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fntroduccion

1. POLIAMINAS: NATURALEZA, MECANISMO DE ACCION, METABOLISMO Y
TRANSPORTE.

1. Generalidades de las poliaminas.

Las poliaminas puUtrescina, espermidinag v espermmina son aminas alifaticas
imprescindibles para la vida en casi todos los organismos conocidos. Son moléeculas
sencillas de un tamario similar a los aminoacidos v gque se encuentran presentes en la
mayoria de nuestras células a unas concentraciones importantes (en el rango mid),
regulando multiples procesos vitales para el mantenimiento v el crecimiento celular. A,
pesar de suU indudable importancia v quiza por la falta de un conocimiento mas
detallado sobre sus mecanismos de accidon, las poliaminas son aun “grandes
desconocidas” en bioguimica v biclogia celular. A pesar de ello existen miles de
trabajos cientificos gue han ido aportando un gran conocimiento sobre aspectos
concretos de las poliaminas, las proteinas implicadas en su regulacion v diversas

patologias que se encuentran relacionadas con las alteraciones de sus niveles.

La estructura quimica de estas moléculas se puede observar en la figura 1. A
pH fisioldgico poseen cargas positivas, responsables de sus interacciones con
multiples proteinas, acidos nucleicos v otros componentes celulares cargados
negativamente, de forma “inespecifica” en algunos casos o totalmente especifica en
otros. Mediante estas interacciones las poliaminas ejercen muchas de sus funciones
regulando, por gemplo, la actividad de muchas protenas o la expresion de

determinados genes.

La concentracion de poliaminas, v la proporcion entre ellas (putrescina,
espermiding v espemina) determinara de gqué forma regulan cada proceso en el gue
estan implicadas. En este sentido se conocen mas de 20 proteinas distintas que en su
conjunto determinan los niveles de poliaminas, regulando su sintesis, degradacion,
intercorversion v procesos de transporte. El sistema de regulacion de los niveles de
poliaminas es uno de los mas complejos presentes en células eucariotas, presentando
mecanismos muy exguisitos vy, en algunos casos, dnicos. La gran complejidad de la
regulacion de los niveles de poliaminas nos informa sobre la importancia de estas

moléculas v de un control riguroso de su concentracian.
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H,NCH,CH,CH,CH,NH,
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+ +
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(1,12-diamino-4 8-diazaoctano)

Figura 1. Férmula y estructura de las poliaminas mayoritarias.

Las principales v mas abundantes poliaminas en organismos supenores son tres,
putrescina, espermidina y espermina. Como se puede observar en la figura 1 son
aminas alifaticas de tamario sucesivamente mayor, que poseen 2, 3 v 4 grupos aminos
respectivamente. Putrescina (1, 4-diaminobutano) nomalmente es el precursor de las
poliaminas mayores, espermidina (1.8-diamino-dazaoctano) v espemina (1,12-
diamino-4,9-diazaoctano). 5in embargo también se han encontrado otras poliaminas
minortarias como diaminopropano, cadaverina o agmatina tanto en procanotas como
en eucarotas. Especial interés tiene la presencia de agmatina en mamiferos, cuya
existencia v su capacidad de modular distintos procesos parece clara, pero su ongen,
enddgena o exdgeno, sigue siendo incierto v su estudio forma parte del presente
trabajo. También se conocen ofras poliaminas mas complejas como termina o
termoespermina, encontradas  especialmente en bacterias termaflas, vy ciertas
moleculas dervadas de poliaminas, como formas conjugadas con compuestos
fendlicos o alcaloides, en plantas o formas acetiladas de las poliaminas en mamiferos
(figura 2).
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+ +
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Cadaverina
{1,5-diaminopentano)

NH,C{NH)NHCH ,CH,CH,CH ,NH,, HNﬁ/NH\/\)

Agmatina
{1-amino ,4 -guanidinobutano)

NH.CH,CH,CH . HNCH ,CH ,CH,NHCH .,CH_,CH .NH.,
Termina {3,3,3)
NH,CH.CH.CH ,HNCH ,CH,CH ,NHCH ,CH.,CH ,CH ,NH ,
Termoespermina {3,3,4)
CH,COMHCH ,CH ,CH_HNCH ,CH_,CH,CH_NH.,
N1-Acetilespermidina

CH,CONHCH ,CH,CH ,HNCH ,CH,CH,CH ,NHCH ,CH ,CH_NH,,

N1-Acetilespermina

Figura 2. Aloumas poliaminas minoritarias.

Muestro trabajo de investigacion se ha llevado a cabo principalmente en
modelos de ratdn v en lineas celulares de mamifero, estudiando genes de ratén
implicados en la regulacién de los niveles de poliaminas, de modo gue esta
introduccion wversara preferentemente sobre los diversos aspecios del sistema de

poliaminas en mamiferos.

En general los tejidos con escaso crecimiento poseen niveles inferiores de
poliaminas, mientras que aguellos con gran potencial proliferativo posesn Una mayor

concentracién de  poliaminas  {(Janne et al., 1978) Por gjemplo, en celulas
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transformadas, con crecimiento descontrolado v en la mayoria de los crecimientos
neoplasicos se ha encontrado una abundante presencia de poliaminas. Porello, desde
hace varias décadas la deplecion de los niveles de poliaminas ha sido un objetivo en &l
estudio de nuevas terapias antineoplasicas. Se ha comprobado que el uso de
inhibidores de la sintesis de poliaminas produce un importante descenso  del
crecimiento celular (Pegg, 1988, Bardocz et al., 199%). Hasta & momento las
estrategias empleadas para deplecionar los niveles de poliaminas no han producido
resultados clinicos satisfactonos, aungue actualmente siguen siendo objeto de estudio
en diversos grupos de investigacion e incluso existen waros ensayvos clinicos

relacionados con este campo, gque comentaremos mas adelants.

Ademas de la funcidon que ejercen las poliaminas sobre la tasa de crecimiento
celular, diversos experimentos han demostrado gue estas maoléculas tambien estan
implicadas en diversos procesos de diferenciacidon celular (Oka v Borellini, 19897 asi

como en muerte celular por apoptosis (Seiler v Raul, 20057

Una muestra del interés actual por las poliaminas dentro del campo de las
ciencias moleculares viene reflejado en el importante nimera de revisiones publicadas
desde al afio 2000 sobre este tema (Coffino, 2000; Hoet & Nemery, 2000, |garashi &
Kashiwagi, 2000; Loser, 2000; Murakami et al., 2000; Oliver et al., 2000, Schipper et
al., 2000; Seiler, 2000, Bachrach et al., 2001; Coffino, 2001a.b; Deloyer et al., 2001,
lgarashi et al., 2001; Milovic, 2001; Thomas & Thomas, 2001, McCormack & Johnson,
2001, Urdiales et al., 2001, \Mallace & Caslake, 20071, Bacchi & Yarlett, 2002,
Bachrach & \Wang, 2002, Binda et al., 2002; Thomas et al., 2002; Casero et al., 2003,
Childs et al., 2003, Heby et al., 2003, Hillary & Pegg, 2003, Medina et al., 2003; Milovic
& Turchanowa, 2003, Oredsson, 2003, Peqgg et al., 2003, Satriano, 2003, Schipper et
al., 2003 Wallace, 2003, Wallace et al., 2003, Bachrach, 2004, Gerner & Meyskens,
2004 Grillo & Colombatto, 2004, Gugliucci, 2004, Janne et al., 2004; Lentini et al,
2004 Pignatti et al., 2004; Salvi & Toninello, 2004, Seiler, 2004 a.b; \Wallace & Fraser,
2004 Bachrach, 2005; Casero et al, 2005 Huang et al, 2005, Janne et al, 2005;
Medina et al., 200%; Mangold, 2005; Moinard et al., 200%; Reguera et al., 2005, Seiler
& Raul, 200%; VWang, 2005, D'Agostine et al., 2006, Igarashi & Kashiwagi, 2006,
Mangold, 2006, Momis, 2006, Pegg, 2006 “Wang & Casero, 2008, |garashi, 2008,
Janne et al., 2006, Agostinelli & Seiler, 2007, Babbar et al.,, 2007, Casero & Marton,
2007 Hebby et al., 2007, kanoy & Atkins, 2007 Kahana, 2007, Kashiwagi et al., 2007,
Marra et al., 2007; Mitchell et al., 2007, Montafiez et al., 2007, Seiler & Raul, 2007,
Shantz & Levin, 2007; Wallace, 2007 YWallace & MNiranen, 2007 Wolff et al., 2007
Grillo & Colombatto, 20087
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1.2. Interacciones moleculares y mecanismos de accion de las poliaminas.

