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Summary of thesis content 

Research Background and Introduction 

Maintaining tissue homeostasis is important for o「ganismsthroughout their lifetime, and this often results 

in a constant flux of cells. Old differentiated or damaged cells die while stem cells proliferate to replace 

them 

In the monolayer intestine of the fruit fly Drosophila melanogaster, the foremost nutrient absorptive 

enterocytes are the major differentiated cell type. Under stress conditions such as tissue damage or 

infection, it has been reported that enterocytes die by apoptosis and are ex1ruded to the luminal side of 

the gut epithelium. Intestinal stem cells receive proliferative signals and divide to compensate the loss 

of cells. The posterior midgut, especially the region called R4, has been described as the region with the 

fastest tumover from as short as four days. However, it has been difficult to detect apoptotic cells in the 

Drosophila midgut. By blocking apoptosis, we tried to inhibit the proliferative signal but this did not lead 

to a decrease in mitotic cell numbers. 

In this study, we tried to elucidate the possibility of another cell death mechanism that regulates cell 

turnover in the intestine under physiological condition. To that end, fly genetics are an extremely powerful 

tool that allows tissue-specific gene expression or knockdown of genes of interest even in a time-

dependent manner by using the yeast-derived Gal4/UAS/(GalBO•) system. 
We found that a certain subpopulation of enterocytes in mainly the posterior midgut contains the en可me

Ance, a Drosophila homolog of mammalian Angiotensin-converting en可me(ACE). Although ACE is well 

studied in mammals and known for converting angiotensin I into angiotensin II as well as to inactivate 

bradykinin, comparatively little is known about the function of Ance in Drosophila. Ance expression has 

been described in several larval tissues. Unlike ACE, Ance does not contain a membrane anchor but is 

secreted 

Results 

lmmunostaining of the Drosophila 

midgut reveals that the number of 

Ance+ cells remain constant over 

time. Ance+ enterocytes are located 

basally in the gut epithelium and often 

possess an enlarged nuclear area but 

a reduced nuclear height [Figure 1]. In 

extreme cases, the nucleus was 

hardly detectable. Moreover, staining 

for nuclear lamin was reduced and 

Phalloidin labeling demonstrated loss 

of the cytoskeleton component F-actin 

in Ance+ cells. Further analysis of 

Ance+ enterocytes showed less 

amount of cell adhesion molecules. 

The adherens and septate junction 

components armadillo (~-catenin) 
and Discs large are decreased in 

Ance+ cells, respectively. This finding 

was supported by a transgenic fly line 

expressing cadherin-GFP. 
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Figure 1: Anc●●●n..myc... In the mldgut of Dll)SOph/1• m“mog•”“ 
A)Anc●●C●Ms are mainly present in the posterior midgut region R4 (whio lino). 

B)Ance● ●nt"'ocytos are located basally exhibning a larger n叩 loarareaand 

shorter nuclear height than neighboring eels. Scale bars(A)200μm, (B) 20μm. 



While trying to manipulate enterocytes in the midgut using the pan-enterocyte driver Myo1D-Ga/4, we 

noticed that the fluorescence of Myo10-driven GFP shows a complementary pattern to Ance staining 

Due to the absence o「reductionof signals, we decided to call this phenomenon "erebosis" which is 

based on the ancient Greek word for deep darkness tpEjl咬 [erebos].

Co-expression of GPF and nuclear RFP「evealsthat Myo1D-Ga/4 indeed drives expression in Ance+ 

enterocytes but astonishingly, they seem to lose GPF. Deeper analysis depicted erebosis as a muttistep 

process that can be demonstrated by the gradual loss of fluorescent proteins. Early erebotic cells (1) 

lose cytoplasmic GFP and later nuclear GFP as intermediate erebotic cells (2). Finally, late erebolic cells 

(3) lose nuclear RFP and eventually, the nucleus becomes undetectable [Figure 2]. We could confirm 

the loss of GFP in erebotic cells of cultured midguts by time labs Using this knowledge, we were able to 

perform immuno-electron-microscopy comparing GFP+ (normal enterocytes) and GFP-enterocytes 

(erebotic cells). Among others, the analysis indicated that compared to neighboring enterocytes, erebotic 

cells contain less mitochondria. A transgenic fly line expressing mito-mCherry confirmed this result. 

