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ANNOTATION 

This thesis is based on reverse-genetic functional analyses of the bZIP transcription factor 
dATF3 in the Drosophila model. Genetic, molecular and microscopic techniques have been 
employed to reveal the first evidence for a developmental role of dATF3 in vivo and for its 
cooperation with its predicted partner, the bZIP protein dJun. The data show that dATF3 is 
essential for normal function of the fat body and hence for larval life. During metamorphosis, 
dATF3 expression is transcriptionally down-regulated to allow morphogenesis of the adult 
abdomen and of the compound eye. Deregulation of dATF3 at that time increases adhesiveness 
of larval epidermal cells in the abdomen, and thus blocks their extrusion and replacement with 
the adult epidermis. Besides its partner dJun, dATF3 interacts genetically with the ecdysone 
steroid signaling and with the Rho pathway. The results provide new information on dATF3 role 
in cell adhesion during epithelial morphogenesis and thus improve our understanding of basic 
developmental mechanisms.  
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RESEARCH OBJECTIVES 
 

The family of basic region-leucine zipper (bZIP) transcription factors includes important 

regulators of stress-induced transcriptional response, many of which have predicted or proven 

roles in human diseases. As most of the published studies rely on ex-vivo cell culture systems, 

developmental roles of these proteins in vivo are comparatively less well-understood. The 

Drosophila model has been instrumental in defining in vivo functions of several bZIP proteins, 

such as the homologs of Jun and Fos, primarily in epithelial cell shape changes during 

morphogenesis and wound healing.  

The Activating transcription factor 3 (ATF3) has thus far been studied only in mammalian 

systems, and numerous studies in cultured cell lines have implicated it in multiple cellular 

behaviors including stress response, cell proliferation, apoptosis, or cell motility. ATF3 has been 

shown to dimerize with other bZIP proteins, namely members of the Jun subfamily. Recent data 

from ATF3 knock-out mice or mice and rats with up-regulated ATF3 expression connect ATF3 

with stress, inflammation, immune and metabolic homeostasis, and with injury and regeneration 

in vivo. Whether any of these processes involve a functional interaction between ATF3 and its 

partner Jun is not known. Also, since the ATF3-deficient mice are viable, it is unclear whether, 

besides its obvious physiological importance, ATF3 plays any role in animal development.  

The goal of my study was to explore a potential developmental role of the ATF3 ortholog in the 

fruit fly Drosophila melanogaster, and thus improve our understanding of its function in general. 

A special emphasis was on the predicted, but not proven, in vivo interaction between ATF3 and 

Jun. We chose the Drosophila model for the variety of superb genetic tools it offers to study 

protein functions and interactions in the context of the intact organism. The aims of the work 

were to document the biochemical interaction between Drosophila ATF3 (dATF3) and its 

putative partner dJun, and to find out whether this interaction had any biological relevance. 

Using both loss-of-function and gain-of-function approaches in live animals, we aimed to 

determine which developmental processes required dATF3 or were affected by it, respectively. 

Based on the obtained phenotypic changes, we planned genetic interaction studies that would 

reveal functional relationships between dATF3 and signaling pathways acting in particular 

developmental events.  
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INTRODUCTION 
 

1. Epithelial remodeling during Drosophila development requires JNK 

signaling 

 

During Drosophila development dramatic epithelial remodeling occurs. From a larva that lacks 

any external appendages a complex adult fly emerges with a head, legs, wings and other 

structures. Adult epithelia originate from imaginal cells, either imaginal discs or histoblasts, all 

of which become specified already during embryogenesis of the fly. Imaginal discs are compact 

structures of folded epithelia. Each imaginal disc contains spatially distinct pre-patterned areas 

which will fully differentiate and extend during metamorphosis, at the pupal stage. Imaginal 

discs give rise to excorporate structures including the head, antennae, thorax, wings and halteres, 

legs, and external genitals. Incorporate structures such as the gut, salivary glands or abdominal 

epidermis possess islets or rings of imaginal cells, also termed histoblasts, embedded within the 

original larval tissue. The imaginal histoblasts are diploid cells, arrested before transition to the S 

phase, that do not divide during larval stages (Ninov et al., 2009; Jiang and Edgar, 2009; Hayashi 

and Yamaguchi, 1999). At the onset of metamorphosis histoblasts rapidly proliferate and replace 

polyploid larval cells that had formed the organs so far. Therefore, adult epithelia originating 

from histoblasts are made by gradual replacement of larval cells with the newly proliferating and 

differentiating adult cells, while those adult structures that develop from imaginal discs rather 

arise by coordinated movements of entire epithelial sheets. 

Multiple signaling pathways control these complex processes at different levels. Hormonal 

signaling controls the overall synchronicity of developmental events in distinct organs. 

Patterning of the body plan is regulated by cascades of homeotic genes. Signaling within 

individual cells responds to these general impulses. 

