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ANNOTATION

This thesis is based on reverse-genetic functiamalyses of the bZIP transcription factor
dATF3 in the Drosophila model. Genetic, molecular and microscopic techesghave been
employed to reveal the first evidence for a develeptal role of dATF3 in vivo and for its
cooperation with its predicted partner, the bZIBt@in dJun. The data show that dATF3 is
essential for normal function of the fat body arehde for larval life. During metamorphosis,
dATF3 expression is transcriptionally down-regutat® allow morphogenesis of the adult
abdomen and of the compound eye. Deregulation diF®Aat that time increases adhesiveness
of larval epidermal cells in the abdomen, and thlagks their extrusion and replacement with
the adult epidermis. Besides its partner dJun, dAirfteracts genetically with the ecdysone
steroid signaling and with the Rho pathway. Theilltsprovide new information on dATF3 role
in cell adhesion during epithelial morphogenesid #rus improve our understanding of basic
developmental mechanisms.
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RESEARCH OBJECTIVES

The family of basic region-leucine zipper (bZIPartscription factors includes important
regulators of stress-induced transcriptional resppmany of which have predicted or proven
roles in human diseases. As most of the publishaties rely on ex-vivo cell culture systems,
developmental roles of these proteins in vivo aoengaratively less well-understood. The
Drosophilamodel has been instrumental in defining in vivadiions of several bZIP proteins,
such as the homologs of Jun and Fos, primarily pithelial cell shape changes during
morphogenesis and wound healing.

The Activating transcription factor 3 (ATF3) hasughfar been studied only in mammalian
systems, and numerous studies in cultured celk lin@ve implicated it in multiple cellular
behaviors including stress response, cell prolifena apoptosis, or cell motility. ATF3 has been
shown to dimerize with other bZIP proteins, namalgmbers of the Jun subfamily. Recent data
from ATF3 knock-out mice or mice and rats with @gulated ATF3 expression connect ATF3
with stress, inflammation, immune and metabolic Bostasis, and with injury and regeneration
in vivo. Whether any of these processes involvarectional interaction between ATF3 and its
partner Jun is not known. Also, since the ATF3-defit mice are viable, it is unclear whether,
besides its obvious physiological importance, APk8/s any role in animal development.

The goal of my study was to explore a potentialetigymental role of the ATF3 ortholog in the
fruit fly Drosophilamelanogasterand thus improve our understanding of its functiogeneral.

A special emphasis was on the predicted, but rmtegor, in vivo interaction between ATF3 and
Jun. We chose thBrosophilamodel for the variety of superb genetic toolsffers to study
protein functions and interactions in the conteikth@ intact organism. The aims of the work
were to document the biochemical interaction betwBeosophila ATF3 (dATF3) and its
putative partner dJun, and to find out whether thteraction had any biological relevance.
Using both loss-of-function and gain-of-functionpapaches in live animals, we aimed to
determine which developmental processes requirébdF8/or were affected by it, respectively.
Based on the obtained phenotypic changes, we plageeetic interaction studies that would
reveal functional relationships between dATF3 aighaling pathways acting in particular

developmental events.
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INTRODUCTION

1. Epithelial remodeling during Drosophila development requires JNK

signaling

During Drosophiladevelopment dramatic epithelial remodeling occiérem a larva that lacks
any external appendages a complex adult fly emevgtds a head, legs, wings and other
structures. Adult epithelia originate from imagiralls, either imaginal discs or histoblasts, all
of which become specified already during embryogenef the fly. Imaginal discs are compact
structures of folded epithelia. Each imaginal disatains spatially distinct pre-patterned areas
which will fully differentiate and extend during maenorphosis, at the pupal stage. Imaginal
discs give rise to excorporate structures includirgghead, antennae, thorax, wings and halteres,
legs, and external genitals. Incorporate structstesh as the gut, salivary glands or abdominal
epidermis possess islets or rings of imaginal calso termed histoblasts, embedded within the
original larval tissue. The imaginal histoblasts diploid cells, arrested before transition to $he
phase, that do not divide during larval stages ¢Miet al., 2009; Jiang and Edgar, 2009; Hayashi
and Yamaguchi, 1999). At the onset of metamorphusi®sblasts rapidly proliferate and replace
polyploid larval cells that had formed the orgaosfar. Therefore, adult epithelia originating
from histoblasts are made by gradual replacemelatredl cells with the newly proliferating and
differentiating adult cells, while those adult stures that develop from imaginal discs rather

arise by coordinated movements of entire epithshalkets.