Additionally, immunostaining revealed a strong reduction of Golgi and ER in erebotic enterocytes. 
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Flgu,. 2:印 boslsIs●muttlstep pr<>cHs losing c●lluI●r components. MyolO>GFP, nlsRFP 

1) ear1y erebosis. 2) inlermediat●●rebosls. 3) late erebosls.Arrow heads indic.ile progenttor cells. Scale bar. 20μm 

Taken the above findings together, the question arose whether erebotic cells are alive. Subsequently, 

we examined whether erebotic cells die by one of the commonly described cell death types: apoptosis, 

necrosis and autophagic cell death. lmmunostaining for cleaved caspase 1 (cDCP1) was not elevated 

in erebotic cells suggesting that executional caspases are not activated. Inhibition of apoptosis using 

several different approaches did not alter the presence of erebotic cells. Accordingly, e「ebosiswas still 

observed in dpfK'(Apaf-1) mutant flies and mutant clones of the H99 (LI rpr, hid, grim) deletion or the 

initiator caspase Drone. Neither midgut-specific expression of RNAi against p35 nor microRNAi for rpr, 

hid and grim did lead to a change in the percentage of erebotic cells. Next, we used propidium iodide 

(Pl) which can only enter cells with breached plasma membrane as it occurs upon necrosis. Pl did not 

label erebotic cells. Last, we investigated whether erebotic cells undergo autophagic cell death using a 

transgenic fly line that expresses mCherry-Atg8a. Erebotic enterocytes did not show any increase in 

autophagosomes and midgut-specific inhibition of autophagy by knockdown of different Atg genes did 

not eliminate erebotic cells. 

However, when labeling DNA nicks using TUNEL staining, we found that late erebotic cells become 

TUNEL positive and this correlates with the loss of GFP and the decrease in nuclear height. Neither 

TUNEL staining nor erebosis was affected by the inhibition of the caspase-activated DNAse Drep4, 

consistent with the idea that erebosis is independent of apoptosis. A dye labeling cellular ATP revealed 

that erebotic cells contain less amounts of ATP. Additionally, there is less tubulin in erebotic enterocytes 

and the nucleolus component Fibrillarin is lost 

The remarkable decrease of cell organelles and structural components makes it difficult to assume 

erebotic cells as metabolically alive albeit showing no cha「acteristicfeatures of apoptosis, necrosis or 

autophagic cells death. Further experiments suggest that the stress and immune「elatedJNK and IMO 

pathways are not involved. We could show that erebosis is different from the recently described cell 

shedding upon infection. On the contrary, we observed erebosis even in flies that were raised under 

sterile conditions. Thus, we hypothesize erebosis as a new cell death mechanism 

Since cells seem to incorporate secreted Ance upon erebosis, we examined a possible role of Ance in 

the erebotic p「ocess.Although Myo1D-driven Ance RNAi decreased Ance protein signals, the 

knockdown did not affect erebosis and neither did Ance overexpression. Additionally, the number of 

mitotic cells was comparable in control and Ance mutants indicating Ance has no effect on gut cell 

tumover. However, Ance seems to have an erebosis-unrelated function in the intestine, suggested by a 

change in waste excretion upon enterocyte-specific inhibition of Ance. 

Since loss of cells is often compensated by proliferation of stem cells, we next examined intestinal stem 

cells and progenitors in the proximity to erebotic enterocytes. They often reside close to erebotic cells 

and occasionally beneath them [Figure 2]. We were able to observe two young enterocytes beneath a 

legacy of an erebotic cell suggesting enterocytes undergoing erebosis are eventually replaced by new 

enterocytes. 
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Figure 3: Erebosls Is a nov●IC●ll“ath m●chanlsm regulating hom●ostatlc turnover of gut enterocytos. 

Enlorocytes(EC)t泊tu函 rgoerebosls flatten at the basal side of the gut●p計叫 um.Intestinal stem cells (ISCs) and enterobiast 

(EBs) reside In clos●pn>xlmily to erebotic 叩•rocytes.Eventually,釘●boticcob are replaced by new e"如 ,cytes.

Discussion and Impact 

We discovered a previously uncharacterized cell death mechanism that regulates the homeostatic 

tumover of enterocytes in the intestine of the fruit fly Drosophila me/anogaster, named e「ebosis.