A pH fisioldgico los grupos amino de las poliaminas se encuentran protonados
y por tanto estas moléculas se encuentran cargadas positivamente. A mavor ndmero
de grupos aming la carga neta de la molecula sera mayor, asi putrescina tiene dos
cargas positivas, espermidina tres v espermina cuatro. Este hecho hace que las
poliaminas interaccionen electrostaticamente con diversos componentes celulares gue
tienen cargas negativas. Por olro lado las cadenas carbonadas de estas moleculas
permiten gue tambien se establezcan interacciones hidrofdbicas, asi como que exista
cierta flexibilidad conformacional, gque en conjunto permiten a putrescina, espermidina
Yy espermina  establecer interacciones mas fuertes vy especificas con diversas
biomoléculas de las que podrian tener cationes inorganicos (Marton & Pegg 1985,
Thomas & Thomas 2007).

Estas propiedades guimicas de las poliaminas hacen gque sean moléculas con
una gran promiscuUidad en sus interacciones, 1o gue conlleva que en la célula la mayor
parte de ellas se encuentren unidas a diversas biomoléculas (ADMN, AEN, proteinas v
fosfolipidos), mientras gue la proporcion en forma libre (no unidas a ningun
componente celular) se cree que es minortaria. Algunos estudios describen gue la
concentracion de poliaminas libres tanto en bacterias como en células eucarotas es
inferior al 10%, mientras que la mayoria se encontrarian unidas a ARMN (VWatanabe st
al, 1991). En cualquier caso las técnicas utilizadas para realizar estas estimaciones,
determinados fraccionamientos celulares v técnicas de filtracién molecular, pusden
inevitablemente producir arefactos, v mas adn teniendo en cuenta la gran
"promiscuidad” de estas moleculas (también in vitro), de modo que la proporcidn real

de poliaminas libres v unidas no se conoce con exactitud.

Esta incognita sobre la concentracién libre de poliaminas no es un asunto banal,
va gue la concentracion de poliaminas es critica en multiples procesos celulares, v por
tanto, la determinacién de esas concentraciones o sU posible manipulacion
expernmental o farmacolégica, siempre esta sujeta a la incertidumbre de la proporcién
de poliaminas libres. Ya gue, enteoria, la vanacion de la concentracion de poliaminas
en forma libre es la que puede modular diversos procesos en los gue estan implicadas.
En cualquier caso, indudablemente debe existir un equilibrio entre las poliaminas
unidas v libres, v ademas las poliaminas unidas a biomoléculas también pueden estar

gjerciendo importantes funciones como veremos a continuacion.

Otro aspecto importante gue puede determinar la accion llevada a cabo por las

poliaminas, es la proporcion que existe entre cada una de ellas, la cual varia entre

13
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distintos tejidos. En la mayoria de las células estudiadas las concentraciones de

espermidina v espermina son del orden de mM, mientras que las de putrescina suelen

ser un orden de magnitud menor (Cohen, 1998 Los mecanismos gue regulan los

niveles intracelulares de poliaminas estan mediados por multiples proteinas v

regulados por diversos estimulos v factores externos, determinando  diferentes

concentraciones segln el tejido estudiado v su estado proliferativo.

Los principales mecanismos de accidon por los gue las poliaminas ejercen sus

distintas funciones se pueden resumir en cuatro (figura 3), que comprenden:
1) Interacciones electrostaticas con moléculas cargadas negativaments,

21 Uniones covalentes catalizadas por enzimas especificas.

2) Secuestro de radicales libres.

47 Produccion de aldehidos citotdxicos v especies reactivas oxigenadas.

Funcion oe ADN, ARN Actividad enzimdtica, funcion de recepiores,

¥ cromiating factores de transcripoion, canales ionicos;
CHCORrGlenas. e,

! !

Cambios confarmacionales Cambios canformacionales
ADN, ARN y cramalina proleinas

1-._________‘-_______...-?

Inleraccianes
elecirasialicas

Oxidacion : T
oe Farmacian

Kpidos, [P de 4—| POLIAMINAS » 5*’“&“’5"“
produclos =]

i radicales

membranas, (ezlie
proteinas ciloloxicos

¥ crommating

Farmacian de
enlaces covalenles

Hipusing Entreciuzamiento
felFt 5A)

e proteings

Prteccicon
frente
& frvadizcion
¥

especies
reactivas
ocXxigenaoas
fROS)

Figura 3. Interacciones y funciones de las poliaminas.
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1.2.1. Interacciones electrostaticas

Las interacciones  electrostaticas  de  las  poliaminas  se gjercen
fundamentalmente sobre los elementos cargados negativamente de los acidos
nucléicos vy las proteinas, requlando asi multiples procesos witales en la célula v

relacionados con el crecimiento celular,

Las interacciones de poliaminas con el ADMN se han demostrado mediante
multiples experimentos. Estas interacciones son independientes de la secuencia del
ADN, va que las cargas positivas de los grupos amino de las poliaminas interaccionan
con las cargas negativas de los grupos fosfatos presentes en las cadenas
polinuclectidicas. Se ha descrito que las poliaminas pueden acoplarse en el surco
menor de la doble hélice del ADM (Feuerstein et al., 1990; Feuerstein et al., 1891,
Tippin & Sundaralingam 1997 Deng et al., 2000) incrementando la temperatura de
fusion del ADM (Thomas & Bloomfield, 1984, por lo que pueden tener una importante
funcion de estabilizar el ADN in vive Por otro lado, también se ha descrito que las
poliaminas pueden interaccionar con el surco mayor del ADMN e inducir curvaturas gue
podrian regular la transcripcidn de genes (Feuerstein et al, 1986, Feuerstein et al
1989, Rouzina & Bloomfield, 1998, Childs et al., 2003). También se ha demostrado
gque las poliaminas pueden condensar moleculas de ADN de alto peso molecular
(Arscott et al., 19907 inducir cambios conformacionales que determinan transiciones
entre las formas ADMN-BE v ADMN-Z (Hasan et al, 1993%), estabilizar ADM de triple
cadena (ADN triplex) (Hampel et al, 1991} o formas alteradas del ADMN duplex como
apareamientos incorrectos, etc. (Hou et al., 20071) lgualmente, las poliaminas
participan en la estabilizacion de los nuclecsomas vy de niveles estructurales
supenores de la cromatina (Morgan et al., 1987, Matthews, 1993) Estas interacciones
con el ADM pueden modificar su compactacién v por tanto la accesibilidad de las
multiples proteinas necesarias para la replicacion v transcripcion. Ademas, su accién
sobre diferentes proteinas o enzimas que paricipan en dichos procesos de replicacion,

transcripcion o remodelado de la cromatina, puede contribuir a su regulacién.

Mas concretamente, se ha demostrado que Una vanacion de la concentracién
de poliaminas es capaz de modificar la afinidad de wanos factores de transcripcion por
sU sitio de unidn al ADM (Thomas & Thomas, 1993, Panagiotidis et al., 19895, Desiderio
etal., 1999 Porejemplo, las poliaminas son capaces de modificar la conformacién del
elemento de respuesta a estrogenos, al gue se une el receptor de estréogenos (Thomas
et al., 1993)

15



fntroduccion

De manera similar, las poliaminas son capaces de interaccionar con los
diversos tipos de ARN. De hecho, algunos investigadores sostienen que la mayor
parte de la poliaminas presentes en la célula se encuentran unidas a ARN (lgarashi &
Kashigawi, 2000). Existen diversos trabajos que describen las interacciones de estas
moaoleculas con ARMNm, ARMNry ARME (Quigley et al |, 1978 lgarashi & Kashigawi, 2000,

lgarashi & Kashigawi, 2006), modulando su plegamiento o estabilidad.

