sections of eye-antenna disc

Steps from the disc to the eye

Activity of master genes determines the eye fate of the disc
Dorsoventral polarity of the eye

The random cell division synchronized
Antero-posterior polarity

Morphogenetic furrow forms

Distal-proximal polarity

Notch signaling activates the proneural genes

The proneural clusters of 12 cells form

The cells of peripodial membrane designe the R8 cells
Determination of R2-R5, R3-R4, R1-R6 cells
Selection of R7 cell

Expression of various rhodopsins by different R cells
Differentiation of non-neural cells

Formation of the rhabdom

Apoptosis in the eye




Master (switch) genes : ey and toy

Four Drosophila Pax6 orthologues:
eyeless (ey)

twin of eyeless (toy)

eyegone (eyg)

twin of eyegone (toe)

Mildred Hoge, 1915
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Ectopic overexpression of ey

Ey: paired box (pax) gene family, tissue specific transcriptional factors

Homeobox genes and homeodomains

|HP| Homeodomain

[ - Homeodoman [EHD |

Pareddomain | | Homeodomain ~— ]
o [ Tderan ]| Cowaonan

Homeobox: 180 bp, hox domain: 60 amino acids == DNA hinding (enhancers)
Paired box: 384 bp, prd domain: 128 amino acids
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Homeobox genes and homeodomains

10

Paxt g EEEE EEEN —— Pax6
Pax6(5a)
R —
Pax6(5a) )-E———— Pax6(APD)

p PAl L RED HD PST

PAI and RED: two helical parts of
paired domain

L: linker

HD: homeodomain

PST: proline, serine, threonine-
rich domain (transactivation)

5a: alternative exon (14 amino a.)

3 alternative translation start
sites within the Linker region

4

pairedless (APD) proteins

Hanson, Ped. Res., 2003
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Pax6 gene at close quarters

4 promoters: PO, P1, Pa and P4

12 3 4 5567 891011 12 13

Thr-  Thr- Ser/Thr- Thr-  Ser-
281" 304* 360/1* 373* 398*

47 6479 279' ' ' ' Vazlz

PST

Shaham et al., Prog. Ret. Eye Res., 2012

Color indicates coding exons; they correspond to the color of domains in the
protein; black indicates noncoding exons) with the numbers below them; arrows
denote the transcription start sites and the names of the corresponding promoters;
gray diamonds represent regulatory elements.

Pax6 gene at close quarters

Different Pax 6 enhancers are active in different tissues: Results in different sites of transcription
initiation and alternative splicing in different tissues

I -
o .. .. Bm Transcription-control
Pancreas  Lens and Telencephalon Retina  Di- and rhombo- Tagions
cornea encephalon

Transcript 2
Transcript b

Transcript ¢

Transcript c:
detected in retina

lacks exons 0-4
contains exon o
exon a is unique to vertebrates
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Shubin et al, Nature, 2009

Farewell to Pax famil

paired domain homeodomain

Pax6

Pax2/5/8 —{I—O——

PaxB

octapeptide

Pax6 — vertebrates’ eyes and brain
Pax2, 5, 8 — vertebrates’ CNS
PaxB — jellyfish’ eyes

Insects
compound eye

ey

UBA:
urbilaterian ancestor

Animal photoreceptor-
cell precursor
(PAXB, c-opsin)

PAX6, r-opsiy \

Rhabdomeric Ciliary
photoreceptor photoreceptor

l

Prototype Brain
eye photo-clock

Ganglion cells
l l (? Photoreceptors

O

Arthropod Squid Vertebrate
compound eye camera eye camera eye
(rhabdomeric) (rhabdomeric) (ciliary)

Squids
camera eye
Pax-6

- var |

= var 3

Yoshida et al., Sci. Rep. 2014

Jellyfish

Evolution of
oy photoreceptors
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Evolution of Pax-6

Tardigrada  Arthro pgt

Nematoda

Annelida

Echinodermata
Mol

Tunicata

Bryozoa

Brachiopoda

Platyhelminthes, -
Cnidaria
Porifera

ancestral Pax-like gene
evolved here

Homogeneous neuroepithelium

mesenchyme
(TGFb-like?)

optic sulcus stage Early optic vesicle stage e Late optic vesicle stage
(E8-8.5) (E8.5-9.5) (E9.5-10.0)

SOX: Sry-related HMG box " e 2 a4 LP: lens placod
Tbx: T-box transcription factor : e X OV: optic vesicle
Vax: ventral anterior homeobox uj « 4§ SE: surface ectoderm
: pOS: presumptive optic stalk
1 pNR: presumptive neural retina
PRPE: presumptive retinal pigment epithelium.

