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RESULTATS

Introducció als resultats 
Els resultats d’aquesta Tesi doctoral s’han dividit en tres capítols. El primer capítol 
engloba dos articles publicats; el segon, un article enviat; i el tercer, un article publicat. A 
cada capítol s’ha inclòs un apartat de precedents i un resum de cada article. Quan s’ha 
considerat necessari s’ha inclòs una breu introducció a la temàtica que es tractarà als 
articles. També s’ha afegit un annex de Material i Mètodes. Cal esmentar que per tal de 
donar una visió més global a aquest apartat, els resultats no es presenten en ordre 
cronològic sinó per blocs conceptuals. Així doncs, l’apartat de Resultats té la següent 
estructura:  

Capítol I
L’increment de ROS degut a una reducció en la funció antioxidant de les 
selenoproteïnes modula la via de senyalització Ras/MAPK. 

Article 1: Morey, M., Serras, F., Baguñà, J., Hafen, E. and Corominas, M. (2001). 
Modulation of the Ras/MAPK signalling pathway by the redox function of selenoproteins 
in Drosophila melanogaster. Dev Biol. 2001 Oct 1;238(1):145-56. 

- La via Ras/MAPK: funcions a l’ull i a l’ala de Drosophila 
- Precedents 
- Resum 
- Article

Article 2: Morey, M., Serras, F. and Corominas, M. (2003). Halving the selenophosphate 
synthetase gene dose confers hypersensitivity to oxidative stress in Drosophila
melanogaster. FEBS Lett. 2003 Jan 16;534(1-3):111-4. 

- Precedents 
- Resum 
- Article 
- Annex: Protocols genètics 

Protocol d’escissió de l’element P i generació de línies isogèniques.
Protocol d’encreuaments dissenyats per tal de dur a terme l’anàlisi de 

l’efecte de l’expressió ectòpica del gen selD en motoneurones.

Capítol II 
L’acumulació de ROS degut a una reducció en la funció antioxidant de les 
selenoproteïnes indueix apoptosis a través de la via Dmp53/Rpr.

Article 3: Morey, M., Corominas, M. and Serras, F. DIAP1 suppresses ROS-induced 
apoptosis caused by impairment of selenoprotein function in Drosophila. Enviat a J. Cell 
Sci.
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- L’apoptosi a Drosophila
- Precedents 
- Resum 
- Article 

Capítol III 
Identificació in silico i verificació in vivo de selenoproteïnes a Drosophila
   
Article 4: Castellano, S., Morozova, N., Morey, M., Berry, M.J., Serras, F., Corominas, M. 
and Guigó R. (2001). In silico identification of novel selenoproteins in the Drosophila
melanogaster genome. EMBO Rep. 2001 Aug;2(8):697-702. 

- Precedents 
- Resum 
- Aportació personal al treball realitzat 
- Article i Material Suplementari 
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CAPÍTOL I 
L’increment de ROS degut a una reducció en la funció antioxidant de les 
selenoproteïnes modula la via de senyalització Ras/MAPK  

Article 1: Morey, M., Serras, F., Baguñà, J., Hafen, E. and Corominas, M. (2001). 
Modulation of the Ras/MAPK signalling pathway by the redox function of selenoproteins 
in Drosophila melanogaster. Dev Biol. 2001 Oct 1;238(1):145-56. 

La via Ras/MAPK: funcions a l’ull i a l’ala de Drosophila 
La via Ras/MAPK s’activa en diferents teixits i moments del desenvolupament de 
Drosophila per donar lloc a diversos tipus de senyals com proliferació, diferenciació, 
supervivència o creixement cel·lular (Schweitzer i Shilo, 1997; Prober i Edgar, 2000; 
Halfar et al., 2001). L’ull i l’ala són dues estructures on una de les funcions de la via 
Ras/MAPK és la diferenciació dels omatidis i venes, respectivament (Fig. 14). 

Fig. 14. Funcions de la via Ras/MAPK a l’ull i a l’ala de Drosophila.

L’ull
L’ull compost de Drosophila és una estructura altament organitzada que consta 
d’aproximadament 800 òrgans fotoreceptors o omatidis disposats de manera hexagonal. 
Cada omatidi està format per vuit cèl·lules fotoreceptores (R1-R8), quatre cone cells o 
cèl·lules secretores de la lent i diverses cèl·lules pigmentàries. L’ull adult es desenvolupa a 
partir de la capa epitelial del disc imaginal d’ull. La diferenciació i organització d’aquestes 
cèl·lules en un patró comença a l’estadi de larva III (Fig. 15). Un dels primers 
esdeveniments és la formació del solc morfogenètic a la part posterior del disc imaginal, 
que a mida que es mou cap a la part anterior, activa la diferenciació de les cèl·lules que 
queden al seu darrera. La primera de totes en diferenciar-se és el fotoreceptor R8 que ho fa 
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amb un posicionament estereotipat. A partir d’aquí, l’activació reiterativa de la via 
Ras/MAPK a través del receptor DER (Drosophila epidermal growth factor receptor) 
permet el reclutament seqüencial de les cèl·lules R1-R6. La darrera cèl·lula a diferenciar-se 
és el fotoreceptor R7 i també ho fa mitjançant l’activació de la cassette Ras/MAPK però a 
través del receptor Sevenless. L’R7 es situa per sota de l’R8 i la via Ras/MAPK s’engega 
mitjançant l’activació del receptor Sevenless pel seu lligant Boss, que està anclat a la 
membrana cel·lular de l’R8. Malgrat en diferents moments de la formació de l’omatidi 
sevenless s’expressa a altres cèl·lules R a part de la propia R7, en condicions normals 
aquestes altres R mai es diferenciaran com a R7 ja que no tindran accés al lligant. Posterior 
a la formació del cluster R1-R8, es recluten la resta de cèl·lules de l’omatidi, i ja en estadi 
de pupa, és refina l’estructura final de l’ull adult eliminant per apoptosi les cèl·lules 
sobrants que hagin quedat entre omatidi i omatidi (Basler et al., 1991; Freeman, 1996). 

Fig. 15. Etapes de la diferenciació i organització de les cèl·lules fotoreceptores dels ommatidis (adaptat de 
Wolpert, 2001). 

L’ala
L’ala de Drosophila és una bicapa cel·lular formada per tres components bàsics: les 
estructures sensorials del marge, les venes i les regions d’intervena. Les venes són 
esclerotitzacions epidèrmiques que es formen en posicions estereotípiques de l’ala i que 
engloben tràquees i nervis. La via Ras/MAPK té un paper important en la inducció de les 
venes durant el desenvolupament del disc imaginal de l’ala i la seva activació és du a terme 
mitjançant el receptor DER i el seu lligant putatiu Vein (García-Bellido i De Celis, 1992). 
S’ha postulat que l’activitat de la cassette Ras/MAPK és regulada en l’espai i en el temps 
durant el desenvolupament de l’ala i que d’aquesta manera té diferents funcions (Fig. 16). 
Així, durant el període larvari, l’activitat de la via Ras/MAPK es restringeix a les 
presumptives zones de vena, per tal de que dites regions adquireixen la competència per 
més tard esdevindre venes. Com a conseqüència de l’activació de la via s’expressen dos 
gens: argos (aos), un inhibidor difusible que previndria de l’activació de la via en les 
regions d’intervena properes a la presumptiva vena i rhomboid que exerciria un feed back 
loop positiu activant encara més la via en la zona de vena. En canvi, en el període pupal, 
l’activitat de la via Ras/MAPK queda dràsticament disminuïda en la regió de vena 
permetent la diferenciació de les mateixes per altres vies. Paral·lament, en les regions 
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d’intervena l’activitat de la cassette Ras/MAPK incrementa, implementant la diferenciació 
de les cèl·lules d’aquesta regió (Martín-Blanco et al., 1999). 

Fig.16. Regulació espaial i 
temporal de l’activitat de la via 
Ras/MAPK en el procés de 
diferenciació de venes (extret de 
Martín-Blanco et al., 1999).

Precedents 
El fenotip dels clons de pèrdua de funció de selD en l’ala adulta (Alsina et al., 1998) eren 
semblants als descrits per clons de pèrdua de funció de elements de la via de 
DER/Ras/MAPK en dita estructura (Diaz-Benjumea i Hafen, 1994). Si bé no era el més 
probable que un enzim com la selenofosfat sintetasa fos un component integral de la via de 
senyalització Ras/MAPK, es plantejava la possibilitat de que, de manera indirecta si més 
no, fos capaç de modular la seva activitat. Una manera de fer efectiva aquesta modulació 
podia ser a traves dels ROS, que s’han vist acumulats a l’homozigot selDptuf (Alsina et al.
1999).

Resum
L’estudi del possible paper de selD en la modulació de la via de senyalització Ras/MAPK 
es va dur a terme mitjançant un abordatge genètic. Els fenotips de guany de funció dels 
components de la cassette Ras/MAPK són sensibles a dosi gènica. Això fa possible la 
cerca de mutacions que de manera dominat (és a dir, en heterozigosi)  modifiquin dits 
fenotips de guany de funció. D’aquesta manera, s’identifiquen nous components i 
moduladors de la via en qüestió. 

Seguint aquest disseny experimental es va analitzar l’efecte de la mutació selDptuf en 
heterozigosi sobre guanys de funció d’elements de la via Ras/MAPK en dos sistemes 
diferents: l’ull i l’ala de Drosophila. En el cas de l’ull ens vàrem centrar en una de les 
funcions de la via Ras/MAPK en dit teixit: la diferenciació del fotoreceptor R7 que es du a 
terme quan dita via és activada pel receptor Sevenless. Els guanys de funció d’elements de 
la via Ras/MAPK expressats sota el promotor de sevenless esdevenen en un excés de 
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cèl·lules R7 en detriment d’altres cèl·lules de l’omatidi, el que externament es tradueix en 
un ull desorganitzat i rugós. En el cas de l’ala es va examinar la diferenciació de venes que 
ocorre quan el receptor DER activa la via Ras/MAPK. L’activació constitutiva de la via 
Ras/MAPK dóna lloc a l’aparició venes ectòpiques. En ambdues situacions es va fer palès 
que la mutació selDptuf modula negativament aquesta via ja que suprimeix els fenotips de 
guany de funció dels diferents elements utilitzats en ambdós sistemes. 

L’increment de ROS, presumiblement degut a la reducció en la síntesi de 
selenoproteïnes a l’heterozigot selDptuf, podia ser responsable de la modulació negativa 
observada. Per tal de testar aquesta hipòtesi es va cercar una altra manera d’incrementar els 
ROS i es va utilitzar una mutació en el gen de la catalasa, una proteïna que també està 
involucrada en el control del balanç redox cel·lular. D’igual manera que selDptuf, la mutació 
Catn1 suprimeix els fenotips de guany de funció d’elements de la via Ras/MAPK tant a 
l’ull com a l’ala.  

Utilitzant el disseny experimental esmentat al principi d’aquest apartat es van dur a 
terme experiments amb altres vies de transducció del senyal i cap va resultar ser sensible a 
l’increment de ROS causat per l’heterozigot selDptuf. Si més no, això suggereix que amb 
l’aproximació utilitzada, la via Ras/MAPK és la més sensible a una alteració del balanç 
redox cel·lular. 
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Article 2: Morey, M., Serras, F. and Corominas, M. (2003). Halving the selenophosphate 
synthetase gene dose confers hypersensitivity to oxidative stress in Drosophila
melanogaster. FEBS Lett. 2003 Jan 16;534(1-3):111-4.