Cells undergoing erebosis demonstrate flat nuclei that occasionally become undetectable. Erebotic cells 

lose cytoskeleton and cell adhesion components but for a yet unknown reason accumulate知 giotensin-

converting enzyme（知ce).Moreover, erebotic enterocytes show a decrease of cell organelles such as 

mitochondria, Golgi and ER but they do not exhibit characteristic features of apoptosis, necrosis or 

autophagic cell death. We could mainly observe erebosis in a subregion of the posterio「midgut(R4) 

where cell tumover is known to be the fastest. Assuming erebosis is a slower and less inflammatory cell 

death, erebotic cells might be of structural importance preventing the breach of the gut barrier function 

Thus, we hypothesize that erebosis is a novel molecularty coordinated cell death mechanism mediating 

homeostatic cell tumove「inthe gut. 
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Maintaining tissue homeoslasis is important for organisms lhroughout their lifetime, and this often results 

in a constant flux of cells. Old di仔erentiatedor damaged cells die while stem cells proliferate to replace them. 

In 1he monolayer inlestine of Drosophila 111ela11ogaster. the foremost nutrient absorptive enterocytes are 1he 

major differen1ia1ed cell lype. Under sireヽscondi1ions such as !issue damage or inf eel ion, ii has been 

reported 1ha1 enterocytes die by apoptosis and are extruded to the luminal side oflhe gul epithelium. 

Intestinal stem cells receive proliferative signals and divide to compcns.11e the loss of cells. The posterior 

midgul especially 1he region called R4, exhibil the fostcsl 1un1ovcr from as short as four days. Since it has 

been difficult 10 dc1cc1 apoplotic cells in the Drosophila midgul. we tried lo inhibit the proli「erativesignal by 

blocl.ing apoplosis bu11his did not lead In a decrease in rnitolic cell numbers. In this study,‘‘"'tried to 

elucidate the possibility of another cell death mechanism that regulates cell tu mover in the intestine under 

physiologicnl condition. To that end. fly genetics arc employed to allow lissuc-spccitic gcnc expression o『

knockdoヽvi,of genes of interest even in a time-dependent manner by using lhe yeast-derived 

Gnl4/U/¥Sl(Gal80ls) system. Thus. we found !hat n certain subpopulation of cnlerocyles in mainly the 

posterior midgut contains the enzyme Ancc. a Drosophila homolog of mammalian angiotcnsin-converting 

enzyme (ACE). Although ACE is well studied in mammals and known for converting angiotcnsin I inlo 

angiotensin II as well as to inactivale brndykinin、compara1ivelylillle is known aboul the func1ion of /¥nee in 

Dmsophifa. A11cc expression has been described in several lorvul !issues. Unlike /¥CE, /¥nee docs nol 

conlain a membrane anchor but is secreted. 

lnununostaining o「theDrosophila midgut reveals that the number of Ance+ cells remain constant 

overtime. Ance+ enterocytes are located basally in the gut epithelium and often possess an enla屯ednuclear 

area but a reduced nuclear height and in extreme cases. the nucleus was hardly detectable. Moreover. 

staining for nuclear lam in was reduced and phalloidin labeling demonstrated loss o「F-actinin Ancc+ cells. 

Further analysis of Ancc+ cntcrocytcs showed less amount of cell adhesion molecules. The adhercns and 

septate junction components armadillo (P-catcnin) and Discs large arc decreased in Ance+ cells, res区℃tivcly.

While trying to manipulate cntcrocytes in the midgut using the pan-cntcrocytc driver A加 ID-Gal-I,we 

noticed that the Ouorescencc of M;'OID-driven Gf P shows a complementary pattern to Ance staining. Due to 

the nbsenee or reduction of signals. we decided to call this phenomenon ・'ercbosis'・. 