Yun et al., Development, 2009
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Pax-6 othologs

Mouse Pax6 gene:
GTATCCAACGGTTGTGTGAGTAAAATTCTGGGCAGGTATTACGAGACTGGCTCCATCAGA

Genetic similarity to mouse: 76.66%

Fly eyeless gene: Protein similarity to mouse: 100%

GTATCAAATGGATGTGTGAGCAAAATTCTCGGGAGGTATTATGAAACAGGAAGCATACGA

Genetic similarity to mouse: 85%

Shark eye control gene: Protein similarity to mouse: 100%

GTGTCCAACGGTTGTGTCAGTAAAATCCTGGGCAGATACTATGAAACAGGATCCATCAGA

Genetic similarity to mouse: 78.33%

Squid eye control gene: Protein similarity to mouse: 100%

GTCTCCAACGGCTGCGTTAGCAAGATTCTCGGACGGTACTATGAGACGGGCTCCATAAGA

Genetic similarity to mouse: 71.66%

Flatworm eye control gene: Protein similarity to mouse: 100%

GTGTCTAATGGTTGTGTTAGTAAAATACTTTGCCGATATTATGGAACAGGTTCTATTAAA

pax67/*: aniridia, pax67/: anophthalmia

2021.04.21.
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Cell determinations in the eye-antennal disc

anterior , posterior

Wingless

2021.04.21.
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Undifferentiated phase

ecdysteroid (pg/ml)

Prepupa Pupa

maturation

700
600
500
400
300
200

ecdysteroid (pg/mi)

H

20-OH Ecdysone?
w

!

string/cdc25

v

Cell proliferation

strlng/cdc25

Antennal SYCREIE

Hth: homothorax is a transcriptional co-factor to Hox genes
Ct: Cut, homeobox

fate

Cell prollferation
(epidermal fate)
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L1 o~
toy, ey, eyg, 5o, Segregation of the eye-

tsh i antennal disc

no en

otd

— hth

ct, Lim1
en
= dac, eya
—  1OY, €Y, €Y, SO,
tsh, caup

Wang and Sun, Development, 2012

Otd: ortodenticle, homeobox
Caup: caupolican, homeobox:
Dit DII: distalles, homeobox
ct, Lim1 Lim1: homeobox
dac, eya Tsh: teashirt, Zn-finger transcription factor,
toy, ey, so, caup negative regulartion

Current model of A-E segregation

Maintenance of eye and
antenna fates

segregation
—l

Toy, Ey Hth
) antennal field
embryonic eye-antenna eye field

primordium
L2 eye-antenna disc

Dpp: decapentaplegic — TGFp-like
Dac: dachshund — DNA binding

Wang and Sun, Development, 2012
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Dpp signaling

@ schnurrtin Drosophila (Dpp signaling) b 1Gr.p supertamily signating
in vertebratos

Activating ligand
(0.9. TGF-§, activin, BMP, nodal)

h;fg\ . W

(R1) RNl

Ry @ @

string/edc25

v

Cell proliferation
(epidermal fate)

Antennal
fate
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Final step of segregation

o v
\L Eye fate

Antennal
fate

al polarity of the eye

First planar axis

Antenna Iroquois: homeodomain transcription factor
Q- @ - Fringe: N-acetylglucosaminyltransferase
; Unpaired, activates the JAK/STAT pathway

Delta/Serrate: Notch ligands
Iroquois — fringe T serrate > Notch activation

First instar

hh
< iroC

J%’TV_ D
v
upd
Avino et al., EMBO Rep., 2009
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Variations on a theme :Notch/DSL signaling

Sending cells

2021.04.21.