Multiple signaling pathways control these compleogesses at different levels. Hormonal
signaling controls the overall synchronicity of d®pmental events in distinct organs.
Patterning of the body plan is regulated by cascaafehomeotic genes. Signaling within

individual cells responds to these general impulses

In Drosophilg Jun N-terminal kinase (JNK) signaling (Fig. 1stm@een known to play a role in
most cases of epithelial remodeling during develepmEmbryonic dorsal closure (Glise et al.,
1995; Riesgo-Escovar et al.,, 1996, Hou et al., 19@¢kel et al., 1997, Riesgo-Escovar and



Hafen 1997a and 1997b, Zeitlinger et al., 1997s&knd Nosseli, 1997; Martin-Blanco et al.,

1998, Stronach and Perrimon, 2002) and adult tholasure (Zeitlinger and Bohmann, 1999;

Martin-Blanco et al., 2000) are well-studied exa@splJNK pathway was also shown to affect
development of the compound eye (Bohmann et ad4)8nd the external terminalia (Polaski et
al., 2006; Macias et al., 2004), as well as ooger(&izanne et al., 2001; Dobens et al., 2001)
and wound healing (Ramet et al., 2002; Bosch g2@05).
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Fig 1. JNK signaling pathway in Drosophila. A cascade of kinases leads to phosphorylationhef WZIP
transcription factors dJun and dFos which dimesizé trigger transcription gfuckered(puc) anddecapentaplegic
(dpp among other target genesuckeredencodes a JNK phosphatase and accomplishes aiveefggdback
regulation of the signaling pathway. Ddprosophila Transforming growth factop/Bone Morphogenetic Protein
(TGF$/BMP) ortholog, regulates cell shape and polarityanges during morphogenesis. The molecular
composition of the JNK pathway is well-conservetisenDrosophilaand mammals except that in flies each of its
components is usually encoded by single gene, thingmizing potential functional redundancy (Kocled al.,
2001).



1.1. Embryonic dorsal closure

During embryonic dorsal closure, lateral sheetglohgating epidermal cells advance to close
the dorsal part of the embryo that is occupied bg tmnioserosa. Amnioserosa cells
concomitantly extrude from the epithelial planedpjical constriction and drop into the interior
of the embryo where they are eliminated by apopt(Sig. 2) (Kiehart et al., 2000; Toyama et
al., 2008). Epithelial cells do not proliferate uhgr dorsal closure and the movement of epithelial
sheets is a consequence of cell shape changes&defrepl cells which elongate in dorso-ventral
axis. On both sides of the epidermal sheets thsattonost row of cells has a special function
during the closure and it is termed the leadingegdidr). Cells in the LE contain an actomyosin-
rich cable forming a “purse string”, which tightetige circle around the dorsal gap. LE cells
from opposite sides approach and contact each bthextending thin actin-based filopodia and
lamellipodia and eventually LE cells seal the gamazipper. Actin and non-muscle myosin Il
are necessary to generate active moving forcesading edge, for apical contraction of
amnioserosa and for proper zipping (Franke e8D5). Epidermal cells lateral to LE elongate

and provide the main force which pushes the epahsheets towards dorsal midline.
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Figure 2.Dorsal closure in the developing embryo(A)-(C) Dorsal views of whol®rosophilaembryos. Leading
edge cells with active JNK signaling are highlitedpuckeredexpression (blue). Cell membranes are stained with
anti-coracle antibody (red) and nuclei are markéth anti-dJun (green). Note large nuclei of amniosa cells in
dorsal opening. (A) Stage 13 embryo, dorsal clostaged. (B) Stage 14 embryo. (C) Stage 16 emlapmermal
sheets from both sides have met each other atdtsaldmidline and are closing the epithelial layerla zipping
manner. Adapted from (Kockel et al., 2001). (D) éhematic cross-section of developing embryo, dosgd.
Epidermal cells (orange) from both sides are elingan dorso-ventral axis and bring two epithelgdeets to
dorsal midline. Cells in leading edge exprpsskered(blue). Amnioserosa cells (green) are apicallystacting

and delaminating (black). Amnioserosa and epidererizain continuous during the whole process ang keetact
with the basal lamina (red). Adapted and modifiexif (Martin-Blanco et al., 2000).

During embryonic dorsal closure JNK signaling caoates morphogenetic processes in cells of
leading edge, lateral epidermis and amnioserosK. @éhway is active in a row of LE cells
(shown bypuckeredexpression in Fig. 2) and promotes cytoskeletameling in LE as well as

movement of lateral shee@@rosophilamutants in components of the JNK signaling pathdiay



as embryos due to severe dorsal closure defecise(& al., 1995; Riesgo-Escovar et al., 1996;
Hou et al., 1997; Kockel et al., 1997; Riesgo-Escoand Hafen, 1997a and 1997b; Martin-
Blanco et al., 1998; Stronach and Perrimon 2002)diation of activity of the small GTPases
Rhol, Cdc42 or Racl both by upregulation or downeggpn leads in defects in dorsal closure
as well (Strutt et al., 1997; Harden et al., 19B8;into et al., 2000). Numerous studies performed
on Drosophilaembryos during dorsal closure implicate reciprawalsstalk betveen JNK, Dpp
(TGF$/BMP ortholog, target of JNK signaling) and smallT®ases signaling in all three
segments of epidermal cells: leading edge, ceksdato leading edge and amnioserosa (Riesgo-
Escovar and Hafen, 1997b; Sluss and Davis, 1998eGInd Nosseli, 1997; Zeitlinger et al.,
1997; Harden et al., 1999; Ricos et al., 1999; Hardt al., 2002; Bloor and Kiehart, 2002;
Conder et al., 2004; Fernandez et al., 2007; Zaéteali, 2008).