Ademas se conocen varios glemplos tanto en bacteras como en eucanotas
donde las poliaminas son capaces de interaccionar especificamente con secuencias
nucleotidicas muy concretas, estimulando la traduccidon de determinadas moléculas de
ARMNmM. For gjemplo mediante la induccion del frameshifting en e ARN mensajera de

antizimas, proceso del que hablaremos en apartados posteriores

For otro lado, las poliaminas tambign interaccionan de forma electrostatica con
proteinas, en muchos casos quiza meramente compensando sus cargas negativas,
pero en ofraos moltiples casos conocidos afectando de forma concreta la actividad o la
funcién de esas proteinas. Se ha observado, gue tanto espermidina como espermina
regulan la actividad de diversas enzimas implicadas en el metabaolismo del ADN,
activando ADN  polimerasas, topoisomerasas, transcriptasa inwersa, ADNasas,
ARMasas o inhibiendo otras enzimas como cienas endonucleasas de resticcion o
metilasas de ADM iMatthews, 1993, Ruiz-Herrera et al, 1997, Alm et al, 1999
También se conocen gemplos donde las poliaminas son capaces de modular la
fosforilacion de determinados factores de transcripcidn, regulando su capacidad de
unidgn al ADN (\Mvang et al, 1999, Pfeffer et al., 2000). En muchos casos la accidn

activadora o inhibidora depende de la concentracion de la poliamina.

También existe un amplio conocimiento acerca del papel que ejercen las
poliaminas en la modulacion de determinadas proteinas integrales de membrana,
determinados receptores v canales idnicos, tanto desde el espacio extracelular comao
del intracelular. Algunos de estos canales se expresan abundantemente en el cerebro,
lo que ha incrementado el interés sobre el metabolismo de poliaminas en el SNC. 5e
conoce que las poliaminas extracelulares actlan regulando el receptor ionotropico
MDA (M-metiFD-aspartato) de glutamato en el SNC (Ransom & Stec, 1988, Williams
et al., 1989) For su parte las poliaminas intracelulares en el SNC son responsables de
la activacion periodica v la rectificacién de los canales rectificadores de K™ (Kir) (Fakler
et al, 1994; Ficker et al, 1984, Lopatin et al., 1894, del receptor AMFPA (Pellegnni-
Giampietro, 2003) v del canal nicotinico de acetilcolina (Haghighi v Cooper, 1998,
Haghighi v Cooper, 2000; Bixel et al., 2001).
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1.2.2 Interacciones covalentes: hipusinacion.

Quiza el mecanismo molecular de accion mejor caractenzado de las poliaminas
es la modificacidn covalente de un residuo de lisina, denominada hipusinacion, del
factor de iniciacidn A (eFI15A). Esta proteina es la Unica conocida en eucariotas gue
contiene el aminoacido hipusina, residuo que se forma mediante una modificacién
post-traduccional de una lisina de su secuencia aminoacidica. Para ello interviene una
enzima especifica denominada deoxifipusing simasa que cataliza la adiccion del
grupo butilamina de la espermidinag al grupo aming de la lisina (Parls et al,, 1981 Este
mecanismo de hipusinacion del factor eFI54 es esencial para la viabilidad celular
(Schnier et al., 1991) v supone otro mecanismo por el cual las poliaminas son capaces
de regular la sintesis protéica, ya gue este factor esta implicado en la traduccion de
determinados ARNm (Childs et al., 2003

1.2.3. Secuestro de radicales libres.

Como se puede observar en el esquema de la figura 3, otro de los principales
mecanismos de accion de estas moléculas esta relacionado con su capacidad de
secuestrar radicales libres. Los radicales libres o especies reactivas del oxigeno son
sustancias téxicas generadas en el metabolismo celular gue pueden dafiar distintas
biomoléculas, destancando su potencial mutagénico sobre el ADMN. Se sabe que las
poliaminas son capaces de proteger el ADMN frente a estas sustancias reactivas,
especialmente e ADMN bacteriano. Las poliaminas pueden realizar esta accidn
protectora mediante su union al ADMN, compactandolo v reduciendo asi la accesibilidad
de las especies reactivas, o mediante el secuestro de los radicales libres al reaccionar
directamente con ellos (Douki et al., 2000, Spotheim-Maurzot et al., 199%; Ha et al |
1998). Paraddjicamente en algunos casos se ha demostrado que espermina es capaz
de potenciar la accidn oxidante de los radicales libres sobre el ADM, al menos 1 wiro
(Fedrefio et al., 2005).

1.2.4. Formacion de productos citotoxicos.

En otros casos las poliaminas pueden tener Una accidn pro-oxidante (Lovaas,
1997), v es gque ademas de su posible efecto potenciador de especies reactivas del
oxigeno en determinadas condiciones (Pedrefio et al., 2005), las poliaminas pusden

generar H,O, cuando son utilizadas como sustratos por las poliamino-oxidasas. Por
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ello, niveles elevados de poliaminas tanto intracelulares, como extracelulares pueden
resultar citotdxicos v producir la muerte celular, mediada en gran medida por los

aminoaldehidas generados v los productos derivados de los mismos {(Seiler, 2004a)

Los principales procesos fisioldgicos en los que las poliaminas juegan un papel
importante, como el crecimiento v diferenciacion celular, o la apoptosis, se comentaran
mas adelante después de describir las proteinas implicadas en el metabolismo vy

regulacion de las poliaminas.

1.3. Metabolismo de las poliaminas en mamiferos.

Los niveles intracelulares de poliaminas vienen determinados por el balance
entre los procesos de sintesis, degradacion, intercorwersion vy transporte de las

mismas.

1.3.1. Ruta biosintética.

A continuacion describiremos la ruta biosintética en células de mamiferos, que
en gran medida es parecida a la de ofros organismos inferiores, aungue en algunos de

ellos existen ciertas poliaminas v enzimas diferentes.

Futrescina, espermidina v espermina son sintetizadas "de novo” por la célula a
partir de los aminoacidos L-arginina v L-metionina, por medio de seis reacciones
catalizadas por enzimas especificas (figura 4), v que se encuentran en algunos casos

sometidas a una gran regulacicn.

La ruta de biosintesis se inicia con la transformacion de L-arginina en L-ormitina
v urea, catalizada por la enzima arginasa (EC 3.53.1). En mamiferos existen dog
isoenzimas de arginasa codificadas por genes diferentes: arginasa |, gque es
fundamentalmente hepatica, citosdlica v forma parte del ciclo de la urea, v la arginasa
I, de distribucion mitocondral, mas ubicua e implicada en el metabolismo de
poliaminas  (Jenkinson et al., 19968). A  continuacion, L-omitina  sufre una
descarboxilacion  mediada por  ornfting  descarboxtfasa (EC 41117, ODC)
transformandose en putrescina. La poliamina putrescina sera precursora de las
poliaminas mayores, en dos etapas sucesivas., Estas etapas consisten en la
transferencia de grupos aminopropilo a ambos extremos de la molécula de putrescina.
En primer lugar ocurre la condensacion de un aminopropilo con un grupo amino de la
putrescina, catalizado por la espesmiding sintasa (EC 2.5116, SpdsT), prduciendose

aspermidina. ¥ a continuacion espesming sintasa (EC 2.5.1.22, SpmsT) cataliza la
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condensacion de un segundo aminopropilo, especificaments con el grupo amino del

otro extremo de la molécula, produciendo la espermina.
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Figura 4. Ruta bicsintética de las poliaminas,
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Los grupos aminopropilo necesarios para la sintesis de las poliaminas
mayones proceden de S-adenosiimetionina (SAM) descarboxilada. La descarboxilacion
de 5AM es catalizada por la enzima S-adenosiimetioning descarboxilasa (EC 4.1.1.50,
SAMDC) A su o wez, SAM es formada a partir de L-metionina v ATP por medio de

metionina adenosff transferasa (EC 2.5 2.6, MAT).