Precendents
Les larves homozigotes per la mutació selDptuf no sintetitzen selenoproteïnes i els seus 
discs imaginals acumulen ROS (Alsina et al., 1999). L’heterozigot selDptuf és aparentment 
normal i perfectament viable en condicions normals. De totes maneres, és capaç de 
suprimir els fenotips de guany de funció d’elements de la via Ras/MAPK (Article 1: Morey 
et al., 2001). Per analogia amb els efectes de la mutació en homozigosi, inferíem que la 
mutació en heretozigosi resultaria en una síntesi de selenoproteïnes menys eficient i per 
tant en un increment en els nivells de radicals lliures comparat amb una mosca silvestre. El 
fet que un increment de ROS independent de selenoproteïnes com l’obtingut amb el mutant 
Catn1 tingués el mateix efecte que selDptuf, reforçava la hipòtesi de l’increment de ROS 
com a responsable de la modulació de la via Ras/MAPK (Article 1: Morey et al., 2001). 
Tanmateix, no havíem demostrat directament l’acumulació de ROS a l’heterozigot. Ja que 
dita acumulació és possiblement molt subtil i difícil de mesurar bioquímicament donat que 
l’heterozigot és normal, es feia necessari demostrar d’alguna altra manera que la síntesi de 
selenoproteïnes estava disminuïda. Com s’havia descrit que l’expressió ectòpica de SOD 
humana en motoneurones de Drosophila allargava la vida (Parkes et al., 1998), vàrem 
voler provar quin era l’efecte de l’expressió del gen selD en motoneurones.

Resum
Si les selenoproteïnes tenen una funció antioxidant i l’heterozigot selDptuf té la seva síntesis 
disminuïda, llavors s’esperaria que dites mosques (selDptuf/+) no aguantessin una situació 
d’estrès oxidatiu de la mateixa manera que unes mosques normals (selD+/+). Per tal 
d’esbrinar si aquesta era la situació, es va sotmetre a l’heterozigot i al seu control a dietes 
altament oxidatives. 

Un aspecte molt important a tenir en compte a l’hora de dur a terme experiments 
relacionats amb supervivència i longevitat és la necessitat de treballar en un fons genètic 
equivalent per l’experiment i el control. Amb l’objectiu de comparar l’heterozigot amb el 
control més adient es va generar una escissió precisa de l’element P causant de la mutació
selDptuf  i es van dissenyar un seguit d’encreuaments per generar línies isogèniques. Es van 
realitzar les corbes de vida per l’heterozigot i el control front un panell de diferents 
concentracions de paraquat i H2O2, dos agents altament oxidatius afegits al medi de cultiu. 
En tots dos casos i de manera estadísticament significativa, l’heterozigot sempre 
presentava una vida mitja més curta que el control. Això ens permet concloure que 
certament la síntesi de selenoproteïnes està afectada a l’heterozigot i demostrar in vivo la 
funció antioxidant de les selenoproteïnes. 

Com ja s’ha esmentat a la Introducció, s’ha postulat que els ROS podrien ser agents 
causals de l’envelliment. Altres experiments es van dur a terme per a desvelar si la funció 
antioxidant de les selenoproteïnes és important en el procés de senescència. Es va realitzar 
una corba de vida per l’heterozigot i el control en condicions normals de dieta i no es va 
detectar cap diferència en la vida mitja (Fig. 17). Pareix doncs, que l’activitat d’una sola 
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còpia de selD és suficient per a dur una vida normal sempre i quant no es doni una situació 
d’estrès oxidatiu. També es va realitzar una corba de vida en un fons genètic d’expressió 
ectòpica de selD. L’expressió d’aquest element de la via de síntesis de les selenoproteïnes 
en motoneurones no allargava la vida mitja. Al contrari, es va observar una reducció 
respecte al control, que podria ser deguda a l’acumulació de metabòlits intermediaris de Se 
tòxics.

Fig. 17. Les de corbes de vida de l’heterozigot selDptuf i del seu control no són significativament diferents 
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Abstract Several lines of evidence indicate that selenoproteins
mainly act as cellular antioxidants. Here, we test this idea
comparing the sensitivity to oxidative stress (paraquat and hy-
drogen peroxide) between wild type and heterozygous £ies for
the selenophosphate synthetase selDptuf mutation. Whereas
under normal laboratory conditions no di¡erence in life span
is observed, a signi¢cant decrease is seen in heterozygous £ies
treated with oxidant agents. In contrast, overexpression of the
selD gene in motoneurons did not extend longevity. Our results
strongly suggest that selD haploinsu⁄ciency makes heterozy-
gous £ies more sensitive to oxidative stress and add further
evidence to the role of selenoproteins as cellular antioxidants.
� 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Selenium (Se) is an essential dietary micronutrient of fun-
damental importance to health [1]. Most of the e¡ects of Se
are probably mediated by selenoproteins, which have this el-
ement covalently incorporated in the form of selenocysteine
(Sec), the 21st amino acid. The majority of selenoproteins
appear to have a role as antioxidants or catalyze oxidation^
reduction reactions [1,2]. As a component of antioxidant en-
zymes, Se helps to protect cells from the harmful e¡ects of
reactive oxygen species (ROS). It is needed for proper func-
tion of the immune system, it is required for sperm motility
and its de¢ciency may be linked to adverse mood states [1].
Evidence from prospective studies, intervention trials and
studies on animal models has also suggested a strong inverse
correlation between selenium intake and cancer incidence
[3,4]. Nevertheless, the biological functions of Se are often
inferred from epidemiological or cell culture studies pointing
at a circumstantial relationship. In this work we have taken a
genetic approach to assess the putative relationship between
Se metabolism, oxidative stress and life span using the selDptuf

mutation of Drosophila.
It has been postulated that an increase of macromolecular

damage induced by ROS could be the central causal factor
promoting the aging process [5]. Studies on oxidative stress
and longevity often use molecular-genetic approaches in order

to identify speci¢c factors that may in£uence the rate of aging.
The experiments carried out mainly in Drosophila melanogast-
er and Caenorhabditis elegans involve transgenic overexpres-
sion of antioxidant genes and induction of single loss of func-
tion gene mutations, but interpretation of such studies is quite
controversial [6^8].
selDptuf is a null mutation a¡ecting the gene encoding sele-

nophosphate synthetase, a key enzyme of the selenoprotein
biosynthesis pathway. Homozygous mutants die at third in-
star larvae and have extremely reduced and abnormal imagi-
nal disks, with cells that accumulate ROS and enter apoptosis
[9,10]. No selenoprotein synthesis is observed in those organ-
isms [10]. Heterozygous £ies are healthy and viable when kept
under normal laboratory conditions. However, a downregula-
tion of the Ras/mitogen-activated protein kinase (MAPK)
pathway has been observed in transheterozygous combina-
tions of selDptuf and activated members of this signaling path-
way. Because a selenoprotein-independent increase in ROS
caused by the catalase null allele Catn1 also reduces Ras/
MAPK signaling, increases in those free radicals may likely
be responsible for this e¡ect [11]. The read-out of our previous
experiments strongly suggests that accumulation of ROS
should be substantially di¡erent between heterozygous and
wild type £ies. However, changes in ROS might be subtle
and biochemically di⁄cult to detect since heterozygous £ies
are normal-appearing individuals. Therefore, it is necessary to
con¢rm whether haploinsu⁄ciency of selDptuf generates a
background of oxidative stress su⁄cient to alter the e⁄ciency
of some cellular events, such as a reduction of the Ras/MAPK
activity, without impairing the organism’s viability. To that
aim we measured the life span of £ies on a highly oxidative
diet, to test whether heterozygous selDptuf £ies are more sen-
sitive than wild type £ies. We also overexpressed the selD gene
speci¢cally in motoneurons to assess the possible e¡ects of
increasing selD activity in longevity.

2. Materials and methods

2.1. Drosophila stocks
The selDptuf (yw ; l(2)k11320/CyO) line was obtained from a collec-

tion of lethal mutants resulting from PlacW insertions on the second
chromosome [9,12]. The viable revertant selDrev, obtained by a precise
excision of PlacW using the v2-3 transposase, was used as a control to
minimize di¡erences between genetic backgrounds. The transgenic line
UAS-selD on chromosome 3 was generated in our laboratory [9] and
its expression driven onto motoneurons using the D42-GAL4 driver
on the third chromosome [13] kindly provided by Dr. J.P. Phillips. In
all experiments, only males were used because female life span is
known to depend upon reproductive history [14]. All experiments
were performed at 25‡C, in constant humidity and light conditions.
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2.2. Life span measurements
Adult males (0^48 h old) were maintained in vials (10 £ies/vial)

containing standard medium. Flies were scored daily for survivorship
and transferred to new vials every 3 days. For life span determination
we generated isogenic strains for most of the genome of selDptuf /CyO
yþ and selDrev/CyO yþ. A crossing scheme employing a w stock car-
rying both CyO and TM3 balancers was also devised to produce +/+;
D42-GAL4/UAS-selD and +/+; UAS-selD/+ stocks to minimize var-
iation in genetic background between stocks for the second and third
chromosomes. For statistical analysis the mean life span of each strain
was calculated as the time (in days) at which survival reached 50% of
the starting population. Survival data were analyzed by strati¢ed log
rank tests, using the SURVIVAL application of the SPSS10.0 soft-
ware package.

2.3. Stress treatments
Adult males (3^4 days old kept in standard medium) were trans-

ferred to vials with 2 ml of special medium containing 1% sucrose,
1.3% low melting agarose and the speci¢ed concentration of paraquat
(1,1P-dimethyl-4,4P-bipyridinium dichloride) or hydrogen peroxide
(H2O2). To avoid loss of oxidative activity, both substances were
added when the temperature of the medium was 45‡C. Each vial
contained 10 males and survival was scored every day without chang-
ing the medium.

3. Results

3.1. Life span determination of selDptuf heterozygous £ies
Heterozygous selDptuf £ies develop into normal-appearing

perfectly viable adults able to mate and give progeny. They
are therefore kept as a regular laboratory strain. To assess the
behavior of heterozygous £ies regarding viability we deter-
mined the life span of selDptuf £ies as well as that of the

PlacW revertant, selDrev, used as a control. As expected,
mean life span of £ies with one wild type copy of the selD
gene was not signi¢cantly di¡erent from control ones. The
mean (50% mortality) life span for each genotype was as
follows: selDptuf /CyO yþ, 40.00 � 0.91 days (n= 319); selDrev/
CyO yþ, 38.88 � 0.67 days (n= 284). After performing the log
rank test, no signi¢cant di¡erences were obtained between
selDptuf and selDrev £ies (P= 0.1291).

3.2. Sensitivity to paraquat and hydrogen peroxide toxicity
The sensitivity of selDptuf /CyO yþ and selDrev/CyO yþ to

enhanced production of ROS was tested feeding adult Droso-
phila with aqueous paraquat or H2O2 added to culture me-
dium containing only sucrose as a nutrient. Such treatments
likely expose £ies to concentrations of ROS above the toler-
ance level of the £y’s endogenous protective mechanisms. To
minimize the e¡ects of lower nutrient intake, animals were
kept in standard medium for 3^4 days before the start of
the experiment. Under these conditions, lack of one functional
copy of selD conferred hypersensitivity to paraquat (Fig. 1).
At 2.5 mM, mean life spans for each genotype were as fol-
lows: selDptuf /CyO yþ, 3.88 � 0.11 days (n= 150) and selDrev/
CyO yþ, 4.55 � 0.18 days (n= 110). At 5 mM, mean life spans
were: selDptuf /CyO yþ, 2.91 � 0.10 days (n= 110) and selDrev/
CyO yþ, 3.43 � 0.11 days (n= 100). After performing the log
rank test, the di¡erence between both strains was signi¢cant at
2.5 mM (P= 0.0002) and 5 mM (P= 0.0010) paraquat concen-
trations. No di¡erences were observed between both strains
when lower (1 mM, not reaching the toxicity threshold) or

Fig. 1. E¡ect of di¡erent concentrations of paraquat on the longev-
ity of selDptuf /CyO yþ and selDrev/CyO yþ £ies. selDptuf mutant in
heterozygous condition is signi¢cantly more sensitive to paraquat
oxidative treatment compared to its wild type revertant. A: 2.5 mM
paraquat, P= 0.0002. B: 5 mM paraquat, P= 0.0010.

Fig. 2. E¡ect of di¡erent concentrations of hydrogen peroxide on
the longevity of selDptuf /CyO yþ and selDrev/CyO yþ £ies. selDptuf

mutant in heterozygous condition is signi¢cantly more sensitive to
H2O2 oxidative treatment compared to its wild type revertant.
A: 0.3% H2O2; P6 0.001. B: 3% H2O2, P6 0.001.

M. Morey et al./FEBS Letters 534 (2003) 111^114112



higher (10 mM, highly toxic) doses of paraquat were used
(data not shown).