1.2. Thorax closure.

During metamorphosis imaginal discs grow, evert findlly diferentiate into adult structures.
Wing/thorax discs are present in a pair giving tisé¢he left and right wings and left and right
halves of the dorsal thorax, the notum (Fig. 3A-Dlrring adult thorax closure, imaginal cells
have to crawl over the larval cells and proceedato® the dorsal midline, where they will fuse
with their partners from the opposite wing/thoragcd Larval cells eventually delaminate from
the edges of the larval epidermal sheet and undepgptosis in the body cavity (Fig. 3E).
Imaginal cells at the leading border emit filopothalocalize their counterparts on the opposite
leading margin. Together with thickened filopodastin-rich bridges develop between the
contralateral sheets. In contrast to embryonic aloctosure, thoracic filopodia, besides their
recognizing function, are believed to generatedivaforce that brings the two imaginal sheets

towards the dorsal midline. Thus, there is no pgtsag mechanism involved in thorax closure.



A

3rd instar
larvae

Larval tissue

Imaginal Discs

\

Sh AP

Figure 3.Adult thorax closure during metamorphosis.(A)—-(D) Schematic representation of imaginal distsch

give rise to wing (yellow parts) and thorax (gredi) The imaginal discs will evert after puparati(arrows). (B)—
(D) After pupariation (AP), everted adult epithékaructures approach to each other and enclosadtk thorax.
Adapted from (Kockel et al., 2001). (E) A crosstast of the dorsal part of the developing thoraraginal cells
(blue) detach from the basal lamina (red) and cawer the larval cells (purple). Larval cells thdglaminate from

the borders of the larval epidermal sheet and gudapoptosis (black). Adapted from (Martin-Blantalg, 2000).

As in dorsal closure, JNK signaling is activatedha leading row of imaginal cells closing the
thorax as documented Ipyckeredexpression (Zeitlinger and Bohmann 1999; Martiari8b et
al., 2000). Impaired JNK signaling (loss of dFoduml Hemipterous, slipper or overexpression
of puckeredl results in defects of thoracic epithelial fus@nthe dorsal midline, manifest as a
cleft (Zeitlinger and Bohmann 1999; Jindra et 2004; Polaski et al., 2006; Martin-Blanco et
al., 2000). PVR, a receptor of PVF1 (Platelet Vémciactor 1), éDrosophilarelative of the



mammalian VEGF/PDGF (Vascular Endothelial GrowtletedPlatelet Derived Growth factor)
growth factors, has been shown to activate JNKadigg during thorax closurd?VR mutants
have cleft thorax, however, they do not show dsfactembryonic dorsal closure (Ishimaru et
al., 2004).

1.3. Formation of adult terminalia

In the adult fly, terminalia are comprised by im&r and external genitalia, analia and the
hindgut. The terminalia arise from a single genitadginal disc. During pupal metamorphosis
the shaping process involves fusion of the left aigtit halves of the imaginal disc, disc
eversion, and in males a 360° clockwise rotati@t it associated with maturation of the internal
genitalia (Adam et al., 2003; Sanchez and Guer2&@l). The exact mechanism of epithelial
remodeling and joining of the adult terminal stuwes to the epithelia of the abdominal

segments remains unclear.

JNK signaling and apoptosis are involved in teriendifferentiation. Altering these pathways
leads to defects in terminalia rotation and eversio addition, this is often accompanied with
abdominal clefts or segment fusios#pr (JNKKK) mutation orslpr™ expression lead to sterile
females with truncated terminal structures and &deswith malrotated or missing terminalia.
hep (JNKK) hypomorphic females also show truncatiordeletion of terminalia (Polaski et al.,
2006). Suppression of JNK signaling by overexpmssif puc (JNK phosphatase) in the genital
disc causes defects in rotation of male termin&iaolishing of PVF1/PVR/INK signaling by

PVF1 mutation oPVF1°" also causes malrotated male terminalia (Maciak,e2004).

Blocking apoptosis at various signaling levels hssin abdominal defects. Overexpression of
the baculovirus caspase inhibitor p35, mutationbaad involution defectivéhid), one of the
Drosophila apoptotic activators, or mutations in theosophila effector caspaske all lead to
abdominal cleft and malrotated male terminalia (@tbland Lengyel 1991; Macias et al., 2004;
Muro et al., 2006; this work).