22



Dorsal and ventral ommatidia
= (
s

(A)

o § g

°3 8

Nemo-like kinase — planar polarity

Koca et al., Nat. Sci. Rep., 2019

Fmi: flamingo, a seven-pass transmembrane cadherin
Fz: Frizzled receptor

Vang: a four-pass transmembrane protein

Dl:delta

Mam: Mastermind, a transcriptional coactivator
Aos: argos, antagonist for the Egfr receptor

2021.04.21.
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Second axis (P-A)
formed by Dpp
signaling

A. 2" instar disc

antenna

diff. cells

v@ment

Wollmer et al., Open Biol., 2017

B. 39instar disc
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Hedgehog signaling

Hedgehog signaling W o
antagonizes Notch: e S R
Mitatic cycles are

instead of Hedgehog | AMLLLLALL

endoreduplications Smoothened
Patched \ inhibits PKA

and Slimb
Smoothened

Ci protein
made activator

Transeription
e
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Morphogenetic

e Morphogenetic
furrow

Morphogenetic

|
Undifferentiated Developing
retinal epithelium ommatidium

Early pre-proneuronal phase

eya
S0

dac
A képen a sarga vonal azoknak a sejteknek a helyét mutatja, amelyekben
éppen a jobb oldali folyamatok zajlanak. Ez a vonal tehat az 6sszes tobbi Stri n /C d C 2 5
abran azonos helyen all, mig a MF-t jelz§ keret lassan halad jobbrol balra g
(posterior végtdl az anterior vég felé). Igy az altala elhagyott sejtek egyre
idésebbek és differencidltabbak lesznek.
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Late pre-proneuronal phase

[Hn]~s
Dpp |

h

!

Cell proliferation

Proneuronal commitment

[n]
dpp

Notch

C‘/ Egfr

atona
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Expression of atonal

Neuronal development

Spatial progression
Anterior Posterior

Temporal progression

2021.04.21.
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Enhancers of atonal

5’ enhancer

atonal gene

o Ato 3’ enhancer OA(o 5' enhancer
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Translumenal extensions

LT

Gibson and Schubiger, 2000, Cell

Designation of R8
founder cells
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Pattern of the
active genes in the
developing eye

Head Cuticle

! \ .
| Zonel ! W/PPD 1 Il |

Eye gene network

wgD/A  wg 1
activator

dorsal activator

L |,
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Third axis: proximal-distal by apical — basal
Interactions

Photoreceptor
neurons

Unspecified cells

.o

T 0“ Th
i S 4 L 5 SAN 1 @Y IS S ]
G1 phase Precluster Photoreceptor Cone cell

arrest formation mitotic wave R1/6/7 recruitment
recruitment
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Differentiation

Signaling of the proneural clusters

Sev: sevenless (receptor)
boss: bridge of sevenless (ligand)
ro: rough — homeobox domain

2021.04.21.
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R7 determination - sevenless

{a} Wild type {b} Single mutant {sev™) (c) Double mutant {sev™; RasP)

Activated Ras

= o
llnduchon induction

o

Main signalings

—» Spitz signal (RTK) — Boss signal (RTK) — Delta signal (Notch)
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Summary of the specification of cell in an ommatidium

- Specification of R8

|- Specification of R2, RS
| Specification of R3, R4

- Second mitotic wave
- Specification of R1, R6

- Specification of R7

|- Specification of cone cells

I Specification of primary pigment cells

Elongation of cells

me=mx=  myosin-|l/F-actin

basal [amina

2021.04.21.
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Final arrengement of retinula cells

eye surface

Expression of opsins in R cells

R1 - R6 rhabdomeres express:
rhodopsinl (blue/light)

R7 and R8 rhabdomeres express a combination
of two rhodopsins:
(rhodopsin3 or rhodopsin4) (UV)
and
(rhodopsin5 or rhodopsinG) (yellow)

The default fate for an R7 receptor is to express the
Rh3 opsin, but the presence of the spineless
protein above a certain level is sufficient to induce it
to express Rh4 instead. In a mutant in which no
spineless is present, the R7 cells all make the Rh3
protein.

2021.04.21.
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Effects of the spineless

Choice Instruction

N

Y

Rh4

Step 1: Step 2:
Selection of Instruction of
vy R7 by 55 pR8

(d) Zonula adherens (ZA)
DE-cadherin

Armadillo
Crumbs PTEN

PTEN
PInst3P
Aktl

Apical
Membrane Stalk membrane
lack Crumbs
Stardust
DPATJ
Yurt
Prominin

normalized absorption

Interrhabdomeral space
Spacemaker

Rhabdomere
Actin
Rhodopsin
Bazooka

Secb

Rhabdomer base
Prominin

Rab11

Myosin V

dRip11

Moesin

Rhabdomer terminal web
DRac1
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The obsolete cells are removed by apoptosis

Initiator caspases - inhibitor of apoptosis

Is it worth making eyes
at Drosophila?
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