A lower resistance of the selDptuf genotype compared to the
selDrev genotype was also observed when £ies were exposed to
di¡erent concentrations of hydrogen peroxide (Fig. 2). At
0.3% H2O2, mean life spans were: selDptuf /CyO yþ, 3.90 �
0.08 days (n= 124) and selDrev/CyO yþ, 4.70 � 0.09 days (n=
90). At 3% concentration mean life spans were: selDptuf /CyO
yþ, 2.36 � 0.05 days (n= 150) and selDrev/CyO yþ, 2.75 � 0.05
days (n= 110). The di¡erence between selDptuf and selDrev £ies
was signi¢cant at 0.3% (P6 0.001) and 3% (P6 0.001) H2O2

concentrations.

3.3. Overexpression of selDptuf does not extend life span
To determine the e¡ects of selD overexpression on longev-

ity, the D42-GAL4 and UAS-selD transgenes were introduced
into £ies with normal selDþ=þ genetic background. Increased
selD activity in motoneurons did not extend life span; on the
contrary, it reduced longevity (Fig. 3). Mean life spans and
sample sizes for each genotype were: +/+, UAS-selD/+,
50.97 � 0.91 days (n= 343) and +/+, D42-GAL4/UAS-selD,
42.21 � 0.93 days (n= 352). A signi¢cant decrease (P6 0.001)
in life span was observed in £ies overexpressing the seleno-
phosphate synthetase compared to control £ies.

4. Discussion

The main conclusion of our study is that the heterozygous
condition of selD is more sensitive than wild type to oxidative
stress conditions. Heterozygosity may lead to a less e⁄cient
biosynthesis of selenoproteins due to a limitation on selenium
monophosphate availability. Because selenoproteins are in-
volved in redox balance reactions, it is fair to assume that
heterozygous £ies have higher rates of ROS accumulation
than wild type controls. Therefore, we propose that selD het-
erozygous £ies accumulate ROS to levels not enough to im-
pair cell viability, but su⁄cient to be detected in sensitized
genetic backgrounds such as the Ras/MAPK signaling path-
way [11]. It has been suggested that synthesis of selenopro-
teins in Drosophila may be driven by a selenophosphate syn-
thetase other than selD, selenophosphate synthetase 2 (Sps2)
[15,16]. However, the phenotypes observed in selDptuf mutant
animals, the lack of Se75-labeled bands in mutant larval ex-
tracts [9,10], and the fact that Sps2 is itself a selenoprotein [16]
back the key role of selD in the pathway.

The bene¢cial e¡ects of Se on organisms could potentially

be divested by a dietary selenium de¢ciency or impairing its
metabolism (i.e. selenoprotein biosynthesis). Recently it has
been shown that dietary selenium de¢ciency shortens while
supplementation normalizes Drosophila life span [17]. This is
consistent with reports on the deleterious e¡ects of low Se
intake on several aspects of human and animal health [1,18].
The reduced selD activity of heterozygous £ies is su⁄cient for
normal life, provided the animals grow in regular yeast-based
medium that contains enough Se traces. Le Bourg [6] has
suggested that antioxidant enzymes could be mainly consid-
ered stress enzymes, which would act as shields if necessary
though are not essential for everyday life. Similarly, the hap-
loinsu⁄ciency of selD only becomes evident under oxidative
stress conditions.

The production of oxidants, together with the ability to
respond to oxidative stress, is intricately connected to aging
and life span ([19] and references therein). ROS produced
during normal metabolism cause damage to macromolecules
that, if not repaired, places the organism at risk [5]. Intra-
cellular defense systems that protect cells from ROS-induced
damage include glutathione peroxidase (GPX), glutathione
reductase (GR), thioredoxin reductase (TrxR), superoxide dis-
mutase (SOD) and catalase (Cat) [20]. D. melanogaster £ies
lack GPX and recently it has been found that the single GR
homolog speci¢es TrxR activity, which compensates for the
absence of a true GR system for recycling GSH [21,22].
Although only three selenoproteins have been identi¢ed so
far in the Drosophila genome [17,23] it is not possible at this
moment to correlate the antioxidant activity with a particular
protein. As the list of selenoproteins is increasing in higher
organisms, this might also be the case in Drosophila. However,
since SOD, Cat and TrxR are normal and functional in the
£ies used for this study, our results indicate that the burden of
ROS metabolism in Drosophila is also shared by a defense
system that includes selenoproteins.

The e¡ects on longevity of numerous studies overexpressing
antioxidant enzymes, such as Cat and SOD, have been con-
troversial because life spans increase in some but not in others
[6^8]. Following a report showing extended life span in Dro-
sophila expressing human SOD1 in motoneurons [13], we
tested the e¡ects of selD overexpression in such cells. As ex-
pected, because selD is just one member of the complex ma-
chinery needed to synthesize selenoproteins, higher amounts
of selD do not extend life span. The reduction observed could
be explained by accumulation of toxic intermediaries (maybe
selenophosphate) due to selD overexpression. Further experi-
ments overexpressing speci¢c Drosophila selenoproteins to-
gether with elements of the biosynthesis pathway may be a
better way to test the contribution of selenoproteins’ antioxi-
dant function to prevent aging and extend life span.
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Annex: Protocols genètics 

Protocol d’escissió de l’element P i generació de línies isogèniques.
El transposó PlacW porta com a marcador d’inserció el gen white+ (ulls vermells). Quan el 
transposó s’insereix en mosques mutants pel gen white (ulls blancs), els ulls de dites 
mosques deixaran de ser blancs i passaran a tenir una certa coloració. Així, el color dels 
ulls pot anar d’un taronja suau a un vermell intens depenent del lloc d’inserció de l’element 
P. A més, aquest element P pot mobilitzar-se de nou per l’acció de l’enzim transposasa. 
L’escissió de l’element P es detecta per l’absència de color als ulls de la mosca. Els salts 
no són sempre perfectes. L’escissió imprecisa pot causar deleccions en el genoma generant 
d’aquesta manera nous al·lels mutants. Si l’escissió és precisa, el fenotip letal pot revertir-
se al fenotip salvatge, i en termes de fons genètic, obtenim una mosca exacta al mutant 
amb l’excepció de l’element P.

Partint de la línia original yw; l(2)k11320/CyO es va dur a terme el següent protocol 
d’escissió del transposó PlacW per seleccionar revertents viables que poguéssim utilitzar 
com a control  en els nostres experiments de supervivència i longevitat: 

1. Femelles de la línia yw; l(2)k11320/CyO es varen encreuar amb mascles portadors 
de la font de transposasa. 

2. De l’encreuament anterior es varen seleccionar mascles portadors de l’element P i 
la font de transposasa ( 2-3). Els gàmetes generats per aquests mascles podran ser 
de dos tipus: amb l’element P escindit de manera precisa o imprecisa. Per tal de 
detectar els gàmetes que havien sofert una escissió precisa de l’element P es varen 
encreuar dits mascles de nou per la línia original la qual porta l’element P.

3. Els mascles descendents de l’encreuament 2 que tenien els ulls vermells (és a dir 
que un dels seus cromosomes portava l’element P) i que no portaven el 
balancejador CyO es varen seleccionar com a escissions precises. El fet de no 
portar el balancejador CyO indica que el cromosoma que hi ha en el seu lloc, en ser 
viable sobre l’element P, ha de ser una escissió precisa del mateix.  
Com cada mascle obtingut venia d’un gàmeta diferent, aquests es varen encreuar de 
manera individual amb femelles d’una soca balancejadora per tal de generar un 
estoc de mosques. D’aquesta manera rescatavem el cromosoma on l’element P
havia estat escindit de manera precisa. 

4. Els mascles i femelles de la descendència de l’encreuament 3 portadors del 
cromosoma revertent sobre el balancejador y+ CyO es varen encreuar entre ells per 
tal de fer l’estoc final. Donat que el cromosoma revertent és normal, la seva 
combinació en homozigosi és viable. L’interès d’aquest protocol, en el nostre cas, 
radicava en obtenir mosques control amb el mateix fons genètic que el mutant 
heterozigot, i per tant, a cada generació es seleccionaven femelles verges i mascles 
portadors del balancejador i es creava un nou estoc.
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Per als experiments de supervivència i longevitat era molt important que el fons genètic 
fos el més equivalent possible entre l’heterozigot i el control. Per això, vàrem voler 
controlar també el balancejador de l’heterozigot per tal que fos el mateix que el del control. 
Així doncs, vàrem encreuar el mutant heterozigot per la mateixa soca balancejadora 
utilitzada pel control. Vàrem seleccionar mascles i femelles portadores del balancejador y+

CyO i vàrem fer un estoc. 
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A l’emprar la soca balancejadora yw; Sco/y+CyO, tan en el cas de l’heterozigot com en 
el cas del control, s’introduïen nous cromosomes X i 3. Per tal d’isogenitzar aquests 
cromosomes el es va fer el següent: de l’estoc control (yw; P(w+)rev/y+CyO) es varen 
seleccionar femelles verges i mascles del genotip adequat i es varen encreuar entre ells. 
Durant nou generacions, el mínim per assolir consanguinitat dels cromosomes per 
recombinació (Falconer, 1989), es varen repetir els encreuaments germà-germana. El 
mateix procés es va seguir amb l’estoc heterozigot (yw; l(2)k11320/y+CyO). Un cop 
tinguérem el fons genètic equivalent pel control i l’experiment es van dur a terme els 
experiments de supervivència i longevitat. 

Protocol d’encreuaments dissenyats per tal de dur a terme l’anàlisi de l’efecte de 
l’expressió ectòpica del gen selD en motoneurones. 
Per tal d’esbrinar l’efecte de l’expressió ectòpica del gen selD a motoneurones es va 
utilitzar el sistema GAL4/UAS (Brand i Perrimon, 1993). Aquest sistema permet 
l’expressió de gens en el domini d’expressió d’altres gens. Per aconseguir aquesta 
expressió ectòpica calia disposar de dues línies transgèniques. Una d’elles havia de 
contenir el gen que codifica per la proteïna GAL4 sota el control del promotor d’un altra 
gen de Drosophila. En el nostre cas, com volíem l’expressió a motoneurones vàrem 
utilitzar la línia enhancer trap D42GAL4 (Yeh et al., 1995). L’altra línia transgènica 
contenia el gen selD sota el control d’un promotor que conté diverses seqüències d’unió 
específica UAS per la proteïna GAL4. L’expressió del gen selD és silenciosa en absència 
de GAL4, i en principi, l’expressió de GAL4 no és deletèria  per la mosca. Encreuant les 
dues línies transgèniques s’aconsegueix que els individus que contenen les dues 
construccions expressin el gen selD sota el control de la línia D42GAL4 a motoneurones.

En aquest experiment també era necessari treballar amb un fons genètic equivalent 
entre les mosques control (w/Y; +/+; UASselD/+  i w/Y; +/+; D42GAL4/+) i l’experiment 
(w/Y; +/+; D42GAL4/UASselD). Per tal d’assolir aquesta condició es va dissenyar el 
següent protocol d’encreuaments: 

1. En el Departament es disposa d’una soca mutant del gen white que ha estat 
mantinguda durant molts anys en condicions de laboratori. Així era possible que 
aquella soca fos altament consanguínia, i per tant, convenient per al protocol 
experimental dissenyat. Dita soca es va encreuar amb un estoc balancejador per tal 
de d’obtenir mascles portadors d’un cromosoma 2 i un cromosoma 3 de la soca  
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2. Cada mascle obtingut es va encreuar durant tres dies amb femelles w; If/CyO; 
UASselD/TM3 i posteriorment es va encreuar uns altres tres dies més amb femelles 
w; If/CyO; D42GAL4/TM3.

3. De la descendència obtinguda de l’encreuament del mascle per w; If/CyO; 
UASselD/TM3 es varen separar les femelles w; +/CyO; UASselD/TM3 per a 
utilitzar en un encreuament posterior. Els genotips w; +/CyO; +/TM3 i w/Y;
+/CyO; UASselD/+ es varen encreuar entre ells per a obtenir mosques control del 
genotip w/Y; +/+; UASselD/+ on les dues còpies del cromosoma 2 eren exactament 
iguals.