In Drosophila, Jun N-terminal kinase (JNK) signaling (Fig. 1) has been known to play a role in 

most cases of epithelial remodeling during development. Embryonic dorsal closure (Glise et al., 

1995; Riesgo-Escovar et al., 1996, Hou et al., 1997, Kockel et al., 1997, Riesgo-Escovar and 



 

 
 

Hafen 1997a and 1997b, Zeitlinger et al., 1997; Glise and Nosseli, 1997; Martín-Blanco et al., 

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

Martín-Blanco et al., 2000) are well-studied examples. JNK pathway was also shown to affect 

development of the compound eye (Bohmann et al., 1994) and the external terminalia (Polaski et 

al., 2006; Macías et al., 2004), as well as oogenesis (Suzanne et al., 2001; Dobens et al., 2001) 

and wound healing (Rämet et al., 2002; Bosch et al., 2005). 

 

 

 

Fig 1. JNK signaling pathway in Drosophila. A cascade of kinases leads to phosphorylation of the bZIP 

transcription factors dJun and dFos which dimerize and trigger transcription of puckered (puc) and decapentaplegic 

(dpp) among other target genes. puckered encodes a JNK phosphatase and accomplishes a negative feedback 

regulation of the signaling pathway. Dpp, Drosophila Transforming growth factor β/Bone Morphogenetic Protein 

(TGF-β/BMP) ortholog, regulates cell shape and polarity changes during morphogenesis. The molecular 

composition of the JNK pathway is well-conserved between Drosophila and mammals except that in flies each of its 

components is usually encoded by single gene, thus minimizing potential functional redundancy (Kockel et al., 

2001). 



 

 
 

1.1. Embryonic dorsal closure 

 

During embryonic dorsal closure, lateral sheets of elongating epidermal cells advance to close 

the dorsal part of the embryo that is occupied by the amnioserosa. Amnioserosa cells 

concomitantly extrude from the epithelial plane by apical constriction and drop into the interior 

of the embryo where they are eliminated by apoptosis (Fig. 2) (Kiehart et al., 2000; Toyama et 

al., 2008). Epithelial cells do not proliferate during dorsal closure and the movement of epithelial 

sheets is a consequence of cell shape changes of epidermal cells which elongate in dorso-ventral 

axis. On both sides of the epidermal sheets the dorsal-most row of cells has a special function 

during the closure and it is termed the leading edge (LE). Cells in the LE contain an actomyosin-

rich cable forming a “purse string”, which tightens the circle around the dorsal gap. LE cells 

from opposite sides approach and contact each other by extending thin actin-based filopodia and 

lamellipodia and eventually LE cells seal the gap as a zipper. Actin and non-muscle myosin II 

are necessary to generate active moving forces in leading edge, for apical contraction of 

amnioserosa and for proper zipping (Franke et al., 2005). Epidermal cells lateral to LE elongate 

and provide the main force which pushes the epithelial sheets towards dorsal midline. 

 



 

 
 

 

Figure 2. Dorsal closure in the developing embryo. (A)-(C) Dorsal views of whole Drosophila embryos. Leading 

edge cells with active JNK signaling are highlited by puckered expression (blue). Cell membranes are stained with 

anti-coracle antibody (red) and nuclei are marked with anti-dJun (green). Note large nuclei of amnioserosa cells in 

dorsal opening. (A) Stage 13 embryo, dorsal closure started. (B) Stage 14 embryo. (C) Stage 16 embryo, epidermal 

sheets from both sides have met each other at the dorsal midline and are closing the epithelial layer in a zipping 

manner. Adapted from (Kockel et al., 2001). (D) A schematic cross-section of developing embryo, dorsal side. 

Epidermal cells (orange) from both sides are elongating in dorso-ventral axis and bring two epithelial sheets to 

dorsal midline. Cells in leading edge express puckered (blue). Amnioserosa cells (green) are apically constricting 

and delaminating (black). Amnioserosa and epidermis remain continuous during the whole process and keep contact 

with the basal lamina (red). Adapted and modified from (Martín-Blanco et al., 2000).  

 

During embryonic dorsal closure JNK signaling coordinates morphogenetic processes in cells of 

leading edge, lateral epidermis and amnioserosa. JNK pathway is active in a row of LE cells 

(shown by puckered expression in Fig. 2) and promotes cytoskeleton remodeling in LE as well as 

movement of lateral sheets. Drosophila mutants in components of the JNK signaling pathway die 



 

 
 

as embryos due to severe dorsal closure defects (Glise et al., 1995; Riesgo-Escovar et al., 1996; 

Hou et al., 1997; Kockel et al., 1997; Riesgo-Escovar and Hafen, 1997a and 1997b; Martín-

Blanco et al., 1998; Stronach and Perrimon 2002). Modulation of activity of the small GTPases 

Rho1, Cdc42 or Rac1 both by upregulation or downregulation leads in defects in dorsal closure 

as well (Strutt et al., 1997; Harden et al., 1999; Jacinto et al., 2000). Numerous studies performed 

on Drosophila embryos during dorsal closure implicate reciprocal crosstalk betveen JNK, Dpp 

(TGF-β/BMP ortholog, target of JNK signaling) and small GTPases signaling in all three 

segments of epidermal cells: leading edge, cells lateral to leading edge and amnioserosa (Riesgo-

Escovar and Hafen, 1997b; Sluss and Davis, 1997; Glise and Nosseli, 1997; Zeitlinger et al., 

1997; Harden et al., 1999; Ricos et al., 1999; Harden et al., 2002; Bloor and Kiehart, 2002; 

Conder et al., 2004; Fernández et al., 2007; Zahedi et al., 2008). 