1.4. Morphogenesis of the adult abdominal epidermis

1.4.1. Adult abdominal epidermisis made from histoblasts

Abdominal histoblasts are established in the emlaigydour pairs of nests for each abdominal
segment. Anterior dorsal nest (approximately 1&yand posterior dorsal nest (aproximately 5
cells) give rise to the tergite. Ventral nest (apprl6 cells) produces the sternite and pleurite,
and the spiracular nest (approx. 3 cells) formsgpieacle (Fig. 4) (Madhavan and Madhavan
1980; Ninov et al. 2007).

EMERYO ADULT ABDOMEN

Figure 4.Embryonal histoblasts are precursors of the adult pidermis. Histoblasts are set up as four nests on
each side of every abdominal segment. During metainosis each nest gives rise to the correspondaniggd the
adult epithelium. Green: dorsal anterior nest. Rieilsal posterior nest. Blue: Ventral nest. Yell@piracular nest.

Adapted from (Ninov et al., 2007).

During the entire larval development histoblastsndt increase in number and start to divide
only after the onset of metamorphosis, which iskadrby puparium formation (or pupariation).
They proliferate in two waves. Upon pupariationtdiidasts divide rapidly and without growth;
the G1 phase is reduced to minimum. From 15 to@6<after puparium formation (APF) G1
phases prolong to several hours allowing the nestobiasts to grow. At 15 h APF histoblasts

start to migrate from original nests and replaceval epidermal cells (LECs), which



continuously delaminate from the epithelial sherd aie. From 24 to 36 h APF histoblasts
spread from lateral sides and fuse with adjacenstsngwithin segments and also
intersegmentally) to cover most of the abdomerst firentrally and laterally. Finally the

expanding sheets of histoblasts meet at the dangline and close the adult epidermis. The
integrity of the single-layered epidermal sheet hmgemain intact during the replacement
process and delamination of LECs must be synchedn&nd coordinated with the proliferation

and spreading of histoblasts (Fig. 5).

Obr. 5 obsahuje utajované skirtesti a je obsazen pouze v archivovaném originéler@ni
prace ulozeném nailfodowdecke fakuk

Figure 5.Exchange of the abdominal epidermal cells during ntamorphosis. (A) Dorsal abdominal epidermis of
wild-type pupa 24 hours after puparium formatiorPfA. Histoblasts (h, small diploid cells) spreaanirlateral
nests (arrows) and expand towards the dorsal meidlgreen rectangle). Larval epidermal cells (LE@sge
polyploid cells) will gradually delaminate and diglagenta: nuclei stained with DAPI, greemCatenin::GFP
fusion protein marks cell membranes. (B) A schematbss-section of the dorsal abdomen. Histobl@gtsen)
proliferate and expand from nests while LECs (blegyude from the epithelial plane, undergo apaptesd are

engulfed by macrophages in the body cavity. Thegss continues from lateral sides towards the Horis#ine.

At 36 - 40 hours APF the abdomen is completely oedenith adult epidermis exclusively

consisting of histoblast cells which start to diffietiate and deposit adult cuticle. By 72 h APF
the trichomes and bristles are formed and by 90sh@&PF the cuticle of the pharate adult
becomes sclerotized and pigmented. Adult abdomepalermis is thus made in two phases:
first, LECs are replaced with histoblasts and sdcbrstoblasts differentiate into adult epidermal

or neuronal cells and produce sclerotized and raaluft cuticle (Fig. 6).



24 h APF 38 h APF 40 h APF 45 h APF 60 h APF
histoblast nests patterning folding/differenciation
growth/migration

- larval epidermis - adult epidermis

Figure 6.Two populations of epidermal cells exchange duringbdominal metamorphosis.Larval cells (green)
are succeeded by histoblasts (pink) which afteindef their position start to differentiate and gouce adult
trichomes and bristles. Dorsal view, adapted frdmGompel, methods used in laboratory: http://wwvedrnl.univ-
mrs.fr/equipes/BP_NG)The timing of the events may be somewhat delapedpared to Ninov et al. (2007) or our

observations.

1.4.2. Ecdysone signaling in the abdominal remodeling

Metamorphosis of th®rosophilalarva to pupa and adult is controlled by the stermrmone
ecdysone and its active form 20-hydroxyecdyson&)2€espectively. A pulse of ecdysone titer
at the late L3 stage initiates the metamorphic @og Massive death of larval organs is

accompanied by development of adult tissues (Big. 7
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Figure 7.Ecdysone pulses regulate metamorphosi&€cdysone peak at late L3 larval stage triggers muipa
formation (pupariation). Another ecdysone pulsaiath10-12 hours after puparium formation (APF)atts adult
head eversion (pupation). 36 hours APF most LE@ssabstituted with histoblasts which synthesizetaltticle
and form sensory bristleBroad compleXBR-C) gene activates transcription of apoptotic exemutBeapefRpr)
and head involution defectivélid) (which will subsequently sequester the crucial easpnhibitor proteirDIAP -
Drosophila Inhibitor of Apoptosis), an initiator caspaBlRONC (Drosophila Nedd2-like caspase) and effector
caspaseDRICE (Drosophilalce). Adapted and modified from (Emery et al., 200hummel, 1996; Thummel,
2001; Kornbluth and White, 2005; Yin and Thumme&lQ2; Yin et al., 2007).