4. De la descendència obtinguda de l’encreuament del mascle per w; If/CyO; 
D42GAL4/TM3 es varen separar els mascles w/Y; +/CyO;D42GAL4/TM3 per a 
utilitzar en un encreuament posterior. Els genotips w; +/CyO; +/TM3 i w/Y;
+/CyO; +/D42GAL4 es varen encreuar entre ells per a obtenir mosques control del 
genotip w/Y; +/+; D42GAL4/+ on les dues còpies del cromosoma 2 eren 
exactament iguals, i a més, iguals que les del control w/Y; +/+; UASselD/+.
Aquests dos controls a més tenien el mateix cromosoma 3. 

5. Finalment els mascles i femelles separats es varen encreuar i es va seleccionar la 
descendència portadora tant del transgen D42GAL4 com del transgen UASselD.
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Així, amb aquest seguit d’encreuaments, per cada mascle w/Y; +/CyO; +/TM3 es varen 
obtenir mosques control w/Y; +/+; UASselD/+ i w/Y; +/+; D42GAL4/+, i mosques de  
l’experiment w/Y; +/+; D42GAL4/UASselD. En totes elles, el cromosoma salvatge 2 i 3 
eren el mateix.  

Es varen encreuar al voltant d’uns 40 mascles independents. De 20, després de tots els 
encreuaments descrits,  es varen obtenir mosques dels tres genotips esmentats i aquestes 
varen ser les mosques utilitzades per a l’estudi de longevitat. Degut a que dels 
encreuaments per obtenir les mosques control i les mosques de l’experiment s’anaven fent 
rèpliques, a mida que les mosques del genotip desitjat neixen s’anaven incorporant al 
protocol de l’experiment de longevitat.    

Com s’ha esmentat en començar aquest apartat, en principi, la l’expressió de GAL4 no 
és deletèria  per la mosca. En el cas de la línia D42GAL4 hem pogut observar que el final 
de la corba de supervivència el control D42GAL4 mor abans que el control UASselD. Això 
pareix indicar que una acumulació de GAL4 en motoneurones tindria efectes nocius al 
llarg del temps. 
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CAPÍTOL II 
L’increment de ROS degut a una reducció en la funció antioxidant de les 
selenoproteïnes indueix apoptosi a través de la via Dmp53/Rpr. 

Article 3: Morey, M., Corominas, M. and Serras, F. DIAP1 suppresses ROS-induced 
apoptosis caused by impairment of selenoprotein function in Drosophila. Enviat a J. Cell 
Sci.

L’apoptosi a Drosophila 
L’apoptosi o mort cel·lular programada és essencial per a eliminar cèl·lules danyades 
potencialment perilloses per l’organisme, i és necessària per restringir el nombre de 
cèl·lules i la mida dels òrgans durant el desenvolupament i la morfogènesi. La importància 
d’aquest fenomen queda reflectida per la considerable conservació dels elements centrals 
de la maquinària apoptòtica al llarg de l’evolució des de Caenorhabditis elegans fins als 
mamífers. Alhora, a mida que incrementa la complexitat dels organismes apareixen nous 
elements i vies per a respondre a diferents tipus d’estímuls apoptòtics. Si més no, les 
similituds entre l’apoptosi de mamífers i Drosophila són moltes (Fig. 18).  

Les caspases, una família de cistein proteases, són centrals en la senyalització i 
execució de l’apoptosi. Les caspases iniciadores oligomeritzen en un apoptosoma i 
s’autoactiven per proteolisi creuada. Un cop activades inicien una cascada de processament 
i activació de les caspases efectores, el que desembocarà en la proteòlisi de substrats i la 
mort cel·lular (Thornberry i Lazebnik, 1998). Dues són les vies d’activació de les caspases 
descrites a mamífers. La “via intrínseca” s’activa en resposta a estímuls primaris intrínsecs 
a la cèl·lula. Aquests, poden induir la permeabilització de la membrana mitocondrial 
externa, mitjançant l’alteració de l’equilibri entre els membres pro- i anti- apoptòtics de la 
familia Bcl2, alliberant al citosol el factor proapoptòtic mitocondrial citocrom c que és un 
dels components de l’apoptosoma d’aquesta via. També existeix una “via extrínseca” 
d’apoptosi que respon a les senyals instructives que provenen del context cel·lular. Aquesta 
mort cel·lular es fa efectiva mitjançant l’activació de la família de receptors de la mort del 
TNF (Tumor Necrosis Factor). En aquest cas, l’activació de les caspases iniciadores es du 
a terme per la formació d’un apoptosoma, independent de citocrom c, en la regió 
intracel·lular de dits receptors. Certes evidències que indiquen que hi podria haver 
crosstalk entre les via intrínseca i extrínseca (Green, 2000). 

L’activació de caspases per la via intrínseca a Drosophila procedeix de la següent 
manera. L’estímul apoptòtic intracel·lular causa l’alteració de la membrana mitocondrial, 
possiblement a través de l’acció dels membres pro- i anti- apoptòtics de la familia Bcl2, i 
es dona l’exposició del citocrom c al citosol (Varkey et al., 1999). La seva unió a la 
molècula adaptadora Dark, recluta la caspasa iniciadora facilitant la seva oligomerització i 
autoactivació. Una vegada activada, aquesta activa les caspases efectores (Dorstyn et al.,
2002). Com la proteòlisi és irreversible, l’activació de les caspases ha d’estar molt ben 
regulada. Així, en condicions normals, la proteïna inhibidora de l’apoptosi 1 (DIAP1) 
inhibeix l’acció de les caspases unint-se directament a elles (Wang et al., 1999; Meier et
al., 2000). Per tal de superar la barrera que imposen els IAPs a l’activació de les caspases, 
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l’estímul apoptòtic, també activa les proteïnes inductores de l’apoptosi Reaper (Rpr), Head 
involution defective (Hid) i Grim. Dites proteïnes s’uneixen als DIAPs, alliberant a les 
caspases i permetent la seva acció (Wang et al., 1999; Goyal et al., 2000; Wu et al., 2001). 
D’altra banda també  ubiquinitzen DIAP1 promovent la seva degradació via proteasoma i 
inhibeixen la traducció dels seus transcripts (Holley et al., 2002; Ryoo et al., 2002; Yoo et
al., 2002). Recentment, també s’han identificat els elements de la via extrínseca a 
Drosophila. Eiger i Wengen són respectivament, el lligand TNF i el seu receptor (Igaki et
al., 2002; Kanda et al., 2002; Moreno et al., 2002). A diferència dels mamífers, l’activació 
de caspases no seria directa per sota del receptor, sino indirecta mitjançant l’activació de la 
via JNK i depenent de l’apoptosoma citocrom c/Dark (Moreno et al., 2002). Per tant, des 
de el punt de vista d’activació de les caspases, seria una via intrínseca. 

Fig. 18. Comparació de l’apoptosi a mamífers (components en blau) i Drosophila (components en negre). Cal 
destacar que la funció dels elements de la familia Bcl-2 a Drosophila no es coneix tant com a mamífers. La 
via dels receptors de la mort ha estat recentment identificada a Drosophila i de moment sols s’ha demostrat 
que activa l’apoptosi a través de l’activació de la via JNK, mentre que a mamífers també activa la caspasa 8 
que és la caspasa especifica de la via extrínseca (adaptat de Richardson i Kumar, 2002). 

Molts treballs han descrit les interaccions entre els diferents components apoptòtics a 
Drosophila, però, malgrat l’esforç, el coneixement de com diferents estímuls apoptòtics 
cel·lulars convergeixen per activar una mateixa via comú, la via intrínseca, és més reduït. 
El tres gens inductors de l’apoptosi, rpr, grim i hid, tenen patrons d’expressió diferents. 
Tant rpr com grim s’expressen en cèl·lules destinades a morir (White et al., 1994). Al 
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contrari, hid s’expressa no sols a cèl·lules que moriran sinó també a cèl·lules que viuran 
(Grether et al., 1995). Això fa pensar que integren diferents senyals apoptòtiques.

Senyals de supervivència regulen l’apoptosi a Drosophila, doncs s’ha vist que la 
l’activitat de la via Ras/MAPK és necessària per a la supervivència cel·lular (Simon et al.,
1991; Diaz-Benjumea i Hafen, 1994; Freeman 1996; Miller i Cagan 1998; Sawamoto et al 
1998; Baker i Yu, 2001; Halfar et al., 2001; Bergmann et al., 2002). El nexe amb la 
maquinària apoptòtica s’ha trobat: Hid és un sensor de l’activitat de la via Ras/MAPK. 
Conseqüentment, en la població de cèl·lules que moriran i que expressen hid, la 
downregulació d’aquesta via incrementa la expressió hid i la seva activitat (Bergmann et
al., 1998; Kurada i White, 1998).  

En el cas de rpr, la seva expressió s’ha vist associada a mort programada pel 
desenvolupament durant la metamorfosi i la diferenciació del sistema nerviós (Jiang et al.,
2000; Peterson et al., 2002), però també com a resposta a desenvolupament aberrant i als 
rajos X (White et al., 1994; Nordstrom et al., 1996; Brodsky et al., 2000). Un element de 
resposta al dany genotòxic causat per la radiació X s’ha identificat en el promotor de rpr i 
s’ha demostrat que la unió de l’homòleg de p53 a Drosophila (Dmp53) activa la 
transcripció de rpr en aquesta situació (Brodsky et al., 2000). 

Precedents 
A mamífers, tan la deprivació de factors tròfics com un increment en el nivell de radicals 
lliures són capaces de causar la mort cel·lular per apoptosi, tanmateix es coneix poc de com 
aquestes situacions activen la maquinària apoptòtica. L’apoptosi i l’acumulació de radicals 
lliures són una característica del mutant homozigot selDptuf (Alsina et al., 1998; 1999). 
També hem demostrat que l’increment del ROS causat per la mutació selDptuf és el 
responsable de la modulació negativa de la via Ras/MAPK (Article 1: Morey et al., 2001). 
Una possibilitat és que l’activitat reduïda de la via Ras/MAPK expliqui l’apoptosi 
observada. Tanmateix, l’acumulació de radicals lliures podria engegar l’apoptosi per altres 
vies. Així doncs, vàrem voler testar la contribució d’aquestes dues opcions a l’apoptosi 
observada en el mutant selDptuf.

Resum
L’ull de Drosophila és un sistema excel·lent per a entendre els mecanismes que 
coordinadament promouen la supervivència i diferenciació dels omatidis. A més, s’han 
descrit nombrosos marcadors moleculars per a testar les diferents etapes del procés de 
diferenciació. La via Ras/MAPK està involucrada tan en la supervivència com en la 
diferenciació de les cèl·lules de l’omatidi, així doncs, per tal de veure si la reducció en la 
seva activitat era la responsable de l’apoptosi observada es varen generar clons de cèl·lules 
mutants selDptuf a l’ull. L’anàlisi dels clons en l’ull adult i en el disc imaginal va mostrar 
que la diferenciació i la supervivència estan afectades. A més a més, aquests efectes estan 
associats a la presència de radicals lliures. Si la modulació negativa de la via Ras/MAPK 
causada per la mutació selDptuf fos la responsable de l’apoptosi observada, aquesta hauria 
de ser activada pel gen proapoptòtic hid. Per tant, vàrem testar si la mutació selDptuf era 
capaç de modular l’activitat de Hid però els nostres resultats no han mostrat cap interacció 



Resultats

56

genètica. Sense descartar una possible contribució d’aquesta via a l’apoptosi del mutant
selDptuf, l’apoptosi semblava ser deguda a l’activació d’una altra via. 