Existe una ruta alternativa, al menos en plantas v bacteras, para la sintesis de
poliaminas, también a parir de L-arginina, pero en la que participan dos enzimas
diferentes, arginina descarboxilasa v agmatinasa, que describiremos con detalle en &l

siguiente apartado.

La sintesis de cadaverina (una poliamina minoritana) en mamiferos parece estar
tambien catalizada por ODC, aungue en este caso la enzima descarboxila L-lisina en

lugar de L-ornitina.

Como comentaremos a continuacion ODC v SAMDC son las enzimas clave de
esta ruta biosintética, va que se encuentran sometidas a una compleja regulacidén. For
otro lado, es de interés comentar que ratones knock-oid para ODC o SAMDC mueren
en fases tempranas del desamollo embrionario (Pendeville et al., 20071, Mishimura et al .,
2002), lo gue indica gue son enzZimas esenciales para la vida, Otros animales
transgénicos que sobresxpresan o gue carecen de otras enzimas de la ruta
biosintética también han mostrado importantes alteraciones fenotipicas (Pegg et al,
2003 Janne et al., 2004 Janne et al, 20086). Sin embargo hay que destacar que
ratones transgénicos que carecen de la enzZima esperming sinasa, en los que
conseclentemente no existe espermina, son viables, 1o gue sugiere gue la espermina

no es una poliaminas esencial para la supervivencia en mamiferos (Seiler, 2004a).
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1.3.2. Ruta de retroconversion.

Existe una ruta inversa que transforma las diferentes poliaminas en suUs

precursoras inmediatas. Es la denominada ruta de retroconversidn {figura o).

. J-Acetamidopropanal
Putrescing Ha O
2

H.0
AN/ ;"
HaH PAD Ni-acelilespermidina

(\N“\N"Y

Espermidina

A-Acetamidopropanal
H ‘n/\/\/ EL\/\/ K, H20
3 N'-acetilespermina
H.0. 'FN\ M rW"Y

MO 3-am nopropana

S5AT Coh
Espermina

INAV
H, H, AcCoA
H2

Figura 5. Ruta de retroconversion de las poliaminas.

En primer lugar las poliaminas mayores, espermina o espermidinag son
acetiladas, mediante la espermidina/espermina N'-acetiftransferasa (EC 23157,
S5AT), enzima que acetila un grupo amino primario de la espermidina o espermina a
partir de acetiCos, dando lugar a la formacion de MN'-acetil espermidina o MN'-
acetilespermina, respectivamente (Casero & Pegg, 1993) Una wez acetiladas, las
poliaminas pueden ser convertidas en su precursor inmediato, mediante la accion de
poliamino oxidasa (EC 1.5.3.11, FAQ), una flavoproteina de localizacion peroxisomal.
Esta enzima cataliza la escision de la poliamina acetilada por el grupo amino
secUndano dando lugar a la poliamina menor v liberando H,0. v 3-acetamidopropanal
(Holtta, 1977, Bolkenius v Seiler, 1981). Los niveles de poliaminas acetiladas en las
celulas normales son muy bajos, acumulandose por el contrario en células cancerosas
(Kingsnorth v Wallace, 198%). REecientemente se ha caracterizado una nueva enzima

poliaming oxidasa que presenta gran afinidad por espermina no acetilada, gue ha sido
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denominada espermina oxtdasa [SMO) (Vujcic et al., 2002) v que ha sido implicada
tanto en los efectos citotdxicos de los analogos de poliaminas (Murray-Stewart et al |

2008), como en el desarmollo de tumores de prdstata (Goodwin et al, 2008).

Esta ruta de retroconversion contribuye al mantenimiento de unos niveles
adecuados de cada una de las poliaminas. Por otro lado la produccidn de perdxido de
hidrogeno se ha relacionado con la capacidad de las poliaminas de inducir apoptosis
en determinadas condiciones (Farchment, 1993) En cualguier caso, los efectos
deseables o indeseables que la induccidn de la via de retroconversion dependen del
nivel de induccidn v duracion de estos procesos en un determinado tipo celular (Vvang
& Casero, 2006; Babbar et al, 2007).

1.3.3.Catabolismo de poliaminas.

En mamiferos se conocen una serie de enzimas gue participan en el
catabolismao de poliaminas. Una de estas enzimas es la diamine oxidasa (EC 1.4 36,
DAO), tambien conocida como hstaminasa. DAD es una cupro-oxidasa gque tiene
como principales sustratos a putrescina e histamina, aungue también cataliza la
desaminacion  oxidativa de otras aminas  prmaras, liberando H:Q: v los
correspondientes amincaldehidos (Seiler et al, 1983) Ademas de una funcidon
meramente catabdlica, en algunos casos, se cree que los productos formados pueden
tener ciertas funciones fisioldgicas. En algunos tejidos, como en cerebro, la oxidacion
de putrescina por DAD puede dar lugar a la formacion de acido vy-aminobutirico
(GABAY, cuva funcion mejor conocida es la de actuar como neurotransmisor inhibitorio,
aungue también se ha postulado que en determinados tejidos este compuesto podria
desempefiar funciones relacionadas con el crecimiento celular (Seiler, 2004b). Por otro
lado, en la mucosa intestinal existe una alta actividad diaming oxidasa, v se piensa que
puede tener un significado fisioldgico protector, evitando la absorcion de diaminas
presentes en la dieta o generadas por la flora intestinal (Chayven et al., 1985). Otras
enzimas implicadas en el catabolismo de poliaminas son las amino oxidasas séricas, v
transferasas como  espermiding N-acetiftransierasa y hﬁ—ace!‘r’!espermrdma
desacetfiasa (Seiler, 2004b), que han sido implicadas en procesos tales como la
movilizacian de depdsitos de espemidinag del ndcleo (Seiler, 1987, la inhibicidn de la

apoptosis (Berry, 1999 o la acetilacion de histonas (Desiderio et al |, 1992)
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1.3.4. Via de |la arginina descarboxilasa’agmatinasa.

Agmatina es una poliamina presente en plantas v bactenas, gue se sintetiza por
descarboxilacidn de L-arginina mediante argininag descarboxifasa (EC 41119, ADC),
que puede ser transformada en putrescina v Urea por agmatinasa (EC 25311

constituyendo una via alternativa a la produccion de poliaminas (figura 6).
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fin
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N

Figura 4. Ruta bicsintética de poliaminas alternativa.,

Existen fundadas evidencias gue apovan la existencia de agmatina en tejidos de
mamifercs (Li et al., 1994; Raasch et al., 1995, Lortie et al., 1996) v ademas en
multiples trabajos se han descrto funciones fisioldgicas v farmacoldgicas para esta
poliamina, especialmente como neurctransmisor (Li et al, 1984, Reis & Regunathan,
1989, Reis & Regunathan, 2000, Raasch et al., 2001, Bence et al, 2003). Sin embargo,
la existencia de una autentica ADC en mamiferos ha estado sujeta a una gran
controversia. Y es gue la agmatina encontrada en células de mamifero podria
proceder de un aporte extermo, de la dieta o la flora micrabiana. En cambio, si ha sido
demostrada |la existencia de la enzima agmatinasa, habiendose clonado el gen
humano que la codifica v comprobado su actividad en sistemas de expresion (lver et
al, 2002; Mistry et al., 2002,

Existen diversos trabajos en los que se ha detectado actividad ADC en

diferentes tejidos de rata, especialmente en cerebro e higado, mediante ensayos
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radioactivos que determinaban la liberacion de “CO, partiendo de ™C-L-arginina (Li et
al., 19584 Lortie et al., 1996, Sastre et al., 1998 ; Regunathan & Reis, 2000). Pero estas
medidas de actvidad ADC podrian ser ermdneas, vy el 14(302 determinado ser &l
resultado de dos reacciones sucesivas mediadas por arginasa v ODC (Gilad et al |
19960 Y es gue aungue algunos investigadores han descrito la formacion del producto
de dicha reaccion, agmatina, (Lortie et al., 1996, Horyn et al., 2005), en otros grupos,
incluido el nuestro, pese a muchos esfuerzos no se ha podido determinar la
produccion de agmatina partiendo de arginina ni en tejidos de raton [(Perfiafizl et al,
1998, Ruzafa, 2001, Ruzafa et al., 2003 ) ni de rata (Coleman et al., 1994,