 

1.2. Thorax closure.  

 

During metamorphosis imaginal discs grow, evert and finally diferentiate into adult structures. 

Wing/thorax discs are present in a pair giving rise to the left and right wings and left and right 

halves of the dorsal thorax, the notum (Fig. 3A-D). During adult thorax closure, imaginal cells 

have to crawl over the larval cells and proceed towards the dorsal midline, where they will fuse 

with their partners from the opposite wing/thorax disc. Larval cells eventually delaminate from 

the edges of the larval epidermal sheet and undergo apoptosis in the body cavity (Fig. 3E). 

Imaginal cells at the leading border emit filopodia to localize their counterparts on the opposite 

leading margin. Together with thickened filopodia, actin-rich bridges develop between the 

contralateral sheets. In contrast to embryonic dorsal closure, thoracic filopodia, besides their 

recognizing function, are believed to generate an active force that brings the two imaginal sheets 

towards the dorsal midline. Thus, there is no purse-string mechanism involved in thorax closure. 

 



 

 
 

 

 

Figure 3. Adult thorax closure during metamorphosis. (A)–(D) Schematic representation of imaginal discs which 

give rise to wing (yellow parts) and thorax (green). (A) The imaginal discs will evert after pupariation (arrows). (B)–

(D) After pupariation (AP), everted adult epithelial structures approach to each other and enclose the adult thorax. 

Adapted from (Kockel et al., 2001). (E) A cross-section of the dorsal part of the developing thorax. Imaginal cells 

(blue) detach from the basal lamina (red) and crawl over the larval cells (purple). Larval cells then delaminate from 

the borders of the larval epidermal sheet and undergo apoptosis (black). Adapted from (Martín-Blanco et al., 2000). 

 

As in dorsal closure, JNK signaling is activated in the leading row of imaginal cells closing the 

thorax as documented by puckered expression (Zeitlinger and Bohmann 1999; Martín-Blanco et 

al., 2000). Impaired JNK signaling (loss of dFos, dJun, Hemipterous, slipper or overexpression 

of puckered) results in defects of thoracic epithelial fusion at the dorsal midline, manifest as a 

cleft (Zeitlinger and Bohmann 1999; Jindra et al., 2004; Polaski et al., 2006; Martín-Blanco et 

al., 2000). PVR, a receptor of PVF1 (Platelet Vascular Factor 1), a Drosophila relative of the 



 

 
 

mammalian VEGF/PDGF (Vascular Endothelial Growth Factor/Platelet Derived Growth factor) 

growth factors, has been shown to activate JNK signaling during thorax closure. PVR mutants 

have cleft thorax, however, they do not show defects in embryonic dorsal closure (Ishimaru et 

al., 2004). 

 

1.3. Formation of adult terminalia 
 

In the adult fly, terminalia are comprised by internal and external genitalia, analia and the 

hindgut. The terminalia arise from a single genital imaginal disc. During pupal metamorphosis 

the shaping process involves fusion of the left and right halves of the imaginal disc, disc 

eversion, and in males a 360° clockwise rotation that is associated with maturation of the internal 

genitalia (Ádám et al., 2003; Sánchez and Guerrero 2001). The exact mechanism of epithelial 

remodeling and joining of the adult terminal structures to the epithelia of the abdominal 

segments remains unclear.  

JNK signaling and apoptosis are involved in terminalia differentiation. Altering these pathways 

leads to defects in terminalia rotation and eversion. In addition, this is often accompanied with 

abdominal clefts or segment fusions. slpr (JNKKK) mutation or slprDN expression lead to sterile 

females with truncated terminal structures and to males with malrotated or missing terminalia. 

hep (JNKK) hypomorphic females also show truncation or deletion of terminalia (Polaski et al., 

2006). Suppression of JNK signaling by overexpression of puc (JNK phosphatase) in the genital 

disc causes defects in rotation of male terminalia. Abolishing of PVF1/PVR/JNK signaling by 

PVF1 mutation or PVF1DN also causes malrotated male terminalia (Macías et al., 2004). 

Blocking apoptosis at various signaling levels results in abdominal defects. Overexpression of 

the baculovirus caspase inhibitor p35, mutations in head involution defective (hid), one of the 

Drosophila apoptotic activators, or mutations in the Drosophila effector caspase Ice all lead to 

abdominal cleft and malrotated male terminalia (Abbott and Lengyel 1991; Macías et al., 2004; 

Muro et al., 2006; this work). 