El gen proapoptòtic rpr era un bon candidat ja que integra diferents tipus de senyals 
apoptòtiques. Així, es va poder mostrar que aquest gen s’expressa en les cèl·lules mutants 
selDptuf. També s’ha detectat l’acumulació de la proteïna Dmp53, reconegut sensor del 
dany genotòxic. D’aquesta manera, podem explicar com l’increment de radicals lliures, 
que poden causar dany al DNA, activa la transcripció de rpr ja que s’ha demostrat que 
aquest té un lloc d’unió de Dmp53 en el seu promotor. Consistent amb que l’activació de 
rpr dona lloc a apoptosi depenent de caspases, hem mostrat la intervenció tant de la 
caspasa iniciadora DRONC com de la seva efectora DRICE. Alhora, l’expressió ectòpica 
de l’inhibidor d’apoptosi DIAP1 és capaç de rescatar de manera important la viabilitat del 
les cèl·lules selDptuf. Tot plegat, la presència de radicals lliures, la detecció de Dmp53, 
l’observació de que DRICE també està involucrada en l’apoptosi causada per l’expressió 
ectòpica de Dmp53, i el rescat observat amb DIAP1, suporten que l’activació de la via 
depenent de caspases Dmp53/Rpr té una contribució important a l’apoptosi observada en el 
mutant selDptuf.
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Summary
The cellular antioxidant defense systems neutralize the cytotoxic byproducts referred to as 
reactive oxygen species (ROS). Among them, selenoproteins have important antioxidant 
and detoxification functions. The interference in selenoprotein biosynthesis results in 
accumulation of ROS and consequently in a toxic intracellular environment. The resulting 
ROS imbalance can trigger apoptosis to eliminate the deleterious cells. In Drosophila, a 
null mutation in the selD gene (homologous to the human selenophosphate synthetase type 
1) causes an impairment of selenoprotein biosynthesis, ROS burst and lethality. We 
propose this mutation (known as selDptuf) as a tool to understand the link between ROS 
accumulation and cell death. To this aim we have analyzed the mechanism by which 
selDptuf mutant cells conduct the apoptotic machinery in Drosophila imaginal discs. The 
apoptotic effect of selDptuf does not require the activity of the Ras/MAPK-dependent pro-
apoptotic gene hid, but results in stabilization of the tumor suppressor protein Dmp53 and 
transcription of the Drosophila pro-apoptotic gene reaper (rpr). We also provide genetic 
evidence that the initiator caspase DRONC is activated and that the effector caspase 
DRICE is processed to commit selDptuf mutant cells to death. Moreover, the ectopic 
expression of the inhibitor of apoptosis DIAP1 rescues the cellular viability of selDptuf

mutant cells. These observations indicate that selDptuf ROS-induced apoptosis in 
Drosophila is mainly driven by the caspase dependent Dmp53/Rpr pathway. 

Introduction
Apoptosis is an essential cellular process during the morphogenesis of multicellular 
organisms and its genetic control has become one of the main topics of study for 
developmental and cell biologists. However, it is not yet well understood how certain 
processes such as oxidative stress can trigger specific pathways of apoptosis.  Aerobic 
metabolism uses molecular oxygen as a terminal electron acceptor for mitochondrial 
respiratory energy production. As byproducts of this process reactive oxygen species 
(ROS) are generated. These are a variety of oxygen metabolites that have either unpaired 
electrons (i.e. O2

-, OH·) or the ability to abstract electrons from other molecules such as 
hydrogen peroxide Transient fluctuations in ROS serve important regulatory functions, but 
when present at high and/or sustained levels, they can cause severe damage to DNA, 
proteins and lipids, which may finally lead to apoptosis (Simon et al., 2000; Curtin et al., 
2002).

A number of defense systems have evolved to counteract the persistent state of 
oxidative siege associated to aerobic life conditions and among them enzymatic 
intracellular scavengers play an essential role. In this category, selenoproteins, which 
contain selenium in the form of selenocysteine, are important to control the unwanted ROS 
as most of them catalyze oxidation-reduction reactions or act as antioxidants (Stadtman, 
1996; Rayman, 2000; Hatfield and Gladyshev 2002). We have used a mutation in 
Drosophila melanogaster that perturbs selenoprotein biosynthesis and results in ROS 
accumulation to understand how a persistent increase in ROS can induce apoptosis (Alsina 
et al., 1999). Drosophila selDptuf is a recessive mutation affecting a gene encoding for an 
enzyme involved in selenoprotein biosynthesis: the selenophosphate synthetase type 1
(sps1 in humans or selD in flies). Homozygous individuals lack selenoproteins and die at 
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third instar larvae. Consistent with the role of selenoproteins as antioxidants, mutant cells 
accumulate free radicals and enter apoptosis resulting in extremely reduced and abnormal 
imaginal discs (Alsina et al, 1998; 1999). Heterozygous selDptuf flies are apparently wild 
type, however, a downregulation of the Ras/MAPK pathway has been observed in 
transheterozygous combinations of selDptuf mutant and activated members of this signaling 
pathway (Morey at al, 2001). This downregulation seems to be a consequence of an 
increase in ROS levels due to selenoprotein biosynthesis impairment in heterozygous flies 
(Morey at al., 2001; 2003).  Both loss of survival signals and perturbations in the redox 
balance, among others, are intracellular stimuli that have been shown to trigger apoptosis 
in mammals (Kroemer and Reed, 2000; Adrain and Martin, 2001). In Drosophila, the cell 
death genes reaper (rpr), head involution defective (hid) and grim are potent activators of 
caspase dependent apoptosis (reviewed in Richardson and Kumar 2002). Extensive 
research has been carried out to uncover how distinct death-inducing stimuli converge to 
activate a common apoptotic program. Both rpr and grim are expressed in cells doomed to 
die (White at al., 1994; Chen et al., 1996). In contrast, hid is expressed not only in cells 
which die, but also in living cells (Grether et al., 1995). Thus, these different expression 
patterns imply that they integrate different signals regulating apoptosis. Survival signals 
regulate Drosophila apoptosis and several studies have shown the need of Ras/MAPK 
activity for cell survival in flies (Simon et al., 1991; Diaz-Benjumea and Hafen, 1994; 
Freeman, 1996; Miller and Cagan 1998; Sawamoto et al., 1998; Halfar et al, 2001). In the 
subset of hid-expressing cells prone to die, downregulation of the Ras/MAPK pathway 
increases hid expression and activity (Bergmann et al. 1998; Kurada and White, 1998). In 
the case of rpr, besides inducing developmentally programmed cell death, it also triggers 
apoptosis in response to other stimuli such as aberrant development, steroid hormone 
signaling and X-irradiation (Asano et al., 1996; Nordstrom et al., 1996, Robinow et al., 
1997). rpr is also a transcriptional target of the Drosophila p53 protein, making its 
expression responsive to genotoxic stress caused by X-irradiation (Brodsky et al., 2000). 
Because X-irradiation, in addition to direct DNA damage, generates ROS in the aqueous 
cytoplasm that can also damage DNA, the Dmp53/Rpr pathway is a candidate pathway to 
be activated in a situation of increased ROS levels such as in the selDptuf mutant.  

 Herein, we have taken a genetic approach to study how an increase in ROS levels 
due to a reduction of selenoproteins’ antioxidant function triggers apoptosis in Drosophila
imaginal discs. Our results indicate that hid induced apoptosis may not be the major 
contributor to the apoptosis observed in selDptuf mutant cells and that ROS increase plays 
an important role in selDptuf apoptosis through the activation of the Dmp53/Rpr pathway. 
We clearly show that this apoptotic pathway is mediated by DRONC and DRICE caspases 
and that the inhibitor of apoptosis DIAP1 is able to rescue the viability of selDptuf cells. 
This work supports the importance of selenoproteins in the maintenance of cellular 
viability and demonstrates that ROS-induced apoptosis triggered by selenoprotein-
depletion is caspase dependent and activated by Dmp53/Rpr function. 
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Material and Methods 
Drosophila stocks 
The selDptuf line (yw; l(2)k11320/CyO) was obtained from a collection of lethal mutants 
resulting from PlacW insertions on the second chromosome (Torok et al., 1993; Alsina et 
al., 1998). The following stocks were used: yw; Catn1/TM3 (Mackay and Bewley, 1989; 
Griswold et al, 1993); e ftz ry/TM3 P(sev-rasV12) (Fortini et al., 1992); Sco/SM1
P(GMRhid) (Kurada and White, 1998); GMRyanAct on the second chromosome (Rebay and 
Rubin, 1995); rprlacZ on the third chromosome (Nordstrom et al., 1996); UAS-
DIAP1/TM2 (Lisi et al, 2000); GMR-GAL4 UAS-dronc #80 (GMR-GAL4 UAS-dronc/CyO; 
UAS-dronc) (Quinn et al., 2000); UAS-Sem on the third chromosome (Martin-Blanco, 
1998); +; gl-Dmp53/SM6aTM6B (Ollman et al., 2000; Exelixis Inc.); hh-GAL4/TM2 
(Tanimoto et al., 2000); 2xarm-GAL4/TM3Sb, 69B-GAL4 on the third chromosome
(Bloomington Stock Center).

Scanning electron microscopy 
To prepare scanning electron microscopy (SEM) samples, flies were dehydrated in 25, 50, 
75 and 100% ethanol for 24 hours each. Flies were critical point dried and coated with gold 
to be examined in a Leica-360 scanning electron microscope. 

Generation of mitotic clones 
selDptuf clones in the adult eye were generated using the eyFLP/FRT technique coupled to a 
cell lethal mutation (cl2R11, Newsome et al., 2000), which kills the twin clone allowing 
the growth of more mutant tissue. Adults of the genotype yw eyFLP; FRT42D w+ 
cl2R11/FRT42D selDptuf were examined for mutant clones (two copies of the mini-w
marker from the PlacW insertion in selD locus in a mini-w/ w+ background) in the eye. 
Histological sections of the eyes were performed as described previously (Basler and 
Hafen, 1988).

selDptuf mitotic clones in imaginal discs were generated using the hsFLP/FRT 
technique (Xu and Rubin, 1993) in combination with the Minute (M) technique (Morata 
and Ripoll, 1975), which gives proliferative advantage to the mutant tissue minimizing 
perdurance of selD product. Larvae of the yw hsFLP; FRT42D arm-lacZ M/FRT42D 
selDptuf genotype were heat shocked at 60 hours after egg laying (AEL) for 30 minutes at 
34oC. For rpr transcription in selDptuf clones, 60 hours AEL larvae of yw hsFLP; FRT42D 

Myc M/FRT42D selDptuf; rpr-lacZ/+ genotype were heat shocked for 1hour at 37oC and 
Myc was induced as described previously (Xu and Rubin, 1993). In these experiments the 

homozygous mutant tissue is marked by the absence of -galactosidase or Myc staining. 

To determine the clonal size in wing discs,  clones were induced by 10 minutes heat 
shock pulse at 34oC in yw hsFLP; FRT42D arm-lacZ/FRT42D selDptuf; hh-GAL4/UAS-
DIAP1 larvae (4 hours egg collections) at 55 hours AEL and analyzed at 120 hours AEL. 

Inmunohistochemistry
Imaginal discs from third instar larvae were dissected in PBS and fixed for 20min in 4% 
paraformaldehyde (PFA) at room temperature (for -galactosidase staining) or PLP (2% 
PFA, 75mM Lysine; 10mM sodium periodate, 37mM sodium phosphate) at 4ºC (for Myc
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staining). Following permeabilization, overnight incubation was performed with primary 
antibodies: rabbit anti- -galactosidase 1:1000 (Cappel), mouse anti- -galactosidase 1:250 
(Promega) or mouse anti- Myc 1:1000 (Babco) to mark clones, and mouse anti-Boss 
(Cagan et al., 1992) 1:2000 (a gift from S.L. Zipursky), mouse anti-Elav (Robinow and 
White, 1988) 1:100 (from DSHB), mouse anti-Dmp53 (Ollmann et al., 2000) 1:250 
(Exelisis Inc.), rabbit anti-active DRICE (Dorstyn et al., 2002) 1:1000 (a gift from B. Hay) 
and mouse anti-FASIII (Brower and Jaffe, 1989) 1:1000 (a gift from D. Brower). 
Rhodamine Red and FITC conjugated secondary antibodies 1:200 (Jackson 
ImmunoResearch) were used. YOYO  nuclear marker (1:5000, Molecular Probes, Inc.) 
was added together with the secondary antibody. Discs were mounted in Slowfade  Light 
antifade (Molecular Probes, Inc.) and images collected on a Leica TCS 4D confocal laser 
scanning microscope. Negative controls for these antibodies in selDptuf discs and clones 
were performed in parallel and scanned under the same conditions and showed no staining. 
All images were processed with Adobe Photoshop 6.0. and ImageJ 1.29v (National 
Institute of Health, USA). 