Esta controversia sobre la existencia o no de una autéentica arginina
descarboxilasa en mamiferos guedaria zanjada si se encontrase un gen gue codificara
una proteina con dicha actividad. En este sentido hace unos afios se se publicd la
clonacién parcial de un gen homalogo a otras ADC conocidas (bacterianas) en rifidn
de rata (Momissey et al ,199%), aungue su comespondencia en el genoma no ha sido
confirmada, v probablemente fue el resultado de una amplificacion inespecifica de
algun ADMN bacteriano contaminante. Recientemente, se describid la clonacidn de un
gen humano gue presentaba actividad ADC al sertranfectado en células COST (Zhu et
al., 2004). Este gen no tiene ninguna homologia con las ADC conocidas en bacterias o
plantas, v en cambio, es altamente homdalogo al gen de ODC. De hecho, este gen fue
previamente clonado v descrito como ODC-like u ODCp, una proteina altamente
homdaloga a ODC pero que carecia de actividad descarboxilante de omitina (Fitkanen
et al , 2001)

Este gen, gue aparece actualmente en diversas bases de datos como ADC,
vendria a confirmar la existencia de una autéentica ADC en mamiferos. Sin embargo un
analisis de suU secuencia aminoacidica sugiere que dificilmente esta proteina podria
tener actividad descarboxilante, va que carece de varios de los residuos criticos para
ello. De hecho, posteriormente Pegq v colaboradores no pudieron detectar actividad
descarboxilante en la proteina codificada por este gen (Coleman et al., 2004, si bien
es cierto que utilizaron un sistema de expresion bacteriano, que podria impedir un

correcto procesamiento post-traduccional de la proteina.

1.4. Transporte de poliaminas.

Se conocen distintos mecanismos de transporte de poliaminas que contribuyen
de manera importante a establecer los niveles intracelulares de poliaminas. Se ha

comprobado que la mavoria de las celulas de mamiferos son capaces de captar
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poliaminas extracelulares, procedentes de la dieta, la flora microbiana o de otras
celulas del propio arganismo. Los procesos de excrecidon de poliaminas parecen mas

limitados, aungue el conocimiento sobre estos es menor,

Los sistemas de transporte de poliaminas han sido descritos v caracterizados
molecularmente en procarictas, donde los genes PotD, PotE v PotF codifican para
proteinas transportadoras en £. epf (Igarashi v lashiwagi 1999, Tomitori et al., 1999,
lgarashi et al., 2001) vy, recientemente, en eucariotas unicelulares, donde se han
descrito LmPOT1 en L. mapor, v DUR3 v 3AM3 en 5. cerevisiae (Hasne & Ullman,
2005 Uemura et al., 2007). Sin embargo, en células de mamifero se desconocen por
completo las proteinas equivalentes U otras proteinas que formen parte de los

transportadores.

A pesar de ello existen numerosos trabajos sobre el transporte de poliaminas
en células de mamiferos que describen diversas caracteristicas cinéticas o de su
regulacion. Se sabe que la mayoria de las celulas son capaces de captar poliaminas,
siendo este sistema generalmente especifico, dependiente de energia, saturable v que
esta mediado por un transportador tipo "carmier” (Seiler v Dezeurs, 1990; Seiler et al |
1996, Reguera et al., 200%3) Se ha descrto que el transporte de putrescina v
gspermiding es dependiente de cationes divalentes como Ca’", Mg2+ Y MRt (Brachet
el al., 199%; Foulin et al., 1298) v puede ser modulado por sodio (Morgan, 1999)
Ademas se conoce una familia de proteinas denominadas antizimas (AZs), gque son

capaces de inhibir la captacion de poliaminas.

Fecientemente se han postulado ofros mecanismos para la captacion de
poliaminas, mediados por endocitosis (Soulet et al 2002, Belting et al |, 1999, a través
de la interaccién con determinados proteoglicanos (Belting et al., 1999) 0 a través de
un mecanismo dual consistente en un transportador tipo “camier” v posterior

acumulacién en "“vesiculas secuestradoras de poliaminas” (Soulet et al, 2004,

La mayoria de las células de mamiferos parecen posesr Un transportador Onico
Y COMUN para putrescina, espemidinag v espermina, con valores de Km del orden de
micromolar, normalmente con mayor afinidad para espermina v espermidina que para
putrescina (Seiler et al., 1996). En cambio, en determinados tipos de células se han
descrto diferentes transportadores con afinidad muy especifica para cada poliamina
(Morgan, 1992; Bogle et al., 1994). Por ejemplo en las células humanas endoteliales
de la vena umbilical se ha descrito la existencia de un transportador coman para las

tres poliaminas v ofro especifico para espermidina vy espermina (Morgan, 1992
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For otro lado, la especificidad de estos sistemas transportadores por las
poliaminas fisioldgicas no parece ser absoluta, ya gue otras poliaminas como agmatina
(Satriano et al., 2001) v vanos derivados alguilados de las poliaminas [Porter et al |
1987) pueden ser transportados compitiendo con la captacidon de poliaminas. Incluso
compuestos con escaso parecido estructural con las poliaminas como el MGBEG
(metilglioxal-bis-guanilhidrazona), inhibidor de SAMDC (Alhonen-Hongisto et al., 1984)
o el herpicida paraguat (Bvers et al., 1987) parecen utilizar &l mismo sistema de

transporte gue las poliaminas.

Los mecanismos de transporte de poliaminas incluyen tambign procesos de
excrecion. Estos sistemas de excrecion parecen estar implicados principalmente en la
salida de las poliaminas acetiladas al exterior de la célula (Seiler et al., 19596). Existen
diversos trabajos que describen una importante excrecion urinana de poliaminas v sus
derivados acetilados (Hefiner et al., 1995, O'Brien et al., 129%; Hyltander et al., 1998,
Langen et al., 2000} En determinados tipos de células se ha identificado la existencia
de un exportador de diaminas (Xie et al, 1997), no pudiéndose descartar gue exista
una secrecion de poliaminas celulares por medio de mecanismos distintos al uso de
transportadores. El hecho de gue lineas celulares mutantes incapaces de captar
poliaminas puedan, en cambio, excretarlas sugiere gque la captacion v la liberacion
funcionan por medio de sistemas transportadores diferentes (Byers et al., 1994,
Hywanen et al., 1984) For otro lado, algunos autores han descrto que las antizimas
también pueden afectar la excrecidn de poliaminas, en este caso potenciandola
(Sakata el al., 20007

For ltimo, comentaremos que en celulas de rapida proliferacion los procesos
de biosintesis v de captacion de poliaminas estan especialmente activados,
consiguiendo unos niveles mayores de poliaminas necesarias para su crecimiento
(Pegg, 1988, Gerner & Meyskens, 2004, Casero & Marton, 2007). En concreto las
celulas tumorales presentan una tasa de captacidon de poliaminas muy supenor a otras
células, v ademas cuando se inhibe famacoldgicamente la sintesis de poliaminas se
produce un aumento del transporte de poliaminas de forma compensatoria (Seiler et
al., 1996). Se piensa gue esta s una de las prncipales limitaciones de las terapias
que han intentado deplecionar los niveles de poliaminas para tratar diferentes
patologias, como ciertos tipos de cancer. De modo que el blogueo del transporte de
poliaminas ha side v es una diana terapéutica atractiva para luchar contra
determinados tumores. Se ha intentado bloguear dicho transporte mediante distintas
estrategias, como la administracion de ciertos analogos de poliaminas, pero hasta el

momento no se han conseguido resultados esperanzadores. El hecho de gue no se
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conozcan las proteinas que forman parte de los sistemas de captacion de poliaminas
limita el abordaje experimental que pueda conducir a un eficiente blogueo de este

proceso.