Tissues sense ecdysone through a heterodimeriearustceptor Usp/EcRDrosophila ECR
proteins are found in three different splicing aats, each with specific roles depending on
place and time where it is expressed. EcCR-A, EcRaBd EcR-B2 share common DNA- and
ligand-binding domains and differ in their N-terrairsequences. ECR-A is mainly expressed in
imaginal discs while EcR-B1 predominates in lartiafues and in histoblasts (Talbot et al.,
1993). After puparium formation EcCR-A and EcR-BE @oexpressed in both histoblasts and
LECs (Ninov et al., 2007)EcR-B1and EcR-A mutations orEcR'mediated inhibition of
ecdysone sensing in histoblasts abolishes thelifgration, while EcCR™ version expressed in
LECs inhibits their apical constriction and consamjuapoptosis. Thus, ecdysone receptor
signaling is necessary in both histoblasts and LE&sder et al., 1997, Davis et al., 2005;
Ninov et al., 2007), although the role of the 2@fahd has not been demonstrated.

Broad-Complex(BR-Q is among the earlieddrosophila genes activated in response to the
ecdysone pulse. At the onset of metamorphosis ndistBR-C protein isoforms trigger
transcription of specific sets of genes which imntiexecute the metamorphosis program
involving making of pupal structures as well astdetion of larval tissueBR-C encodes four
protein isoforms (Z1-Z4), each of which has a usigombination of zinc finger domains and is
expressed in tissue-specific manner. Distinct isof promote expression of pupal-specific
genes but have to be down-regulated later in adledelopment (Zhou and Riddiford, 2002;
Minakuchi et al. 2008; Emery et al. 1994). Artifitioverall induction of BR-C Z1 at 44-48 h
APF causes re-expression of pupal cuticle genes samgbression of adult cuticle genes.
Depending on time of BR-C induction the animals enampaired pigmentation and bristle
formation in abdominal segments although the epiderconsists entirely of histoblasts (Zhou
and Riddiford, 2002, Minakuchi et al., 2008). A 8an phenotype is observed after artificial
treatment with Juvenile Hormone (JH) during thevddwpupal transition. JH normally acts
against ecdysone signaling by preventing metamomgbévelopment. IiDrosophilathis effect of
JH is limited to the abdomen, where ectopic JH esaysolonged expression BR-C(Zhou and
Riddiford, 2002) and, consistently with the effe€tBR-C Z1 misexpression itself, prevents the
adult program. This results in pharate adults lagladult cuticle and bristles on the abdomen.
Misexpression of another JH-induced gem&jippel homolog 1(Kr-hl), specifically in
histoblasts has a similar effect — it preventsdéeline of BR-C expression and differentiation of



the adult cuticle, producing animals with a strgdebald pupal cuticle at the dorsal abdominal
midline (Minakuchi et al., 2008).

1.4.3. Mechanism of LEC extrusion

Delamination of LECs from the epithelial sheet i®rmoted by apical constriction of the
actomyosin complex. The contraction depends on gitwylation of non-muscle myosin Il
regulatory light chain (MRLC), inDrosophila encoded byspaghetti squashsgh. This
phosphorylation will activate non-muscle myosinhBavy chain, which is encoded kipper
(zip). Permanent dephosphorylation of Sgh in LECs bgsmylight chain phosphatase (MLCP)
inhibits the myosin contractility, resulting in LECoccupying the epidermal sheet at
postmetamorphosis periods. By contrast, constguptosphorylation of Sgh by Rho kinase
(Rok) increased the rate of LEC delamination. (Nimd al., 2007). Rok is activated by Rhol
small GTPase (also known as RhoA). GTP-bound aétirra of Rhol promotes conformational
change of Rok, which is then able to phosphoryitatéarget Sgh. A direct link between Rhol
signaling and myosin Il activity is genetically denced also from other tissues (developing
embryo, leg and wing) (Halsell et al. 2000). Throygoper organization of actin and myosin I
in epidermis, Rhol is required to form adherensctions (AJ) during Drosophila
embryogenesis. Rhol establishes apicolateral loligion of spectrin and targeBrosophila E-
cadherin to AJ. Moreover, Rhol physically interasith cateninse. and pl12Q(Magie et al.,
2002; Bloor and Kiehart, 2002). Rhol RNAI causesoahinal cleft (this work).

Genetic interactions between non-muscle myosintaedNK pathway have been demonstrated
in the Drosophila wing disc (Fig. 8). A phosphatase Flapwing (Flwgpdosphorylates Sgh
subunit, thereby deactivating Zip, which in turnsukts in inhibition of puc expression.
Constitutively activehepg™ enhances Flw deficiency fiw mutants, which is then suppressed in
bskmutants (Kirchner et al., 2007).
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Fig. 8. Interaction between JNK and Rhol signalingas revealed by genetic experimentsDirosophila wing

imaginal disc (Kirchner et al., 2007).