TUNEL assay in selDptuf clones 
After fixation of yw hsFLP; FRT42D arm-lacZ M/FRT42D selDptuf discs, apoptotic cells 
were detected by labeling the 3’-OH ends of DNA with Chromatide BODIPY  Texas 
Red-14-dUTP (Molecular Probes, Inc.) for 1 hour 30 minutes at 37oC using terminal 
deoxynucleotidyl transferase (Roche). Primary and secondary antibodies were used to 
detect clones as described above. 

In vivo detection of ROS in selDptuf clones 
Clones to test for accumulation of ROS were generated in yw hsFPL; FRT42D 
GFP/FRT42D selDptuf larvae after heat shock at 48 hours AEL for 30 minutes at 34oC.
Third instar larvae discs were dissected in Schneider’s medium. Staining was performed in 
medium containing 20µM dihydroethidium (DHE, Molecular Probes, Inc.) for 5 minutes 
and a series of washes in Schneider’s medium were performed protecting the sample from 
light before mounting in antifade solution. Analysis of the sample with confocal 
microscopy was done just after mounting. 

Results and Discussion
The Drosophila eye development is a paradigm to understand the cellular mechanisms that 
coordinately promote cell differentiation and survival. During larval development, cell-to-
cell interactions in the eye imaginal disc shape the ommatia, the units that form the insect 
compound eye. The Ras/MAPK pathway controls differentiation and survival of 
ommatidial cells (Freeman 1996; Halfar et al., 2001), and a wide variety of molecular 
markers are available to verify these processes. Besides, the role of apoptosis in shaping 
the eye has been extensively described (Brachmann and Cagan, 2003). We have used the 
eye imaginal disc as a model to explore how apoptosis is triggered in oxidative stress 
conditions. We first tested whether selDptuf homozygous condition perturbs cell survival 
and/or normal differentiation in the developing eye. Because the homozygous selDptuf

individuals are lethal (Alsina et al., 1998; Roch et al., 1998), we have analyzed the mutant 
condition in genetic mosaics. Clones of selDptuf mutant cells were generated in the eye disc 
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and recovered to adulthood. These clones resulted in scarred tissue with poor ommatidial 
differentiation (Fig. 1A). Tangential sections revealed that none or very few photoreceptors 
were present in the mutant area, suggesting that extensive cell death had occurred during 
the development of the mutant sector (Fig.1B). We also analyzed if recruitment and 
differentiation of photoreceptor cells was taking place. Although the R8 photoreceptor 
specific marker Boss revealed that R8 differentiation and spacing occurred properly (data 
not shown), the recruitment of the following photoreceptors was disrupted as revealed by 
the pattern of Elav neuronal marker (Fig. 1C). Mutant ommatidia contained less cells than 
their neighboring wild type heterozygous ones. Besides aberrant ommatidial organization, 
the epithelial condition of selDptuf was severely disrupted. As it has been described that 
disorganization and loss of polarity in epithelial tissues precedes cell death (Tepass et al., 
1990), we checked for apoptosis and indeed detected a significant increase in apoptotic 
cells within selDptuf clones after TUNEL staining. Interestingly, ectopic apoptotic figures 
were also observed in the neighboring wild type cells, suggesting a non autonomous effect 
of selDptuf mutation (Fig.1D).

We next examined if the impairment of cell differentiation and survival in clones of 
selDptuf homozygous mutant cells was associated to a detectable burst of ROS. For that 
purpose, we used the ROS specific nuclear probe dihydroethidium (DHE). This probe 
specifically detects superoxide anion (O2

-), a primary oxygen free radical produced by 
mitochondria rapidly removed by conversion to hydrogen peroxide. Upon an in vivo burst 
of O2

-, DHE oxidizes to ethidium and incorporates into the nuclear DNA emitting 
fluorescence (Molecular Probes, Inc.). Certainly, some cells in selDptuf clones accumulated 
ROS, as shown by nuclear DHE staining. In addition to that, DHE positive cells were 
detected in wild type cells adjacent to the clone (Fig. 1E). This could explain the presence 
of apoptotic cells bordering the clone. ROS are very small molecules that can freely diffuse 
through cell membranes and after an accumulation in the clone the surrounding 
heterozygous tissue acts as a sink diluting this accumulation. To confirm that ROS 
accumulation was the cause and not a consequence of apoptosis, we performed the DHE 
assay on discs in which apoptosis was ectopically induced by constitutively expression of 
an inductor of apoptosis (GMRhid expressing discs, see below). In those discs no DHE 
labeling was observed (data not shown) reinforcing the role of ROS in inducing apoptosis.

Because Ras/MAPK downregulation due to ROS increase has been observed in 
selDptuf heterozygous conditions (Morey et al., 2001), apoptosis through hid could account 
for cell death in selDptuf homozygous mutant. To address this question, we checked for 
enhancement of ectopically expressed hid phenotype under the control of the eye-specific 
glass multimer reporter (pGMR, Hay et al., 1994) after removing one copy of selD. Flies 
carrying one copy of GMRhid have severely reduced eyes devoid of most normal 
ommatidial morphology due to massive apoptosis in the eye disc  (Fig. 2B; Grether et al., 
1995). The reduction of one dose of selD, or of Catalase (as a selenoprotein independent 
source of ROS) did not enhance GMRhid phenotype (Fig. 2C). Even the combination of 
selDptuf and Catn1 mutants in transheterozygosis could not enhance the GMRhid phenotype 
(Fig. 2D), whereas that combination is able to suppress a strong constitutively activated 
rasV12 construct (Fig. 2I-J; Fortini et al., 1992). As it is likely that the GMRhid phenotype 
is too strong to detect an enhancement, we generated flies GMRhid sev-rasV12 to get a 
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weaker apoptotic phenotype (Fig. 2E; Bergmann et al., 1998; Kurada and White, 1998). 
Again, neither reduction of one dose of selD, nor of catalase, enhanced the rough eye 
phenotype of the GMRhid sev-rasV12 background (Fig. 2F). In addition, we have 
performed a genetic interaction with an activated form of yan (GMRyanAct), a negative 
regulator of the Ras/MAPK pathway. Overexpression of yan in the developing eye induces 
apoptosis (Fig. 2G; Rebay and Rubin, 1995), and increases hid mRNA levels (Kurada and 
White, 1998). GMRyanAct eyes display a milder phenotype than the GMRhid ones, but no 
enhancement was observed by reduction of one dose of selD (Fig. 2H).  In addition to that, 
ectopic expression of a gain of function allele of the MAPK rolled locus (rlsem) under 
different drivers (69B-GAL4 and arm-GAL4) does not rescue imaginal disc morphology in 
homozygous mutants at any time during larval development (data not shown). Together 
these results indicate that the impairment of the Ras/MAPK pathway may not be the main 
cause of selDptuf apoptosis and suggested that other apoptotic inducers could be involved. 

Several signaling pathways converge to activate a cell-death program triggered by 
the pro-apoptotic gene reaper (White et al., 1994; Asano et al., 1996; Nordstrom et al., 
1996; Brodsky et al., 2000). It is known that in mammals ROS can induce apoptosis 
(Buttke and Sandstrom, 1994; Simon et al., 2000) thus we tested if the increase in ROS 
caused by selDptuf mutation would trigger apoptosis through rpr. Indeed, we found rpr
transcription in selDptuf homozygous discs using a rpr-lacZ reporter. Widespread -
galactosidase staining was observed throughout the mutant disc (Fig. 3A). Moreover, rpr
expression was observed in clones of selDptuf homozygous mutant cells in both the wing 
and eye imaginal discs (Fig. 3B-C). In cell cultures ROS can activate the tumor suppressor 
protein p53, a sensor of genotoxic stress (Yin et al., 1998; Kitamura et al., 1999; 
Buschmann et al., 2000). As a transcription factor, one of the critical roles of p53 is to 
regulate the expression of genes involved in eliminating damaged cells via apoptosis. 
Activation of p53 occurs largely through posttranslational mechanisms that enhance its 
stability and DNA binding activity, making possible the transcription of its targets (Burns 
and ElDeiry, 1999; Sionov and Haupt, 1999). Drosophila melanogaster p53 protein 
(Dmp53; Brodsky et al., 2000; Jin et al., 2000; Ollman et al., 2000) targets a radiation 
responsive enhancer at the rpr locus (Brodsky et al., 2000). It has been shown that targeted 
transcription of rpr rapidly causes wide spread ectopic apoptosis (White et al., 1996). In 
fact, overexpression of Dmp53 in the eye causes apoptosis and gives rise to viable adults 
that have small rough eyes due to massive apoptosis in the eye disc (Brodsky et al., 2000; 
Jin et al., 2000; Ollman et al., 2000). Nuclear stabilization of Dmp53, in cells of the eye 
disc overexpressing Dmp53 under the glass-responsive enhancer elements (gl, Moses and 
Rubin, 1991), can be detected with anti-Dmp53 antibody (Fig. 4A-B; Ollman et al., 2000). 
Accordingly, we have detected rpr transcription in gl-Dmp53 expressing cells, as shown by 
double staining of anti-Dmp53 and rprlacZ (Fig. 3D). We wondered whether rpr
transcription observed in selDptuf mutant cells was associated to Dmp53. In selDptuf

homozygous discs, widespread Dmp53 stabilization was detected with anti-Dmp53. This 
accumulation is characterized by a punctate pattern throughout the whole imaginal disc 
(Fig. 4C) and localized into the nuclei (Fig. 4D), which is in agreement with the function 
of p53 as a transcription factor. 
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In most cases, apoptotic cell death culminates in the activation of the caspase 
family of cysteine proteases, leading to the orderly dismantling and elimination of the cell. 
Caspases are central components of the apoptotic machinery induced by the pro-apoptotic 
genes. The Drosophila initiator caspase DRONC (Dorstyn et al., 1999) has been shown to 
be necessary in rpr-induced apoptosis (Hawkins et al., 2000; Meier et al., 2000; Quinn et 
al., 2000). Likewise, DRONC induces cell death in a dose dependent manner when 
ectopically expressed in the developing eye under the GMR promoter (Meier et al., 2000; 
Hawkins et al., 2000; Quinn et al., 2000). Adult flies exhibit slightly rough and mottled 
eyes, due to ablation of photoreceptors and pigment cells (Fig. 5A; Meier et al., 2000).  To 
test the involvement of this caspase in ROS-induced apoptosis, we performed a series of 
crosses using the selDptuf mutant as well as a mutation in the catalase gene (Catn1) as an 
example of ROS production in a selD-independent mode. Reduction of one dose of selD
enhanced the mottled-eye phenotype as deduced from the presence of wider areas of white
tissue (Fig. 5B). The same result was obtained when one dose of catalase was removed, 
reinforcing the idea that an increase in ROS levels might be responsible for selDptuf

apoptosis (Fig. 5C). Moreover, when removing one dose of both catalase and selD this 
phenotype became even more severe (Fig. 5D).

DRICE is an effector caspase essential for apoptosis in Drosophila cells activated 
by rpr overexpression (Fraser and Evan, 1997; Fraser et al., 1997). It has been shown to 
physically interact with and to be processed by the initiator caspase DRONC, thus being 
one of its downstream targets (Meier et al, 2000). We assessed the involvement of DRICE 
caspase in selDptuf apoptosis using the processed DRICE-specific antibody (Dorstyn et al., 
2002) as a marker for active DRICE. In selDptuf homozygous mutant imaginal discs we 
found active DRICE in several cells (Fig. 5E). Accordingly, in selDptuf clones in the wing 
and eye imaginal discs we found DRICE in some of the mutant cells (Fig. 5F). 
Interestingly, we also found non-autonomous labeling of DRICE, as shown by non-mutant 
cells adjacent to the mutant clone. This observation is in agreement with the previous 
observation that ROS and apoptotic cells can be also found non-autonomously. 
Importantly, we have also detected active DRICE in gl-Dmp53 discs (Fig. 5G), which 
reinforces the idea that selDptuf apoptosis is mediated through Dmp53/Rpr caspase 
dependent pathway. 