 



 

 
 

1.4. Morphogenesis of the adult abdominal epidermis 
 

1.4.1. Adult abdominal epidermis is made from histoblasts 
 

Abdominal histoblasts are established in the embryo as four pairs of nests for each abdominal 

segment. Anterior dorsal nest (approximately 16 cells) and posterior dorsal nest (aproximately 5 

cells) give rise to the tergite. Ventral nest (approx. 16 cells) produces the sternite and pleurite, 

and the spiracular nest (approx. 3 cells) forms the spiracle (Fig. 4) (Madhavan and Madhavan 

1980; Ninov et al. 2007).  

 

 

 

Figure 4. Embryonal histoblasts are precursors of the adult epidermis. Histoblasts are set up as four nests on 

each side of every abdominal segment. During metamorphosis each nest gives rise to the corresponding part of the 

adult epithelium. Green: dorsal anterior nest. Red: dorsal posterior nest. Blue: Ventral nest. Yellow: spiracular nest. 

Adapted from (Ninov et al., 2007). 

 

During the entire larval development histoblasts do not increase in number and start to divide 

only after the onset of metamorphosis, which is marked by puparium formation (or pupariation). 

They proliferate in two waves. Upon pupariation histoblasts divide rapidly and without growth; 

the G1 phase is reduced to minimum. From 15 to 36 hours after puparium formation (APF) G1 

phases prolong to several hours allowing the new histoblasts to grow. At 15 h APF histoblasts 

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



 

 
 

continuously delaminate from the epithelial sheet and die. From 24 to 36 h APF histoblasts 

spread from lateral sides and fuse with adjacent nests (within segments and also 

intersegmentally) to cover most of the abdomen, first ventrally and laterally. Finally the 

expanding sheets of histoblasts meet at the dorsal midline and close the adult epidermis. The 

integrity of the single-layered epidermal sheet has to remain intact during the replacement 

process and delamination of LECs must be synchronized and coordinated with the proliferation 

and spreading of histoblasts (Fig. 5). 

 

Obr. 5 obsahuje utajované skutečnosti a je obsažen pouze v archivovaném originále disertační 
práce uloženém na Přírodovědecké fakultě 

  

 

Figure 5. Exchange of the abdominal epidermal cells during metamorphosis. (A) Dorsal abdominal epidermis of 

wild-type pupa 24 hours after puparium formation (APF). Histoblasts (h, small diploid cells) spread from lateral 

nests (arrows) and expand towards the dorsal midline (green rectangle). Larval epidermal cells (LECs, large 

polyploid cells) will gradually delaminate and die. Magenta: nuclei stained with DAPI, green: α-Catenin::GFP 

fusion protein marks cell membranes. (B) A schematic cross-section of the dorsal abdomen. Histoblasts (green) 

proliferate and expand from nests while LECs (blue) extrude from the epithelial plane, undergo apoptosis and are 

engulfed by macrophages in the body cavity. The process continues from lateral sides towards the dorsal midline. 

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

consisting of histoblast cells which start to differentiate and deposit adult cuticle. By 72 h APF 

the trichomes and bristles are formed and by 90 hours APF the cuticle of the pharate adult 

becomes sclerotized and pigmented. Adult abdominal epidermis is thus made in two phases: 

first, LECs are replaced with histoblasts and second, histoblasts differentiate into adult epidermal 

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

 



 

 
 

 

 

Figure 6. Two populations of epidermal cells exchange during abdominal metamorphosis. Larval cells (green) 

are succeeded by histoblasts (pink) which after defining their position start to differentiate and produce adult 

trichomes and bristles. Dorsal view, adapted from (N. Gompel, methods used in laboratory: http://www.ibdml.univ-

mrs.fr/equipes/BP_NG). The timing of the events may be somewhat delayed compared to Ninov et al. (2007) or our 

observations. 

 

 

 

 

1.4.2. Ecdysone signaling in the abdominal remodeling 
 

Metamorphosis of the Drosophila larva to pupa and adult is controlled by the steroid hormone 

ecdysone and its active form 20-hydroxyecdysone (20E), respectively. A pulse of ecdysone titer 

at the late L3 stage initiates the metamorphic program. Massive death of larval organs is 

accompanied by development of adult tissues (Fig. 7).  

 



 

 
 

 

 

Figure 7. Ecdysone pulses regulate metamorphosis. Ecdysone peak at late L3 larval stage triggers puparium 

formation (pupariation). Another ecdysone pulse around 10-12 hours after puparium formation (APF) activates adult 

head eversion (pupation). 36 hours APF most LECs are substituted with histoblasts which synthesize adult cuticle 

and form sensory bristles. Broad complex (BR-C) gene activates transcription of apoptotic executors: Reaper (Rpr) 

and head involution defective (Hid) (which will subsequently sequester the crucial caspase inhibitor protein, DIAP - 

Drosophila Inhibitor of Apoptosis), an initiator caspase DRONC (Drosophila Nedd2-like caspase) and effector 

caspase DRICE  (Drosophila Ice). Adapted and modified from (Emery et al., 2004; Thummel, 1996; Thummel, 

2001; Kornbluth and White, 2005; Yin and Thummel, 2004; Yin et al., 2007). 