1.4.4. Genes affecting histoblast proliferation

In addition to EcR, which is required for the ialtphase of synchronized histoblast divisions
early after the onset of metamorphosis (Ninov gt28109), there are other genetic factors whose
loss disrupts abdominal morphogenesis by affedtiatpblast proliferation or fate decision. This

can occur at several stages of development foeréifit reasons:

1. Insufficient numbers of histoblasts specified dgr@mbryogenesis

Arrowhead (Awh) mutants have fewer than normal cells in the abdalmhistoblast nests in

embryos and larvae. Thus, although differentiatdrhistoblasts after pupariation is normal,



pharate adults have completely "naked" abdomenlalcks adult cuticle and bristles. Awh is a
transcription factor that ensures production amdvigal of abdominal histoblasts and salivary
gland ring imaginal cells. Interestingly, Awh istnimecessary to establish imaginal discs as

Arrowheadmutations have no impact on their developmentt{€uand Heilig, 1995).

2. Insufficient proliferation of histoblasts duringgal development

Ubiquitous RNAI silencing oftyclin G (CycG) perturbes proliferation and fusion of dorsal
histoblast nests after puparium formation. HoweVess of CycG does not affect histoblast
numbers in embryos or larvae and does not altar pledy (Salvaing et al., 2008). During adult
metamorphosisPm myb mutants do not have enough histoblasts to repddictarval cells,
suggesting a defect in cell proliferation. The ratenistoblast proliferation idm mybmutants
after puparium formation is slower and cells arelstat pre-metaphase or pre-prophase. In the
course of development percentage of histoblasts muitotic abnormalities increases and adults
display a stripe of bald cuticle at the dorsal aboh@l midline (Fung et al., 2002).

3. Polyploid histoblasts

Unlike cells within Drosophila larval tissues that are highly polyploid, the ding imaginal
cells including abdominal histoblast are diplastargot (esg) mutants die as pharate adults with
thin and transparent abdominal cuticle at the dargdline. LECs remain in the abdominal
epithelium.esgmutant larvae have polyploid histoblasts with @stliexpression of Cyclin A, a
marker of the G2/M cell cycle stage, which is ndiynabundant in larval abdominal histoblasts
(Hayashi et al. 1993). Similarl¢dc2 mutants have polyploid histoblasts in larvae (Hayas
1996). Thus, although in bo#sgandcdc2mutants the initial numbers of histoblasts in eyobr
and larvae are normal, the histoblasts proliferatee slowly than wild-type after puparium

formation because of their higher ploidy.

4. Unknown mechanism

Cryptocephal (crc) encodes several isoforms homologous to the maramalZIP transcription
factor ATF4. Several mutant alleles display undédfgiated abdomen. The molecular

mechanism has not been suggested (Hewes et ab).200



2. ATF3, a bZIP protein

Activating transcription factors (ATFs) were so resdrin 1987 to refer to proteins that bind the
adenovirus early promoters E2, E3 and E4 at sitdksavcommon core sequence CGTCA (Lee
et al., 1987). ATF3 was originally detected asvarliregenerating factor 1 (LRF-1) due to its
presence in rat liver after partial hepatetomy (HKswal., 1991). The majority of known data

about transcription factor ATF3 concerns the hurpastein and mainly comes from studies
performed in cultured cell lines. Animal modelselikats or mice overexpressing human ATF3,
andAtf3”" knock-out mice were also developed. Due to a nastber of studies on mammalian

ATF3, I will mention here only a small subset obfished data that are relevant to our work.

2.1. Leucine zippers

ATF3 belongs to the basic region-leucine zipperlf)Zfamily and the ATF subfamily of
transcription factors. The ATF subfamily contairveral members divided into 6 subgroups.
Proteins within each subgroup share significantilaiity both inside and outside the bZIP
domain. Proteins between the subgroups, howevenotishare much similarity other than the
bZIP motif itself (Hai and Hartman, 2001).

Members of the bZIP family form selective heterodim through their bZIP domains and
recognize DNA consensus elements (Fig. 9). Therdditeers have different binding activity
than their respective homodimers. Heterodimers a3 with c-Jun and JunB activate
transcription, while ATF3/c-Fos formation has neeh observed (Lee et al., 1987; Hsu et al.,
1991, 1992). Fos proteins form heterodimers withid&lated proteins, but do not homodimerize,
whereas c-Jun forms dimers with all Jun- and Felsted proteins. ATF3 also binds ATF2 but
not ATF1 (Hai and Curran, 1991). Another bindingtper for ATF3 is the ER stress-activated
bZIP protein gadd153 (Chen et al., 1996; Wolfgah@le 1997). Distinct bZIP dimers act as
transcriptional activators or repressors and bimdDNA response elements. Human ATF3
homodimer binds to DNA within the ATF/CRE consensite (TGACGTCA) and potentially
several other sites such as AP-1, ELAM-1, E4F, SiR&ng et al., 1996; Gong et al., 2002).
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Figure 9.Model of bZIP dimer binding to DNA. Several heptads of characteristic amino acid segpéncluding
leucines at specific positions) form the leucingpar dimerization domain. The basic domains bintht major
groove in the DNA helix. Adapted from (Ellenberggral., 1992).