2. REGULACION DE LOS NIVELES INTRACELULARES DE POLIAMINAS.
2.1. Generalidades.

Los niveles intracelulares de poliaminas estan reguladaos de forma muy estricta
mediante el control de los diferentes procesos explicados anteriommente: biosintesis,
retroconversion, degradacion v transporte. El control de las concentraciones de las
distintas poliaminas en el rango adecuado es fundamental, ya gQue son necesanos
unos niveles minimos para el mantenimiento celular v, sin embargo, un aumento
excesivo puede resultar thxico para la célula. Los niveles adecuados de poliaminas
varian de un tglido a otro v especialmente con el estado de crecimiento celular.
Ademas, en determinados procesos de diferenciacion, como por ejemplo la
luteinizacion (Bastida el al., 2002}, la melanogénesis (Sanchez-Mas et al, 2002) o la
gspermiogénasis (Quian et al, 1985, Alcivar et al., 1939 los niveles de poliaminas
parecen estar sometidos a cambios criticos para el correcto funcionamiento dichos

procesos.

Clasicamente se ha considerado gue las etapas reguladas de forma mas
importante son las catalizadas por las enzimas ODC v SAMDC, de la ruta de
biosintesis, v SSAT, de la ruta de retrocorversion (Cohen, 1298, Wallace, 2003). Si
bien, en los Otimos afios se ha atnbuido una importancia creciente a los procesos de

transporte de poliaminas v a la degradacion catalizado por DAD (Vujcic et al., 20037

=in duda, ODC es la enzima mas estudiada en el campo de las poliaminas v
poses multiples e interesantes mecanismos de regulacion, que seran comentados con
detalle en apartados posteriores. Basicamente QD esta regulada a todos los niveles
posibles: transcripcional, post-transcrpcional, traduccional v posttraduccional. Resulta
muy llamativa la gran inestabilidad metabdlica de la proteina OQDC, con una vida media
inferior @ 30 minutos en muchos casos, siendo una de las proteinas conocidas con
menor vida media (Seely et al., 1982a). Este hecho permite gue ODC pueda responder
rapidamente a estimulos, aumentando o disminuyendo su actividad, contribuyendo a
una regulacion rapida v precisa. Se conocen multiples estimulos capaces de regular a
ODC, factores de crecimiento, hommonas, neurotransmisores, etc. (Russell, 1985)
Ademas existe un complejo mecanismo autoregulatorio de la homeostasis de

poliaminas gue comprende la existencia de unas proteinas inhibidoras de ODC,
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denominadas antizimas (AZs) v que se inducen cuando los niveles de poliaminas son

elevados.

SAMDC es la enzima limitante para la sintesis de espermidina v espermina.
SAMDC se sintetiza en forma de proenzima con un tamano de 37 Kda. La proenzima
es digerida especificamente entre los aminoacidos GIUBY v SerG8, dando lugar a las
subunidades a v 3, v la SerB8 es modificada cornwvirtiendose en un grupo prostético
piruvato necesaro para la actividad de la enzima (Shirahata v Pegg, 1986, Stanley v
col., 1989) Al igual que ODC, su actividad puede ser regulada rapidamente en
resplesta a diferentes estimulos, debido a que también posee un recambio metabalico
muy rapido, entre 30 v B0 minutos (Fegg, 1978, Shirata & Pegqg, 1985%) La regulacion
de SAMDC también se ejerce a distintos niveles Se ha comprobado que diversos
factores de crecimiento producen un aumento de actividad SAMDC, presumiblemente
debido a cambios en la transcripcion de su gen (Shirahata & Fegg 1986, Pajunen et
al 1988, Janne et al, 1991). También la hommona insulina es capaz de inducir los
niveles de ARMNmM de SAMDC, & incluso se ha encontrado un elemento de respuesta a

insulina en el promotor de SAMDC en el gen de rata (Soininen et al., 1996)

Far otro lado SAMDC también esta sometida a una importante regulacion en
etapas posteriores a su transcripcion, 1o que explica el hecho de que frecuentements
cuando existe una induccidn de SAMDC |la elevacidn de los niveles de la proteina es
proporcionalments mavor a la elevacion del ARNm (Pajunen et al 1988 Sjernborg et
al., 1993 Svensson et al, 1997) Al igual gue para ODC las poliaminas son
importantes reguladores de los niveles de SAMDC. Se conocen diversos mecanismos
por los gue pueden afectada. Por un lado unos niveles allos de espermidina v
gsperming reprimen la traduccion del ARMNmM (Kameji & Pegg, 1887a). Por otro lado
unos niveles altos de putrescina incrementan el procesado de la proenzima a la forma

activa y potencian la actividad enzimatica (lkameji & Pegg, 1987b; Fegg et al ., 1988).

For dltimo, la degradacion de la proteina SAMDC también se encuentra
regulada, asi se han detectado wariaciones en su estabilidad en respuesta a
poliaminas v otros factores (Shirahata & Fegg, 1985, Autelli et al., 1991, Svensson et
al., 1997 En resumen, la enzima 5AMDC, al igual gue ODC, se encuentra regulada
de una forma muy importante porlos niveles de poliaminas, y ademas posee una vida

media muy corta.

S5AT es la enzima clave en la nuta de retroconversion de las poliaminas. S5AT
es una proteina de 20 Kda gue al igual que las enzimas vistas anteriormente posee

una vida media muy corta v una importante regulacion (Butcher et al., 2007, Fegg,
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2008). Se cree gue su actividad es muy baja en la mayoria de tejidos en condiciones
normales (Caserc & Pegg, 1993, Wang & Casero, 2006), mientras que se ha
comprobado  gque  altos niveles de su actividad pueden inducir una mayor
susceptibilidad a padecer ciertos tumores de piel (Mang et al., 2007) Putrescina,
espermidinag v espermina estabilizan la proteina, aumentando ligeramente su actividad,
mientras que analogos alquilados de las poliaminas producen una gran induccidon de
S5AT, actuando a nivel transcripcional v traduccional (FogelPetrovic et al., 1883,
Wyang & Casero, 2006). Se ha comprobado que la traduccion del ARMNmM de S55AT es
altamente dependiente de los niveles de poliaminas (Alhonen et al., 1998) En células
estimuladas para proliferar se produce una importante induccidon de SS5AT, gue
conlleva una disminucion de espermina v espermidina, v Uun aumento de putrescina,
aungue en muchos casos parte de las poliaminas acetiladas por S5AT son excretadas
y 5e produce una disminucion global de las poliaminas intracelulares (Coleman &

Wyallace, 1990

Se conocen varios aspectos concretos acerca de la regulacion transcripcional
del gen 55AT. Como hecho mas destacado, se ha comprobado la existencia de un
elemento de respuesta a poliaminas (PRE). Cuando los niveles de poliaminas son
altos el factor de transcrpcion modulado por poliaminas (PMF-1) se une al factor de
transcripcion WNri=2, formando un complejo que activa la transcripcion de S5AT v otros
genes que poseen el PREE en su promotor (Wang et al, 1998 Wang et al., 1999, Wang
y Casero, 20067

Otro proceso importante para la regulacion de este sistema, al menos en
determinadas circunstancias, es el transporte de poliaminas. La captacion de
poliaminas es especialmente importante en células de rapido crecimiento, en tumores
y en situaciones donde la capacidad biosintética de poliaminas estd comprometida
(Seiler & Dezeure, 1990 Seiler et al, 19968}, En muchos casos, tanto la sintesis como
la captacion de poliaminas son activados simultaneamente, como se ha observado en
cultivos celulares transfectados con oncogénes o sometidos a distintos factores
estimulantes de la proliferacion (Fakala et al., 1988; Stuberet al., 1993). For otro lado,
en condiciones donde la sintesis de novo de poliaminas se encuentra inhibida, por
gjiemplo en determinadas terapias farmacoldgicas con DFMO, se produce un
mecanismo compensatorio induciendose la captacion de poliaminas (Byers & Fegg,
1989; Byers et al., 1994, lo cual limita la efectividad de estos tratamientos. Por ditimo,
la excrecidn de poliaminas también depende del estado proliferativo de la célula, asi
se ha demostrado en cultivos celulares que una inhibicién del crecimiento produce un

aumento de excrecion (Wallace et al., 2003).
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En apartados siguientes comentaremos con mas detalle los mecanismos de
regulacion de ODC, con especial atencion en las AZs, v descrbiremos modelos de

animales transgénicas con alteraciones en algunos de estos genes.