 

 
 

Tissues sense ecdysone through a heterodimeric nuclear receptor Usp/EcR. Drosophila EcR 

proteins are found in three different splicing variants, each with specific roles depending on 

place and time where it is expressed. EcR-A, EcR-B1 and EcR-B2 share common DNA- and 

ligand-binding domains and differ in their N-terminal sequences. EcR-A is mainly expressed in 

imaginal discs while EcR-B1 predominates in larval tissues and in histoblasts (Talbot et al., 

1993). After puparium formation EcR-A and EcR-B1 are coexpressed in both histoblasts and 

LECs (Ninov et al., 2007). EcR-B1 and EcR-A mutations or EcRRNAi-mediated inhibition of 

ecdysone sensing in histoblasts abolishes their proliferation, while EcRDN version expressed in 

LECs inhibits their apical constriction and consequent apoptosis. Thus, ecdysone receptor 

signaling is necessary in both histoblasts and LECs (Bender et al., 1997, Davis et al., 2005; 

Ninov et al., 2007), although the role of the 20E ligand has not been demonstrated. 

Broad-Complex (BR-C) is among the earliest Drosophila genes activated in response to the 

ecdysone pulse. At the onset of metamorphosis distinct BR-C protein isoforms trigger 

transcription of specific sets of genes which in turn execute the metamorphosis program 

involving making of pupal structures as well as destruction of larval tissues. BR-C encodes four 

protein isoforms (Z1-Z4), each of which has a unique combination of zinc finger domains and is 

expressed in tissue-specific manner. Distinct isoforms promote expression of pupal-specific 

genes but have to be down-regulated later in adult development (Zhou and Riddiford, 2002; 

Minakuchi et al. 2008; Emery et al. 1994). Artificial overall induction of BR-C Z1 at 44-48 h 

APF causes re-expression of pupal cuticle genes and suppression of adult cuticle genes. 

Depending on time of BR-C induction the animals have impaired pigmentation and bristle 

formation in abdominal segments although the epidermis consists entirely of histoblasts (Zhou 

and Riddiford, 2002, Minakuchi et al., 2008). A similar phenotype is observed after artificial 

treatment with Juvenile Hormone (JH) during the larval-pupal transition. JH normally acts 

against ecdysone signaling by preventing metamorphic development. In Drosophila this effect of 

JH is limited to the abdomen, where ectopic JH causes prolonged expression of BR-C (Zhou and 

Riddiford, 2002) and, consistently with the effect of BR-C Z1 misexpression itself, prevents the 

adult program. This results in pharate adults lacking adult cuticle and bristles on the abdomen. 

Misexpression of another JH-induced gene, Krüppel homolog 1 (Kr-h1), specifically in 

histoblasts has a similar effect – it prevents the decline of BR-C expression and differentiation of 



 

 
 

the adult cuticle, producing animals with a stripe of bald 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 is promoted by apical constriction of the 

actomyosin complex. The contraction depends on phosphorylation of non-muscle myosin II 

regulatory light chain (MRLC), in Drosophila encoded by spaghetti squash (sqh). This 

phosphorylation will activate non-muscle myosin II heavy chain, which is encoded by zipper 

(zip). Permanent dephosphorylation of Sqh in LECs by myosin light chain phosphatase (MLCP) 

inhibits the myosin contractility, resulting in LECs occupying the epidermal sheet at 

postmetamorphosis periods. By contrast, constitutive phosphorylation of Sqh by Rho kinase 

(Rok) increased the rate of LEC delamination. (Ninov et al., 2007). Rok is activated by Rho1 

small GTPase (also known as RhoA). GTP-bound active form of Rho1 promotes conformational 

change of Rok, which is then able to phosphorylate its target Sqh. A direct link between Rho1 

signaling and myosin II activity is genetically evidenced also from other tissues (developing 

embryo, leg and wing) (Halsell et al. 2000). Through proper organization of actin and myosin II 

in epidermis, Rho1 is required to form adherens junctions (AJ) during Drosophila 

embryogenesis. Rho1 establishes apicolateral distribution of spectrin and targets Drosophila E-

cadherin to AJ. Moreover, Rho1 physically interacts with catenins α and p120 (Magie et al., 

2002; Bloor and Kiehart, 2002). Rho1 RNAi causes abdominal cleft (this work). 

Genetic interactions between non-muscle myosin and the JNK pathway have been demonstrated 

in the Drosophila wing disc (Fig. 8). A phosphatase Flapwing (Flw) dephosphorylates Sqh 

subunit, thereby deactivating Zip, which in turn results in inhibition of puc expression. 

Constitutively active hepCA enhances Flw deficiency in flw mutants, which is then suppressed in 

bsk mutants (Kirchner et al., 2007).  