In the Drosophila genome, 27 genes coding for known or putative baiidteins have been
identified, and 21 of them have mammalian countgsg&ubin et al., 2000, Fassler et al., 2002).
SeveralDrosophilabZIP proteins were studied genetically: dFos ahandproteins (Perkins et
al., 1998, 1990), a PAR-domain protein 1 (Pdpl)af#het al., 1990), cap'n‘collar (cnc) (Mohler
et al., 1991), giant (gt) (Capovilla et al., 1998w border cells (slbo) (Roth and Montell,
1992), crebA (Smolik et al., 1992), creB-17A (Ustial., 1993), sisterless A (sis-A) (Erickson
and Cline, 1993), vrille (vri) (George and Terrac®97), Tracheae Defective (TDF) (Eulenberg
and Schuh, 1997), and cryptocephal (crc), an ATé#diogue (Hewes et al., 2000). Strikingly,
a Drosophila gene encoding a homolog of ATF3 (referred toA@s3 or CG11405in the

FlyBase) has not yet been functionally charactdriaed is the subject of this work.



2.2. ATF3 modulates the response to stress in cooaton with JNK signaling

Mammalian ATF3 is an adaptive early-response gehese product appears in the cell within

first hours of the reaction to stress. Under norooalditions most cells have low or undetectable
levels of ATF3 mRNA, but it is rapidly upregulategon various stress stimuli. Together with

its binding partner, which is often c-Jun, ATF3dBnto promoters of various target genes and
affects the cellular response. Depending on the tyfpstress, ATF3 may promote antagonistic
responses such as apoptosis or proliferation.

ATF3 expression together with c-jun and JNK actomt is induced undepxidative and

genotoxic stressand usually targets cell to apoptotic death. Aerplay between ATF3 and p53

in the context of oxidative stress has also beguyested (Yin et al., 1997; Shtil et al., 1999;
Allen-Jenings, 2001; Nobori et al., 2002; Abe et 2003; Kang et al., 2003; Andley et al., 2004;
Mallory et al., 2005; Koike et al., 2005; Yoshida a&., 2008; Turchi et al., 2008). The
proapoptotic action of ATF3 has been demonstraiesktveral types of cancer cells where ATF3
activity induced caspases (Mashima et al., 200&dSst al., 2005). Recent study shows that it
depends on stage of tumor progression and its tagtapotential whether ATF3 will cause

apoptosis or uncontrolled proliferation (Yin et, &008).

ATF3 expression significantly increases durinflammation. Several studies show that ATF3
promotes cell proliferation upon serum addition.F8Trestored the delayed progression of G1
phase. It induced the expression of cyclins D1nd B and activated cell-cycle kinases CDK2
and CDK4 (Allan et al., 2001, Tamura et al., 2005)on TNFe treatment ATF3 protected cells
from TNFa-dependent apoptosis (Kawauchi et al., 2002). tiNRduces ATF3 via JNK, while
ERK signaling antagonizes TNFnediated ATF3 expression (Inoue et al., 2004, Natval.,
2002). ATF3 is rapidly induced after exposure toFfdNand in the form of heterodimer with c-
jun it can suppress E-selectin gene transcriptmossibly via binding to NF-ELAM1 site,
previously occupied by an activating ATF2/c-jun qoex (Cai et al., 2000). ATF3 is induced by

nitric oxide in endothelial cells (Chen and Wan§02) and it is also induced in liver by

lipopolysaccharide(LPS) (Hartman et al.,, 2004). ATF3 is significgntupregulated and
translocated to the cell nucleus in mouse lungtectavith ovalbumin, causing asthma-like

inflammation (Gilchrist et al., 2008).



ATF3 is activated also duringR _stress Homocystein, a reducing agent, causes rapid tratuc
of ATF3 expression that together with JNK signaliriggers the apoptotic death. Tunicamycin,
a glycosylation inhibitor, activates the JINK/SAPiIgrmling and ATF3 expression. During ER
stress initiated by thapsigargin treatment, whichibits SERCA ATPase (sarco/endoplasmic
reticulum C&"), thus depleting ER calcium stores, ATF3 elevatinaused by phosphorylated
elF2o, (Cai, 2000; Zhang, 2001;. Jiang et al.; 2004, Traned al.; 2005).