2.2. Ornitina descarboxilasa.

La enzima ODC es sin duda la proteina mas estudiada en el complejo campo
de las poliaminas, v una de las enzimas mas importantes de la ruta biosintetica. Es
una enzima fundamental para la wviabilidad celular en casi todas las especies
conocidas, prueba de ello es que el gen ODC esta presente en toda la escala
filogenética desde bacterias hasta el hombre. Existen ademas claras evidencias de suU
importancia en mamiferos, principalmente el hecho de que ratones knock-out que

carecen del gen ODC no son viables (Pendeville et al., 2001).

2.21. Estructura y actividad de ODC.

DDC cataliza la descarboxilacion del aminoacido no proteico L-ornitina,
covirtigndolo en putrescina v liberando CO.. Todas las enzimas ODC eucarotas
conocidas requieren la participacién del cofactor fosfato de piridoxal (FLP) En
mamiferos la enzima ODC tiene una alta especificidad por el sustrato L-omitina, con
una Km del orden de uhkd (Pegg & MoGill, 1979, Seely et al., 1982b; Coleman et al,
1993, Osterman et al., 1934

Ya enlos afios 80 se demostrd mediante técnicas cromatograficas que la forma
activa de esta enzima en mamiferos es un homodimero (Solano et al., 1985),
confirmandaose posteriormente mediante otras aproximaciones (Coleman et al., 1983,
Taobias & Kahana, 1993, Kem et al [ 1299). El dimerg de ODC esta formado por dos
subunidades de 51 kDa. La estuctura tridimensional de cada mondmero comprende
dos dominios, un baml @/p en la parte amino terminal de la proteina v un dominio
formado por hojas 5 en el extremo carboxilo. Existen dos sitios activos en cada dimerg,
formados cada uno de ellos en la interfase entre el barmil o/ de un mondomero v el
dominio de hojas B del otro (Tobias & kahana, 1993 Osterman et al., 1995a; Osterman
et al, 1995b; Kern et al, 1999, Almmud et al, 2000), de modo que la forma
manamerica no puede ser enzimaticamente activa. Una caracteristica del dimero de
DDC es gue la union entre sus dos dominios es débil v en condiciones fisioldgicas
existe un equilibrio entre la forma monomerica v el dimero, en el gue L-ornitina

favorece la formacion del dimero activo (Solano et al., 1985).
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Mediante diferentes estudios de mutagenesis dingida se han podido identificar
varios residuocs criticos de la enzima, entre los que cabe destacar la LysB9 v la Cys3E80.
La LysB9 es necesaria para la unién de PLF mediante la formacion de una base de
Schiff (Poulin et al, 1992) y parece ser importante para la comecta colocacion del
sustrato en el centro activo (Osterman et al, 1988} For su parte la Cys360 es otro
residuo esencial para la actividad de |la enzima, parece participar como donador de
protones en la catalisis (Kem et al., 1999, Jackson et al., 2000) v es necesaria para la
especificidad de sustrato. Se ha comprobado gue la sustitucion de esta cisteina por
alanina o sernna produce una importante perdida de la actividad (Coleman et al, 1994).
Ademas el inhibidor irmeversible v analogo de sustrato di-fluoro-metil-omitina (DFEMO)
se Une covalentemente a ODC formando un aducto con este residuo Cys360 (McCann
& Peqgqg, 1992) Otros residuos que pueden participar en la catalisis enzimatica son
AsSpEE, Glugd, Asp223 GluZvd, Lys11% v Lys168 va que se ha demostrado que la
actividad ODC disminuye cuando son mutados (Lu et al., 1991, Tsinka & Coffino 1992
Osterman et al., 1995b; Kern et al., 1999). Ademas la Lys169 v la GIv38Y parecen
residuos importantes para la dimerizacion de ODC (Tobias et al., 1993 Kern et al .,
1999,

El mecanismo cataliico de ODC es similar al de otras descarboxilasas
dependientes de PLF. En primer lugar la omiting reacciona con el cofactor PLP
mediante una reaccion de transaldiminacion  formando una  aldimina  externa.
Fosteriommente se elimina CO,, formandose un intermedio quinoide gue es protonado
para formar una nueva aldimina externa, que se trata de la putrescina unida a PLF
mediante Una base de Schiff. Por dltimo la putrescina se libera del centro activo v PLF
vUuelve a unirse a la lisina 69, como en el estado inicial.

2.2.2. Gen y ARNm de ODC.

En mamiferos, el gen ODC esta formado por 12 exones. En ratdn se encuentra
localizado en el cromosoma 12, mientras que en humano se localiza en el cromosoma
2 Es un gen relativamente peguefio de unas & a § kb de tamanfio. La regidn codificante,
altamente conservada, se encuentra comprendida entre los exones 3 v 12, Mo se
conoce ningdn splicing altemativo para ODC, en cambio, i se han encontrado dos
posibles lugares de poliadenilacion existentes en el exon 12 que pueden dar lugar a
dos especies de ARMmM de 24 kb v 2.0 kb (Heby & Persson, 19807, Por otra parte se
hran descrto elementos reguladores en el gen de ODC aguas arriba del inicio de la

transcripcion v en el intron 1, responsables del control transcripcional de ODC, que
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veremos en siguientes apartados. Ademas el transcrito de ODC posee un 5 UTR
especialmente largo, gue ha sido implicado en el control traduccional de ODC
(Lovkvist et al., 1983; Vallstrom & Persson, 1998, Lowkvist et al., 2001), va que
contiene regiones ncas en GC gue le hacen formar estructuras secundanas con alta
energia libre v estabilidad (Brabant et al |, 19858, kKatz & kahana 1988; VWen et al [ 1988).

2.2.3. Regulacion de ODC.
2.2.3.1. Regulacion transcripcional.

ODC es una de las enzimas conocidas mas reguladas en organismos
eucariotas. Su actividad puede aumentar o disminuir vanos ordenes de magnitud en
resplUesta a distintos estimulos en muy poco tiempo. Sin embargo conviens mencionar
que ODC es una enzZima ubicua vy se expresa, al menos a niveles basales, en casi
todos los tejidos de mamiferos. Se conocen diferentes factores que estimulan el
crecimiento v la proliferacidn celular que son capaces de inducir la actividad de CODiZ.
Las varaciones de actividad ODC se han encontrado en muchos casos asociadas a
cambios en sus niveles de ARNmM, aungque frecuentements este mecanismo no es

suficiente para explicar la magnitud de los cambios de actividad detectados.

Diversos factores de crecimiento producen una elevacion importante de ODC a
expensas de una induccidn de la transcripcidn (Feinstein et al ., 1985 Greenberg et al |
19850, Se conocen otros muchos factores que inducen la actividad ODC, actuando en
muchos casos especificamente en determinados tejidos, por gjemplo, la testosterona
en el rifdn (Sanchez-Capelo et al, 1994 Tovar et al., 1995, Sanchez-Capelo et al,
1999) o agonistas p-adrengrgicos en el corazén (Shantz et al., 2001). En cambio, los
mecanismos de transduccidn de estas sefiales que llevan hasta la activacidn de la

transcripcidn de ODC no son conocidos.