Co-expression ofGl'P and nuclear Rl'P reveals that A伽 ID-Gal-Iindeeddrives expression in Ance+ 

cntcrocytes but astonishingly. they seem to lose Gl'P. Deeper analysis depicted crcbosis ns anヽultistep

process that can be demonstrated by the gradual loss o「nuorcsccntproteins. Early ercbotic cells lusc 

cytoplasmic Gl'P and later nuclear GFP as intcnnediatc crcbotic cells嶋and、lateere bot ic cells lose nuclear 

RFP and eventually, the nucleus becomes undetectable. The loss ofGFP in erebotic cells of cultured midguts 

can be assessed by time laps imaging. We com四redGFP+ (nonnal) and GFP-cnterocytes (crcbotic) with 



in9991U99匹 ¥octron-microscopymoa¥ysis. Ou, analysis indicated lhat compared to nd帥boringC999C『OCytcs

c,cbotic coils contain less milOchondda. Sub双qucatly.we csamin叫 whcthc,crebotic cells die by one oFthc 

commonly demi比dcclldcath'，V'"apoptosiふnocrosisand autophagic cell death. lmmunostainiug fo, 
elcaccd mpasc I (cDCPI) was uot elevated in crebotic ccllrn,ggcstiog tlmt esccutio,rnl ~,spascs are,mt 

activated. Inhibition of apoptosis using several dilTcrent app『oachcsdid nol nltc, the presence ofcrebotic 

cells. Nest, propidh,m iodide (Pl). which can only entc,cclls with breach叫 pl9Smamcmbrancas itoecun 

uponne,:,函s.didnotla加Io,ebotic cells. Last. crebotic emeroeytcs did not show any increase in 

antophagosomes a,d midgut-specifie inhibition of autopha邸 byknockdown or different Atg genes did not 

eliminate erebotie cells. Hoヽ匹vc,.we fom,d that late erebotie cells become TUN EL ~ositivc and this 

cone I ates with the loss oFGFP and the decrease in.. u,lea, height. Neithec TUN EL stai"i"g,.o, erebosis w四

,ITectcd by the i"hibition of the ca spaぬ•activated DNAsc D,op,. A dye la如1ingccl[ularATPrevea[cd thaI 

e,cboticce¥lscm>lain less nmo,mts or ATP. a"d there is loss tubulin in o叫boticC99tcroeytcsand the nuclolus 

compo"c"t Fibdlladn is lost. 

F"rthercxpcrimC99(S SU辟CSt,hatthe S(ressand immuncmlatedJNK and IMDpathwaysam not iovolvcd. 

WcC099ldshow (haいmbosisis diITcre99(from (he如 C99(lydescribedcellshcdding叩oninrection. On the 

conImか Weobsen双icmbosis even in nies (hat wem rais叫 undcrS(crileconditio99S.Si99Cecells scem (O 

i99COrporate和cm(cdA99CCup099Cm恥sis.we examined a po函blcrolcofAncei99(hecmbotiCPro匹ss.TI,e 

numbcrofmitoticcells was compamblc in COl9(ml 999d A99CC 999U(an(s indi四ti99gA99CCh邸 nocrrccton gu( 

ccll tumovcr. Ilo‘‘℃vcr、Anee匹cmstohavca99 cmbosis・un叫a(cdrunctioIl i99 (hcintcstine. SU嬰CS(cdbya 

cl99999gc i99 9V99S(eじxcm1ionup9999 C99(cmcyIC-SFcinc i99hibition 99「Ancc.Simc loss orcclls1s onC99 

compcnsntcd byprolifcration ofstcm cclls．ヽvcncxtcxa9nincd in(csIinnl stcm ccllsand progcniton in thc 

Proximity(O crcbotic cn(crocytcs, Thcyoftc" rcsidcclosc tocmboticccllsand心casionallybcnca(h them 

and (Wo y099ng entenytcs bcneath a kgacy ofan crcbotic ccll suggcstingan(C四）1csundcrgoing cmbosis 

arc eventually mplaced by new C99(crmytcs. 

TI9Ccandidate. havingdiscovc『cdaprevi畑slyU99characterized cclt dcath,皿 chanism.caIl叫 crobosis,1hat 

mgu Ia(cs (hc l90999COSIatic tumovc『of c99(crocy(cs in the inIcsti99C o「D. 999cl“'IOぼ‘SIC9・鴫 and having advanced 

1hekno、v1edgein 1heana ofceII deaIl9 991echanism nlediating honlCOSIaIiccclI tumovct is i9C"iby nognizcd 
as lrnvingq,mlified focthe degree of Ph.D. (Medieioe). 
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