 



 

 
 

 

 

Fig. 8. Interaction between JNK and Rho1 signaling as revealed by genetic experiments in Drosophila wing 

imaginal disc (Kirchner et al., 2007). 

 

1.4.4. Genes affecting histoblast proliferation 
 

In addition to EcR, which is required for the initial phase of synchronized histoblast divisions 

early after the onset of metamorphosis (Ninov et al., 2009), there are other genetic factors whose 

loss disrupts abdominal morphogenesis by affecting histoblast proliferation or fate decision. This 

can occur at several stages of development for different reasons: 

1. Insufficient numbers of histoblasts specified during embryogenesis  

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

embryos and larvae. Thus, although differentiation of histoblasts after pupariation is normal, 



 

 
 

pharate adults have completely "naked" abdomen that lacks adult cuticle and bristles. Awh is a 

transcription factor that ensures production and survival of abdominal histoblasts and salivary 

gland ring imaginal cells. Interestingly, Awh is not necessary to establish imaginal discs as 

Arrowhead mutations have no impact on their development (Curtiss and Heilig, 1995). 

2. Insufficient proliferation of histoblasts during pupal development  

Ubiquitous RNAi silencing of cyclin G (CycG) perturbes proliferation and fusion of dorsal 

histoblast nests after puparium formation. However, loss of CycG does not affect histoblast 

numbers in embryos or larvae and does not alter their ploidy (Salvaing et al., 2008). During adult 

metamorphosis, Dm myb mutants do not have enough histoblasts to replace all larval cells, 

suggesting a defect in cell proliferation. The rate of histoblast proliferation in Dm myb mutants 

after puparium formation is slower and cells are stuck at pre-metaphase or pre-prophase. In the 

course of development percentage of histoblasts with mitotic abnormalities increases and adults 

display a stripe of bald cuticle at the dorsal abdominal midline (Fung et al., 2002). 

3. Polyploid histoblasts 

Unlike cells within Drosophila larval tissues that are highly polyploid, the dividing imaginal 

cells including abdominal histoblast are diploid. escargot (esg) mutants die as pharate adults with 

thin and transparent abdominal cuticle at the dorsal midline. LECs remain in the abdominal 

epithelium. esg mutant larvae have polyploid histoblasts with reduced expression of Cyclin A, a 

marker of the G2/M cell cycle stage, which is normally abundant in larval abdominal histoblasts 

(Hayashi et al. 1993). Similarly Cdc2 mutants have polyploid histoblasts in larvae (Hayashi 

1996). Thus, although in both esg and cdc2 mutants the initial numbers of histoblasts in embryos 

and larvae are normal, the histoblasts proliferate more slowly than wild-type after puparium 

formation because of their higher ploidy. 

4. Unknown mechanism 

Cryptocephal (crc) encodes several isoforms homologous to the mammalian bZIP transcription 

factor ATF4. Several mutant alleles display undifferentiated abdomen. The molecular 

mechanism has not been suggested (Hewes et al., 2000). 



 

 
 

2. ATF3, a bZIP protein 
 

Activating transcription factors (ATFs) were so named in 1987 to refer to proteins that bind the 

adenovirus early promoters E2, E3 and E4 at sites with a common core sequence CGTCA (Lee 

et al., 1987). ATF3 was originally detected as a liver regenerating factor 1 (LRF-1) due to its 

presence in rat liver after partial hepatetomy (Hsu et al., 1991). The majority of known data 

about transcription factor ATF3 concerns the human protein and mainly comes from studies 

performed in cultured cell lines. Animal models like rats or mice overexpressing human ATF3, 

and Atf3-/- knock-out mice were also developed. Due to a vast number of studies on mammalian 

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

 

2.1. Leucine zippers 
 

ATF3 belongs to the basic region-leucine zipper (bZIP) family and the ATF subfamily of 

transcription factors. The ATF subfamily contains several members divided into 6 subgroups. 

Proteins within each subgroup share significant similarity both inside and outside the bZIP 

domain. Proteins between the subgroups, however, do not share much similarity other than the 

bZIP motif itself (Hai and Hartman, 2001). 

Members of the bZIP family form selective heterodimers through their bZIP domains and 

recognize DNA consensus elements (Fig. 9). The heterodimers have different binding activity 

than their respective homodimers. Heterodimers of ATF3 with c-Jun and JunB activate 

transcription, while ATF3/c-Fos formation has not been observed (Lee et al., 1987; Hsu et al., 

1991, 1992). Fos proteins form heterodimers with Jun-related proteins, but do not homodimerize, 

whereas c-Jun forms dimers with all Jun- and Fos- related proteins. ATF3 also binds ATF2 but 

not ATF1 (Hai and Curran, 1991). Another binding partner for ATF3 is the ER stress-activated 

bZIP protein gadd153 (Chen et al., 1996; Wolfgang et al., 1997). Distinct bZIP dimers act as 

transcriptional activators or repressors and bind to DNA response elements. Human ATF3 

homodimer binds to DNA within the ATF/CRE consensus site (TGACGTCA) and potentially 

several other sites such as AP-1, ELAM-1, E4F, StRE (Liang et al., 1996; Gong et al., 2002). 