Since caspases promote and amplify proteolysis cascades, the inhibitor of apoptosis 
proteins (IAP) provides a critical barrier to impede apoptosis through direct binding and 
inhibition of caspases (reviewed in Hay, 2000). Thus, apoptotic stimuli could induce cell 
death through degradation of IAP’s. It has been shown that rpr can negatively regulate the 
levels of the Drosophila IAP1 (DIAP1) to trigger apoptosis (Goyal et al., 2000; Holley et 
al., 2002; Yoo et al., 2002). The inhibition of DRONC and DRICE caspases by DIAP1 has 
also been extensively demonstrated (Kaiser et al., 1998; Meier et al., 2000; Hawkins et al., 
2000; Quinn et al., 2000). To confirm that selDptuf apoptosis is caspase dependent, we 
misexpressed the Drosophila IAP1 (DIAP1) to block caspase activity and test for viability 
rescue. The analysis was performed in the wing imaginal disc since divisions occur 
throughout the whole disc, whereas in the eye disc the pattern of cell divisions changes 
along the anterior-posterior axis which renders a statistical analysis difficult. By using hh-
Gal4 as a driver, DIAP1 can be ectopically expressed in the posterior compartment, and the 
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anterior compartment can act as a control in the same imaginal disc. We generated twin 
clones (i.e. wild type control selD+ clone and selDptuf mutant clone produced in the same 
recombination event) in both anterior and posterior compartment of these wing discs. We 
next measured the size of mutant selDptuf clones defined as the ratio of their own area 
relative to the area of their twin control selD+ clones and compared the size of mutant 
clones in the anterior compartment to the size of mutant clones in the posterior 
compartment. We found that the size of selDptuf mutant clones is almost double in the 
posterior compartment compared to the size of mutant clones in the anterior compartment 
(Fig. 6). While the mean area of anterior mutant clones is 34% of the area of their wild 
type twin clones, the mean area of posterior mutant clones is 58% of the area of their wild 
type twin clones. Together, ectopic expression of DIAP1 robustly rescues viability to 
double the size of selDptuf mutant clones, which strongly supports the idea that selDptuf

ROS-induced apoptosis is caspase dependent. 

The main conclusion of the work presented here is that selDptuf cells generate a 
ROS oxidative stress that triggers a Dmp53/Rpr mediated apoptosis. The increased levels 
of ROS, Dmp53 stabilization, rpr transcription and activation of caspases that can be 
inhibited by DIAP1, strongly hint at an important contribution of Dmp53/Rpr caspase 
pathway in selDptuf apoptosis. However, when a cell is committed to die, several pro-
apoptotic molecules may be activated to irreversibly execute an apoptotic program. For 
example, the Ras/MAPK down-regulation induced by selD (Morey et al., 2001) could 
contribute, in a lesser extend and beyond our detection levels, to apoptosis (Fig. 7).  The 
vast majority of studies about selenoprotein function have been done in either cell culture 
or in vitro whereas the main interest of our work lies on the use of a genetic approach in a 
whole organism. We propose that the redox-balance, cell scavenging or antioxidant 
functions of selenoproteins, which are essential for cell viability, will prevent cells from 
entering the apoptotic program. In pathological conditions, in which the selenoprotein 
function is altered, the cells will generate an oxidative stress scenario that will cause their 
own elimination by the Dmp53/Rpr apoptotic machinery. 
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Figure legends 
Figure 1. Genetic mosaics of selDptuf  in the eye. (A) selDptuf clones were recovered to 
adulthood and resulted in aberrant eyes. The mutant area (light red sectors; arrowheads) 
was scarred and almost no ommatidia differentiated. (B) Tangential sections of selDptuf

clones revealed no ommatidial cells present in the mutant area. Right half: mutant sector; 
left half: normal tissue. (C) selDptuf homozygous clones in the eye imaginal disc stained 
with the anti-Elav neuronal cell marker (red) indicated that differentiation of 
photoreceptors is altered. In the middle panels mutant clones (black) lack e ß-galactosidase 
staining (green). Right panels: merged images. A confocal section at the normal level of 
Elav pattern (upper panels) showed no labeling in the selDptuf clone; however, deeper in the 
mutant tissue  (lower panels) Elav staining appeared showing abnormal ommatidia 
(arrows). (D) TUNEL staining (red) in a selDptuf clone of an eye imaginal disc. It shows 
that cells in selDptuf clone (dark area lacking -galactosidase labeling) entered apoptosis. 
Besides wild type apoptosis along the vicinity of the morphogenetic furrow (arrow), 
ectopic apoptotic figures were observed in cells adjacent to the clone (arrowhead). (E) in
vivo detection of ROS with DHE (red) in selDptuf clones (dark area lacking GFP labeling) 
showed DHE labeled cells in the clone and also in cells adjacent to it (arrowheads). 

Figure 2. Phenotypes resulting from genetic interactions with Hid and the Ras pathway. 
(A) Wild type eye. (B) GMRhid. (C) GMRhid/selDptuf. (D) GMRhid/selDptuf; Catn1. (E)
GMRhid; sev-rasV12. (F) GMRhid/selDptuf; sev-rasV12. (G) GMRyanAct. (H) GMRyanAct/
selDptuf. (I) sev-rasV12. (J) selDptuf ; sev-rasV12/ Catn1. Anterior part of the eye to the left.

Figure 3. Transcription pattern of reaper in selDptuf cells. (A) Widespread rpr transcription 
(blue) in a selDptuf homozygous mutant imaginal disc where the cell surface was outlined 
using anti-Fasciclin III antibody (green). (B-C) rpr transcription (blue) in selDptuf clones 
(area lacking the green -Myc labeling) in the wing (B) and the eye (C) disc respectively. 
(D) Detail of some cells of a gl-Dmp53 eye disc showing Dmp53 stabilization (red) and 
rpr transcription (blue). Panels on the right correspond to merged images. 

Figure 4. Dmp53 stabilization in selDptuf cells. (A) Detection of Dmp53 (red) in an eye 
disc overexpressing Dmp53 under glass enhancer sequences. (B) High magnification of 
nuclear confocal section counterstained with YOYO nuclear marker (green) showed co-
localization of Dmp53 (red) into the nuclei. (C) Dmp53 accumulation (red) in a selDptuf

homozygous mutant imaginal disc stained with YOYO. (D) Zoom of a high magnification 
focusing two nuclei stained with YOYO nuclear marker (green, middle panel) showed co-
localization of Dmp53 (red upper panel) into disrupted selDptuf nuclei.  Lower panel 
correspond to merged images.  

Figure 5. DRONC and DRICE caspases are involved in selDptuf apoptosis. (A) 
Overexpression of DRONC caspase under the control of GMR-GAL4 driver gives rise to 
slightly rough and mottled eyes due to ectopic cell death. white patches result from the 
ablation of pigment cells. (B-C) Reduction of one dose of selD or catalase, respectively, 
enhanced the mottled eye phenotype. Wider areas of white tissue were observed indicating 
that an increase in ROS levels enhances DRONC apoptotic activity. (D) Combined 
reduction of selD and catalase exerted a stronger enhancement of DRONC overexpression 
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phenotype and few pigmented cells were observed. (E) Active DRICE (red) in a selDptuf

homozygous mutant imaginal disc where the cell surface was outlined using anti-Fasciclin 
III antibody (green). (F) Active DRICE in selDptuf clones (dark area lacking -
galactosidase labeling, green) in the eye disc. Consistent with the finding of non-
autonomous apoptosis and ROS, active DRICE was found as well outside the clone. (G) 
Overexpression of Dmp53 triggers apoptosis through DRICE caspase as shown by active 
DRICE (red) present in gl-Dmp53 discs. In E, F and G lower panels correspond to the 
respective merged images. 

Figure 6. Rescue of selDptuf clone size by DIAP1 overexpression. selDptuf clones were 
induced in the posterior DIAP1 expressing compartment and in the anterior compartment 
of the wing pouch. Bars represent mean values of the area of selDptuf clones as percentage 
of the area of their wild-type selD+ twin clone s.d., n=number of mutant and wild-type 
twin clone pairs analyzed in the anterior and posterior compartment. Overexpression of 
DIAP1 in the posterior compartment almost doubled selDptuf clonal size. Mean area of 
anterior and posterior selDptufclones, 34% and 58% of their wild type twin clone 
respectively, were significantly different (t-test: P  0.001).

Figure 7. A model for ROS-induced apoptosis in cells devoid of selenoproteins. We 
propose that the increase in ROS due to a reduction in selenoproteins caused by selDptuf

mutation will lead to stabilization of Dmp53 and activation of Rpr caspase dependent 
apoptosis. We can not discard that other pathways such Ras/MAPK downregulation or a 
ROS-induced caspase independent pathway may have a minor contribution to selDptuf

apoptosis.
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CAPÍTOL III
Identificació in silico i verificació in vivo de selenoproteïnes a Drosophila

Article 4: Castellano, S., Morozova, N., Morey, M., Berry, M.J., Serras, F., Corominas, M. 
and Guigó R. (2001). In silico identification of novel selenoproteins in the Drosophila
melanogaster genome. EMBO Rep. 2001 Aug;2(8):697-702. 

Precendents
El fet de que alguns components de la ruta de biosíntesi de les selenoproteïnes havien estat 
identificats a Drosophila (Persson et al., 1997; Alsina et al., 1998; Zhou et al., 1999), 
l’observació de que proteïnes d’estadis larvaris i pupals incorporaven Se (Robinson i 
Cooley, 1997; Alsina et al., 1999) i els atractius fenotips de la mutació selDptuf (Alsina et
al., 1998, 1999; Articles 1 i 2: Morey et al., 2001; 2003) feien interessant la cerca de 
selenoproteïnes a Drosophila. La recent publicació del genoma de Drosophila (Adams et
al., 2000) predeia l’existència d’uns 13.000 gens, si més no, com els programes existents 
fins al moment contemplaven el codó TGA com a codó d’stop, les selenoproteïnes no 
estaven ben predites doncs quedaven truncades pel lloc d’incorporació de Sec i no es 
podien identificar. Així, l’ús del genoma de Drosophila per a identificar selenoproteïnes 
quedava subordinat al desenvolupament de noves estratègies bioinformàtiques i programes 
de predicció de gens adaptats per reconèixer un codo TGA com a lloc d’incorporació de 
Sec.

Resum
Amb l’objectiu d’identificar noves selenoproteïnes en el genoma de Drosophila és van 
seguir els següents passos:  (1) es va fer una cerca de SECIS al llarg del genoma i es van 
filtrar les prediccions més estables termodinàmicament; (2) es va generar un versió 
modificada del programa d’identificació de gens geneid que acceptes codons TGA en 
pauta de lectura i la presència del SECIS, i es va fer córrer sobre el genoma; (3) un cop 
seleccionades les prediccions que complien els requisits establerts, es van acceptar les 
suportades per ESTs; (4) finalment es van obtenir tres prediccions. Una acabava de ser 
identificada amb lo qual ens servia de control positiu. Les altres dues eren noves proteïnes 
sense homologia a cap altra proteïna descrita; (5) es va procedir a comprovació funcional 
de que aquestes dues eren selenoproteïnes mitjançant la incorporació de 75Se en un sistema 
heteròleg.

Les dues noves selenoproteïnes identificades a Drosophila són anomenades dselG i 
dselM. Ambdues es troben al cromosoma X i tenen paràlegs amb Cys. El seu patró 
d’expressió es ubiqu i hi ha un gran component matern en els estadis embrionaris.    

Aportació personal al treball 
L’autora d’aquesta Tesi va participar en les reunions de treball dutes a terme amb el grup 
del Dr. R. Guigó que va dissenyar el programa d’identificació de selenoproteïnes. Va 
seqüenciar els clons de cDNA de les selenoproteïnes dselG i dselM, a l’hora que realitzar 
l’estudi del patró d’expressió de les mateixes mitjançant hibridació in situ whole mount en 
diferents estadis del desenvolupament de Drosophila. També va realitzar una estada a 
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Boston amb l’objectiu de dur a terme els experiments d’incorporació de Se radioactiu en el 
laboratori de la Dra. M.J. Berry i discutir els resultats obtinguts. Finalment, va participar en 
l’elaboració del manuscrit. 
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RESULTS

Search for known selenoproteins in the D. melanogaster genome. 
Sequence similarity searches of all known selenoproteins against the 
fly genome, and against the proteins predicted in this genome, indicated that four known 
selenoprotein families do not appear to have a clear D. melanogaster homologue (SelW, ID, SelP 
and SelN), five more have a cysteine homologue in D. melanogaster (TR-SelZ, GPx, 15kDa, SelT, 
and SelR-X), and only one selenophosphate synthetase (Sps2), is also a selenoprotein in D.
melanogaster.