Injury caused by partial removal of an organ or a nemamsection causes immediate elevation
of ATF3 mRNA. ATF3 is even widely used as a specdind sensitive neuronal marker of

axonal injury where it regulateggenerationin heterodimer with c-jun (Hsu et al., 1991; Chen
et al., 1996; Allen-Jenings et al., 2001; Gold let 2993; Tsujino et al., 2000; Tsuzuki et al.,

2001; Obata et al., 2003; Pearson et al., 2003a@ilal., 2004; Taylor et al., 2005; Isacsson et
al., 2005; Peters et al., 2005; Stewart, 1995; &pat al., 2001; Hunt et al., 2004; Lindwall and

Kanje, 2005; Seijffers et al., 2007; Kiryu-Seo le2808).

ATF3 knock-out mice as well as ATF3 overexpressinige and rats are viable but suffer from

disturbed glucose homeostasis. Moreover, ATF3 oyeessing animals show multiple organ
dysfunctions in the liver, pancreas and heart @Allenings, 2001; Okamoto et al., 2001,
Hartman et al., 2004).

Mammalian ATF3 is extensively studied and has begorted to play a role in all kinds of
stress and important processes such as inflammatiororigenesis, proliferation and apoptosis.
The results are often contradictory and seem ndajite coherent answer on ATF3 function.
Thus, reverse genetics may be the possible way tooelucidate the importance of ATF3
occurrence in the cell. We have used the excelleosophilamodel which offers many genetic

and molecular tools to uncover some of the ATF&8gspprimarily during animal development.



RESULTS

Petra Sekyrova, Dirk Bohmann, Marek Jindra, Mirkditdva. Interaction betweenDrosophila
bZIP proteins dATF3 and dJun prevents replacement D epithelial cells during

metamorphosis.
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Epithelial sheet spreading and fusion underlie irfgya developmental processes. Well-
characterized examples of such epithelial morphegeervents have been provided by studies in
Drosophilg and include embryonic dorsal closure, formatidrthe adult thorax, and wound
healing. All of these processes require the basgion-leucine zipper (bZIP) transcription
factors dJun and dFos. Much less is known abouphuwenesis of the fly abdomen, which
involves replacement of larval epidermal cells (ISE@ith adult histoblasts that divide, migrate
and finally fuse to form the adult epidermis durimgetamorphosis. Here, we implicate
Drosophila Activating transcription factor 3 (dATF3), the gla ortholog of human ATF3 and
JDP2 bZIP proteins, in abdominal morphogenesis.inguthe process of the epithelial cell
replacement, transcription of thdatf3 gene declines. When this down-regulation is
experimentally prevented, the affected LECs accatsulcell-adhesion proteins and their
extrusion and replacement with histoblasts are Keldc The abnormally adhering LECs
consequently obstruct the closure of the adult abdal epithelium. This closure defect can be
either mimicked and further enhanced by knockdowth® small GTPase RhoA or, conversely,
alleviated by stimulating the ecdysone steroid haren signaling. Both Rho and ecdysone
pathways have been previously identified as effsabdthe LEC replacement. To elicit the gain-
of-function effect, dATF3 specifically requires ignding partner dJun. Our data thus identify

dATF3 as a new functional partner@fosophilaJun during development.



Rast a spojovani epitelidlnich vrstev jsou &mati dilezitych vyvojovych dju. Dobre
prostudované ifkady €chto morfologickych zmn, nag. proces uzavirani embrya (dorsal
closure), vyvoj thoraxu u dogjee nebo hojeni ran, pochazi ze studia moutosophily Zadny
ze zmirnych proces se neobejde bez bZIP (basic region-leucine zipfp&tdri dJun a dFos. O
vyvoji dosgl¢iho abdomenu neni znamo t&mnic. Zde probihd vygma larvalnich
epidermalnich butk (LECs) za dosfi¢i histoblasty, které setbem metamorfozydi, migruji a
nasledg spojuji, aby daly vznik epidermalni vrstvpokryvajici abdomen doslge.

V piedkladané publikaci poukazujeme na roli dATF3,npétio ortologu lidskych protainrATF3

a JDP2, v morfogenezi abdomebBuosophily V praibéhu vymeny epidermalnich butk klesa
uroven transkripce gendatf3 Pokud je tento pokles experimentdzrablokovan, postizené LEC
buiiky akumuluji proteiny buktnych spoji a nejsou schopny delaminovat z epidermalni vratvy
tudiz nejsou nahrazeny histoblasty. LEGilbus abnormalni adhezivitou pak blokuji uzavi
abdominalniho epitelu. Podobného efektu je dosazeké snizenim exprese RhoA, malé
GTPazy nebo naopak, defekt je zahojen stimulacysktbvé drahy. Bv¢jSi studie ukazuji, ze
se ol drdhy, Rho a ekdysonova draha&asini vyneny epidermalnich LEC bwk. K vyvolani
fenotypu patebuje dATF3 specificky protein dJun. NaSe data ujkaze dATF3 je novy fundi

partner proteinu Jun v filsehu vyvoje mouchyrosophila
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