 

 
 

 

 

 

 

 

 

 

 

Figure 9. Model of bZIP dimer binding to DNA.  Several heptads of characteristic amino acid sequence (including 

leucines at specific positions) form the leucine zipper dimerization domain. The basic domains bind to the major 

groove in the DNA helix. Adapted from (Ellenberger et al., 1992). 

 

In the Drosophila genome, 27 genes coding for known or putative bZIP proteins have been 

identified, and 21 of them have mammalian counterparts (Rubin et al., 2000, Fassler et al., 2002). 

Several Drosophila bZIP proteins were studied genetically: dFos and dJun proteins (Perkins et 

al., 1998, 1990), a PAR-domain protein 1 (Pdp1) (Zhang et al., 1990), cap'n'collar (cnc) (Mohler 

et al., 1991), giant (gt) (Capovilla et al., 1992), slow border cells (slbo) (Roth and Montell, 

1992), crebA (Smolik et al., 1992), creB-17A (Usui et al., 1993), sisterless A (sis-A) (Erickson 

and Cline, 1993), vrille (vri) (George and Terracol, 1997), Tracheae Defective (TDF) (Eulenberg 

and Schuh, 1997), and cryptocephal (crc), an ATF4 homologue (Hewes et al., 2000). Strikingly, 

a Drosophila gene encoding a homolog of ATF3 (referred to as A3-3 or CG11405 in the 

FlyBase) has not yet been functionally characterized, and is the subject of this work. 



 

 
 

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

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

first hours of the reaction to stress. Under normal conditions most cells have low or undetectable 

levels of ATF3 mRNA, but it is rapidly upregulated upon various stress stimuli. Together with 

its binding partner, which is often c-Jun, ATF3 binds to promoters of various target genes and 

affects the cellular response. Depending on the type of stress, ATF3 may promote antagonistic 

responses such as apoptosis or proliferation.  

ATF3 expression together with c-jun and JNK activation, is induced under oxidative and 

genotoxic stress and usually targets cell to apoptotic death. An interplay between ATF3 and p53 

in the context of oxidative stress has also been suggested (Yin et al., 1997; Shtil et al., 1999; 

Allen-Jenings, 2001; Nobori et al., 2002; Abe et al., 2003; Kang et al., 2003; Andley et al., 2004; 

Mallory et al., 2005; Koike et al., 2005; Yoshida et al., 2008; Turchi et al., 2008). The 

proapoptotic action of ATF3 has been demonstrated in several types of cancer cells where ATF3 

activity induced caspases (Mashima et al., 2001; Syed et al., 2005). Recent study shows that it 

depends on stage of tumor progression and its metastatic potential whether ATF3 will cause 

apoptosis or uncontrolled proliferation (Yin et al., 2008). 

ATF3 expression significantly increases during inflammation . Several studies show that ATF3 

promotes cell proliferation upon serum addition. ATF3 restored the delayed progression of G1 

phase. It induced the expression of cyclins D1, A and E and activated cell-cycle kinases CDK2 

and CDK4 (Allan et al., 2001, Tamura et al., 2005). Upon TNF-α treatment ATF3 protected cells 

from TNFα-dependent apoptosis (Kawauchi et al., 2002). TNF-α induces ATF3 via JNK, while 

ERK signaling antagonizes TNFα-mediated ATF3 expression (Inoue et al., 2004, Nawa et al., 

2002). ATF3 is rapidly induced after exposure to TNF-α and in the form of heterodimer with c-

jun it can suppress E-selectin gene transcription, possibly via binding to NF-ELAM1 site, 

previously occupied by an activating ATF2/c-jun complex (Cai et al., 2000). ATF3 is induced by 

nitric oxide in endothelial cells (Chen and Wang, 2004) and it is also induced in liver by 

lipopolysaccharide (LPS) (Hartman et al., 2004). ATF3 is significantly upregulated and 

translocated to the cell nucleus in mouse lung treated with ovalbumin, causing asthma-like 

inflammation (Gilchrist et al., 2008).  



 

 
 

ATF3 is activated also during ER stress. Homocystein, a reducing agent, causes rapid induction 

of ATF3 expression that together with JNK signaling triggers the apoptotic death. Tunicamycin, 

a glycosylation inhibitor, activates the JNK/SAPK signaling and ATF3 expression. During ER 

stress initiated by thapsigargin treatment, which inhibits SERCA ATPase (sarco/endoplasmic 

reticulum Ca2+), thus depleting ER calcium stores, ATF3 elevation is caused by phosphorylated 

eIF2α (Cai, 2000; Zhang, 2001;. Jiang et al.; 2004, Tamura et al.; 2005).  