METHODS 

Coding potential. Markov Models of order five are typically used to discriminate coding from non 
coding regions (Borodowsky and McInich, 1993; Guigó, 1999). In a Markov Model of order five of 
a nucleotide sequence, the probability of a given nucleotide at a particular position depends on the 
preceding five nucleotides (hence, the order five). Usually, the probabilities of the Markov Model 
are estimated separately from sets of coding and non coding sequences. Thus, for each hexamer 
h=s1s2s3s4s5s6, let E(h)=P(s6/s1s2s3s4s5) be the probability in coding sequences of nucleotide s6
given that s1s2s3s4s5 are the preceding nucleotides, and let I(h) be the same probability in non-coding 
sequences. Typically, the log-likelihood ratio L(h)=log(E(h)/I(h)) is computed. If P(s6/s1s2s3s4s5) is 
larger in coding sequences than in non-coding sequences, then L(h) is positive, otherwise it is 
negative. Then, given a nucleotide sequence S of length l, we compute the coding potential of S as: 

(Supplementary equation)

Where si...j is the subsequence of S from positions i to j. L(S) is the logarithm of the ratio of the 
probability of S under the coding model (that is, assuming that S is a coding sequence), over the 
probability of S under the non coding model. L(S) tends to be positive in coding regions, and 
negative in non coding regions. Actually, L(S) is computed in somehow a more complicated way, 
since to compute the probability of the Markov chain S, the probability is required of the first five 
nucleotides in the sequence S (the so-called Initial probabilities I(S), versus the Transition 
Probabilities E(S)). Moreover, different Markov Models are usually computed for each different 
reading frame. See Borodovsky and McInich (1993) for details. 

We have used Markov Models of order five to compute the coding potential L of the region 
comprised between the in frame TGA codon and the stop codon in selenoproteins, and of the region 
comprised between the stop codon TGA, and the next stop codon in frame in non selenoproteins. We 
hypothesized that the coding potential L will be in general much higher in selenoproteins than in no 
selenoproteins in this region, and therefore that its value can be used to distinguish between actual 
selenoproteins and false predictions in SECIS-positive nucleotide sequences. To test this hypothesis, 
three different sets of non-redundant human mRNAs from the 3' UTR database (Release 12.0, 
09/1999, Pesole et al.) were extracted: 1) 3001 mRNAs with a UAG or UAA stop codon annotated; 
2) 10 annotated selenoproteins; and 3) 1169 mRNAs with a UGA stop codon annotated. The 
following entries were discarded: partial, non standard, with alternative splicing, pseudogenes, 
predicted, artificial, viral, mitochondrial, histocompatibility related or with any problem in the CDS. 
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The resulting sets of sequences can be obtained from http://www1.imim.es/datasets/sp2001

The CDS and 3' UTR of the first set of sequences were used to estimate the previously defined 
Markov Models of order 5 for coding, E, and non coding, I, sequences, and the resulting log-
likelihood ratio, L. Then, the coding potential L was computed in the other two sets. In these L was 
computed in three separate regions for each mRNA: 1) from the start codon to the first in frame TGA 
codon (Start-TGA), 2) from this in frame TGA codon to the next in frame stop codon (TGA-Stop); 
and 3) from this stop codon to the next in frame stop codon (Stop-Stop). Only sequences were 
further considered for which these regions were at least 30bp long. Results corrected by sequence 
length are shown in Table I. As hypothesized (and otherwise, expected), the region TGA-Stop shows 
coding values comparable to those in coding regions for selenoproteins, and to those in non coding 
regions in non selenoproteins. Therefore, measures of coding potential, such as those used in gene 
prediction programs, can indeed be used to help distinguishing bona fide selenoproteins from false 
predictions in SECIS-positive sequences. 

Prediction of Selenoproteins in nucleotide sequences. The method that we have developed relies 
in the correlated prediction of SECIS elements and of genes in which candidate exons with in frame 
TGA are allowed. SECIS elements are predicted first, and given as an input to the gene prediction 
program, which takes them into account to predict gene structures.

Given a query sequence (genomic or cDNA), first of all we predict SECIS elements using the pattern 
matching program PatScan with the SECIS pattern described below (http://www-
unix.mcs.anl.gov/compbio/PatScan/HTML/PatScan.html). Only those predicted SECIS structures 
showing sufficient thermodynamic stability (as measured by the minimum free energy required to 
fold the structure) are further considered. Next, a modification (described below) of the program 
geneid (Guigó et al., 1992; Parra et al., 2000) is used to predict genes along the query sequence. The 
program is able to predict genes in which exons may be interrupted by in frame TGA codons, as well 
as standard genes. Together with the query nucleotide sequence, the predicted SECIS elements 
positions are given as input to the geneid program, so that such genes are only predicted when a 
suitable SECIS appears upstream of the predicted gene at the appropriate distance. Thus, the 
coordinate prediction of SECIS and exons with in frame TGA codons decreases enormously the 
number of these elements that could actually occur in selenoproteins, leading to highly specific 
predictions of selenoprotein genes in nucleotide sequences (see Results). In what follows, we 
describe in some more detail the components of our method. 

SECIS prediction. The program PatScan, which searches protein or nucleotide sequences for 
instances of a pattern, is used to predict SECIS elements in nucleotide sequence. Eukaryotic SECIS 
structures fall into two slightly different classes, named forms 1 and 2. Form 2 elements present and 
additional helix due to base pairing in the apical loop. Thus, form 2 is an extension from form 1. 
When building a SECIS pattern is enough to model form 1 to be able to retrieve form 2 SECIS, 
though we may miss some form 2 specificity. In our case, because we favor sensitivity rather than 
specificity one model is sufficient. An input descriptor of the primary and secondary structure of the 
SECIS was built from 51 known SECIS (16 form 1 and 35 form 2) from 47 selenoproteins ranging 
from Schistosoma mansoni to human. Figure 5B shows the uniq resulting SECIS pattern. In order to 
assess the stability of the SECIS structure, the minimum free energy of all matching motifs was 
calculated with the RNAfold program (Viena RNA package) following the protocol of Kryukov et 
al. (1999). We estimate separately the free energies for Helix I plus internal loop and Helix II plus 
apical loop regions of the putative SECIS elements (see Figure 5A for SECIS structure). The cutoff 
parameters estimated by Kryukov et al. from 14 human SECIS were slightly changed from -7.4 to -
7.5 kcal/mol for Helix I and internal loop, and from -11.0 to -10.0 kcal/mol for Helix II and apical 
loop. These values excluded the second SECIS of the four SelP proteins in our set of 47 
selenoproteins.

Gene prediction. geneid is a program to predict protein coding genes in anonymous eukaryotic
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sequences designed with a hierarchical structure (see Parra et al., 2000, and the geneid 
documentation at http://www1.imim.es/geneid for details). Basically, it involves three steps: 

(a) prediction of sites. In the first step, start, stop codons, and splice sites are predicted and scored 
along the query sequence. Scores for potential sites are computed using a log-likelihood approach 
similar---albeit simpler---to the one described earlier. Essentially, given the sequence of a potential 
site, geneid computes the logarithm of the ratio of the likelihood of the sequence in a real site versus 
the likelihood of the sequence in a random site. 

(b) prediction of exons. In the second step, geneid builds all possible exons compatible with the 
predicted sites. Four types of exons are considered:

1- First, an ORF that begins with a start codon and ends with a donor site;

2- Internal, an ORF that begins with an acceptor site and ends with a donor site;

3- Terminal, an ORF that begins with an acceptor site and ends with a stop codon; and

4- Single, an ORF that begins with a start codon and ends with a stop codon. It corresponds to 
intronless genes

ORFs are defined using the standard stop codons. Exons are scored as the sum of the log-likelihood 
scores of the exon defining sites, plus the log-likelihood ratio of a Markov model for coding DNA 
(exactly as the one described earlier) for the exon sequence. The resulting score can be assumed to 
be a log-likelihood ratio. 

(c) assembly of genes. From the set of predicted exons, geneid finally assembles the gene structure 
that maximizes the sum of the scores of the assembled exons. Note that the score of the resulting 
optimal structure can be assumed to be a log-likelihood ratio itself. geneid can predict multiple genes 
in both strands in the same query sequence.

When assembling gene structures, geneid can take into account additional information about gene 
elements along the sequence. This information is provided externally, and may include previous 
knowledge about coding regions, or predictions obtained by other programs. Is in this way, that 
predicted SECIS elements can be introduced into the gene predictions. 

To be assembled into a gene structure, predicted exons and other genomic elements provided to 
geneid must conform to a number of user-defined biological constraints, such as frame compatibility, 
minimum and maximum distance between consecutive elements, and the order in which different 
genomic elements can be chained. All this rules are stated in the gene model, which is specified 
externally (see Parra et al., 2000, and the geneid documentation at http://www1.imim.es/geneid for 
details).

Prediction of selenoprotein genes. We have modified slightly geneid in order to include the 
possibility of predicting selenoproteins. Essentially, the codon TGA has been obviated as a stop 
codon when building First and Internal exons. When building Terminal exons, or intronless genes 
(Single exons), both the exons terminating at the codon TGA, and the exons extending beyond this 
codon to the next stop codon in frame have been considered. 

The gene assembly algorithm has been modified to register during gene construction the 
incorporation of exons interrupted by codons TGA in frame, so that genes containing such exons are 
only predicted when an appropriate SECIS element is found at the right distance. In this way, the 
modified version of geneid is able to predict, at the same time, both standard genes and selenoprotein 
genes. 
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Prediction of secondary structure. The crystal structure of an eukaryotic selenocysteine, the bovine 
glutathione peroxidase, has been resolved at 0.2 nm resolution (Epp et al., 1983). The catalytic site 
of this enzyme is characterized by a beta-sheet---turn---alpha-helix structural motif, with the 
selenocysteine residue lying within the turn. Secondary structure predictions around the 
selenocysteine residue of most known selenoproteins, obtained using the program Predator 
(Frishman and Argos, 1997), essentially conformed to this structure (data not shown). The same 
structure is predicted in dSps2, and dSelM, while dSelG lacked enough sequence context. However, 
a different structural motif (beta-sheet---turn---beta-sheet with the selenocysteine residue next to the 
first sheet) is predicted in the case of the fourth potential selenoprotein. We assumed thus, the fourth 
prediction to be a false positive. 

Prediction of selenoproteins in the sequence of the D. melanogaster genome. geneid was used to 
scan the D. melanogaster genome for potential selenoproteins. The 19 large scaffolds of the genome 
summing up 115229998bp and with 13329 genes annotated were used (Adams et al., 2000). When 
using geneid, the restriction was enforced that selenoprotein genes could not be further than 500bp 
upstream from a predicted SECIS. geneid took about 45 minutes to scan this genome in a Pentium III 
processor running at 550 MHz. geneid predicted 12,194 genes; this number of genes comes from 
using the geneid parameters for sensitivity and specificity that achieved the highest accuracy when 
tested on the Adh region (Parra et al., 2000). Because we are interested in properly predicting a small 
number of genes, the non-standard selenoprotein genes, while keeping false positive to a minimum, 
accuracy must be the highest possible regardless of the total number of genes predicted. Predicting 
more genes, therefore, decreases the overall quality. 
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TABLES

Table I. Coding potential in human mRNAs 

Selenoprotein mRNAs and human mRNAs with a UGA stop codon. Results corrected by length and 
normalized to 100. Mean values and standard deviation in brackets are given. 

Coding region TGA-Stop Stop-Stop 

10 selenoproteins 10.21 (3.93) 9.9 (4.6) -0.16 (3.10) 

1169 non selenoproteins 8.37 (3.90) -0.83 (4.14) -2.52 (5.33) 
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