Injury  caused by partial removal of an organ or a nerve transection causes immediate elevation 

of ATF3 mRNA. ATF3 is even widely used as a specific and sensitive neuronal marker of 

axonal injury where it regulates regeneration in heterodimer with c-jun (Hsu et al., 1991; Chen 

et al., 1996; Allen-Jenings et al., 2001; Gold et al., 1993; Tsujino et al., 2000; Tsuzuki et al., 

2001; Obata et al., 2003; Pearson et al., 2003; Ohba et al., 2004; Taylor et al., 2005; Isacsson et 

al., 2005; Peters et al., 2005; Stewart, 1995; Soares et al., 2001; Hunt et al., 2004; Lindwall and 

Kanje, 2005; Seijffers et al., 2007; Kiryu-Seo et al. 2008). 

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

disturbed glucose homeostasis. Moreover, ATF3 overexpressing animals show multiple organ 

dysfunctions in the liver, pancreas and heart (Allen-Jenings, 2001; Okamoto et al., 2001; 

Hartman et al., 2004). 

Mammalian ATF3 is extensively studied and has been reported to play a role in all kinds of 

stress and important processes such as inflammation, tumorigenesis, proliferation and apoptosis. 

The results are often contradictory and seem not to give coherent answer on ATF3 function. 

Thus, reverse genetics may be the possible way how to elucidate the importance of ATF3 

occurrence in the cell. We have used the excellent Drosophila model which offers many genetic 

and molecular tools to uncover some of the ATF3 roles, primarily during animal development. 



 

 
 

 RESULTS 
 

Petra Sekyrova, Dirk Bohmann, Marek Jindra, Mirka Uhlirova. Interaction between Drosophila 

bZIP proteins dATF3 and dJun prevents replacement of epithelial cells during 

metamorphosis.  
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Epithelial sheet spreading and fusion underlie important developmental processes. Well-

characterized examples of such epithelial morphogenetic events have been provided by studies in 

Drosophila, and include embryonic dorsal closure, formation of the adult thorax, and wound 

healing. All of these processes require the basic region-leucine zipper (bZIP) transcription 

factors dJun and dFos. Much less is known about morphogenesis of the fly abdomen, which 

involves replacement of larval epidermal cells (LECs) with adult histoblasts that divide, migrate 

and finally fuse to form the adult epidermis during metamorphosis. Here, we implicate 

Drosophila Activating transcription factor 3 (dATF3), the single ortholog of human ATF3 and 

JDP2 bZIP proteins, in abdominal morphogenesis. During the process of the epithelial cell 

replacement, transcription of the datf3 gene declines. When this down-regulation is 

experimentally prevented, the affected LECs accumulate cell-adhesion proteins and their 

extrusion and replacement with histoblasts are blocked. The abnormally adhering LECs 

consequently obstruct the closure of the adult abdominal epithelium. This closure defect can be 

either mimicked and further enhanced by knockdown of the small GTPase RhoA or, conversely, 

alleviated by stimulating the ecdysone steroid hormone signaling. Both Rho and ecdysone 

pathways have been previously identified as effectors of the LEC replacement. To elicit the gain-

of-function effect, dATF3 specifically requires its binding partner dJun. Our data thus identify 

dATF3 as a new functional partner of Drosophila Jun during development.  



 

 
 

Růst a spojování epiteliálních vrstev jsou součástí důležitých vývojových dějů. Dobře 

prostudované příkady těchto morfologických změn, např. proces uzavírání embrya (dorsal 

closure), vývoj thoraxu u dospělce nebo hojení ran, pochází ze studia mouchy Drosophily. Žádný 

ze zmíněných procesů se neobejde bez bZIP (basic region-leucine zipper) faktorů dJun a dFos. O 

vývoji dospělčího abdomenu není známo téměř nic. Zde probíhá výměna larválních 

epidermálních buněk (LECs) za dospělčí histoblasty, které se během metamorfózy dělí, migrují a 

následně spojují, aby daly vznik epidermální vrstvě pokrývající abdomen dospělce. 

V předkládané publikaci poukazujeme na roli dATF3, jediného ortologu lidských proteinů ATF3 

a JDP2, v morfogenezi abdomenu Drosophily. V průběhu výměny epidermálních buněk klesá 

úroveň transkripce genu datf3. Pokud je tento pokles experimentálně zablokován, postižené LEC 

buňky akumulují proteiny buněčných spojů a nejsou schopny delaminovat z epidermální vrstvy a 

tudíž nejsou nahrazeny histoblasty. LEC buňky s abnormální adhezivitou pak blokují uzavření 

abdominálního epitelu. Podobného efektu je dosaženo také snížením exprese RhoA, malé 

GTPázy nebo naopak, defekt je zahojen stimulací ekdysonové dráhy. Dřívější studie ukazují, že 

se obě dráhy, Rho a ekdysonová dráha, účastní výměny epidermálních LEC buněk. K vyvolání 

fenotypu potřebuje dATF3 specificky protein dJun. Naše data ukazují, že dATF3 je nový funkční 

partner proteinu Jun v průběhu vývoje mouchy Drosophila. 
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