Estudios &1 sifco e i vive han permitido caracterizar diversos posibles
elementos reguladores de la expresion de ODC. En primer lugar, el promotor de ODC
posee regiones tipicas de genes de expresion constitutiva, como las cajas TATA v
CAAT. También se han encontrado regiones ricas en GC que son potenciales sitios de
los factores de transcripcion de la familia SpMrippelklike (Black et al., 2001),
implicados tambign en la expresidon de diversos genes constitutivos. De hecho se ha
comprobado gque diversos miembros de esta familia se unen al promotor v regulan la
expresion de ODC (Li et al., 1994 Wumar & Butler, 1997, Law et al , 1998

Far otro lado, es resefiable que el gen ODC contiene elementos de respuesta

al proto-oncogen c-myc, v de hecho, ODC fue la primera diana conocida de c-mycy se
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cree que parte de sus efectos son mediados por la induccidn de ODC [(Packham &
Cleveland, 1997, Milsson et al., 2004). El gen de ODC posee dos cajas "E" con la
seclencia "CACGTG" a las que se une el complejo de transcripcion Myc/Max, formado
cuando los niveles de c-myc estan elevados (Fackham & Cleveland, 1997, Milsson et
al , 20047 Estos elementos de respuesta se encuentran localizados en el primer intran
del gen, donde existe un polimorfismo de una base (SMNP) entre ambas cajas "E" gue
se ha relacionado con una variable afinidad por c-myc v que posiblemente conlleva
una diferente susceptibilidad a padecer cancer de prostata v colon (Martinez st al.,
2003). Ademas de c-mye, se conoce otro oncogen, £as, capaz de regular ODC a nivel
transcripcional (Shantz, 20040, La activacion transcripcional parece producirse por la
activacion de la via RafWMER/ERK (Origantl & Shantz, 2007 ).

Otros factores gue se han propuesto como reguladores de la transcripcidn de
0DC son el supresor de tumores WT1 (Moshier et al 1296, Li et al,, 19939), CREE-
binding factors, gue responden a aumentos de AMPc (Palvimo et al, 1891,
Abrahamsen et al., 1992 Palvimo et al, 1996) o el receptor de androgenos, va gue se
hia observado en diferentes estudios que ODC puede estar regulada por testosterona
(Bai et al., 1998, Bastida et al., 2007}, aungue no se han encontrado secuencias de

respuesta a androgenos en el promotor de ODC.

2.2.3.2_ Regulacidn traduccional.

Existe un amplio conocimiento sobre la regulacidn de la traduccién del ARMNmM
de ODC. La regidn %' no traducida (UTR) o lider del ARNm de ODC es especialmente
larga, aproximadamente de 300 nucledtidos, e interviens en la mayoria de los
mecanismos  de regulacion  traduccional. Bl 5 UTRE  contiens  dos  regiones
diferenciadas, una region con un contenido rfco en GC, v gue forma estructuras
secUndanas importantes, v ofra region mas desestructurada (Brabant et al | 1988, katz
& Kahana, 1988, Wen et al., 1289). La mayoria de mensajeros posesn el extremo 5
UTRE desestructurado, mientras gue muchos genes relacionados con proliferacion
celular v oncogénes tienen S'UTRS largos que pueden fommar estructuras secundarias
(Gray & Henze 1954

Expernmentos de expresion 1 vitro e i vive de ODC han mostrado que la
presencia del extremo 5 UTRE reduce de forma importante la eficiencia o la velocidad
de la traduccion (Ito et al., 19390, Grens & Scheffler, 1990, debido aparentemente a la

region proximal rica en GC (Manzella & Blackshear, 1290, Shantz et al., 1996,
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For otro lado la participacion del extremo 3 UTR en la regulacidn traduccional
de ODC no esta tan clara. Algunos trabajos exponen que el 3° UTRE podria
interaccionar con el extremo 5" UTR disminuyendo el efecto inhibitono de este sobre la
traduccidn (Grens & Scheffler, 19390; Lorenzini & Scheffler, 1997,

Otro elemento que podria estarimplicado en la regulacion traduccional de ODC
es la existencia de un peqguefno ORF en el 5° UTR, altamente conservado en
mamiferos, que podria codificar un péptido de 10 aminodcidos. A pesar de gque no se
ha podido detectar la expresion de ese péptido, si se ha demostrado que la
eliminacian de este peguefio ORF o ciertas mutaciones puntuales aumentan la eficacia
de la traduccion del mensajero de ODC (Grens & Scheffler, 1990, Manzella &
EBlackshear, 1980; Shantz et al., 1996).

El factor de iniciacion 4F {elF4F) es importante para la traduccion del ARMNmM de
ODC. Parece gue modula las estructuras secundaras presentes en el 5 UTR,
faciltando la union de los nbosomas al extremo &' del ARNmM, para gue ocurra una
traduccidn clasica dependiente de la caperuza (Gingras st al., 1999, Pestova et al |
2001). For otro laso se cree que el mensajero de ODC puede ser traducido por un
mecanismo independiente de la interaccidon con la caperJza, va due se han descrto

sitic internos de unidn a ribosomas (IKEs)enel &' UTR.

El oncogén ras ademas de regular ODC a nivel transcripcional, es capaz de
inducir su traduccion (Shantz, 2004 ), posiblemente debido a la fosforilacion del elF4E
y sU proteina de unidn, mediada por la via del inositol trifosfato kinasa v sefalizacion
por RatMEKERK (Origanti & Shantz, 2007 )

For dltimo, las propias poliaminas son también importantes moduladores de la
traduccion del ARNmM de ODC. De hecho, como comentamos antenormente, las
poliaminas pueden modular la traduccion de cualquier ARMNm. En general unos niveles
bajos de poliaminas son necesarios para la traduccion de cualguier mensajero y Unos
niveles elevados pueden inhibida. La traduccion del ARNm de ODC se afecta en &l
mismo sentido por los niveles de poliaminas, aungue parece gue de una forma
especialmente sensible (Kameji & Fegg 1987h; FPersson et al., 1988, Ito et al., 1980
Existen ademas indicios de la existencia de elementos de respuesta a poliaminas en &l
5'UTR del ARMNm de ODC (Shantz & Pegg, 1999).
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2.2.3.3. Regulacion posttraduccional. Degradacion de ODC.

A pesar de que se han descrito algunas modificaciones post-traduccionales de
ODC, como la fosforilacion de la Ser303 en determinadas lineas celulares [Rosenberng-
Hasson et al, 1991), no se ha podido establecer que dicha fosforlacion afecte la
actividad de la enzima v menos aun gue tenga un papel fisioldgico. En cambio la
regulacion posttraduccional de ODC en cuanto a su degradacion e inhibicidn mediada

por antizimas es un mecanismo de gran relevancia v complejidad.

ODC poses un rapido recambio metabdlico, siendo una de las proteinas de
menor vida media conocidas [Hayashi & Murakami, 1995). La mayoria de las proteinas
conocidas de wvida media muy corta son degradadas por el proteasoma tras ser
ubiguitinadas. ODC es también una proteina degradada por el proteasoma 26 5, pero
interesantemente, sin mediar su ubiguitinacion previa (Coffino, 20013 ODC fue la
primera proteina en la gue se determing su degradacion por el proteasoma sin
necesidad de estar ubiquitinada, sin embargo en los Ultimos afios se han ido

conociendo un ndmero creciente de proteinas con esta caracteristica.

La degradacion de ODC por el proteasoma, independiente de ubiquitinacidn, se
ha demostrado mediante diversos experimentos. Afadiendo ODC punficada a
preparados de proteasomas en ausencia de ubiguitina se ha observado la degradacién
de |la proteina (Bercovich et al, 1988). También se ha comprobado en expenmentas i
vivo, por elemplo utilizando lineas celulares con mecanismos de ubiguitinacidn
deficientes, en las que ODC se degrada normalmente, mientras que las proteinas gue
necesitan ser ubiguitinadas para su degradacion son acumuladas (Rosenberg-Hasson
etal., 1989).

El extremo C-terminal de la proteina ODC es esencial para su degradacién por
el proteasoma (Ghoda et al, 1989, Rosenbeng-Hasson et al., 1991; Zhang et al,, 2003).
De hecho, la deleccidon de los 27 residuos finales de ODC hace que se convierta en
una proteina estable (Ghoda et al., 1989 Rosenberg-Hasson et al., 1991), v asi, la
ODC de T. brucel que carece de esta region, es muy estable (Ghoda et al, 19907 Y
ademas construcciones quiméncas de proteinas estables unidas a ese fragmento de
37 amindacidos son eficientemente degradadas por el proteasoma (Zhang et al., 2003).
La presencia de secuencias PEST iricas en prolina, glutamato, senna v treonina) en el
extremo C-erminal parece ser fundamental para desestabilizar la proteina. Se cree
gue el extremo carboxilo de ODC posee Una estructura desorganizada que es capaz
de interaccionar con el proteasoma de una forma similar a la gue lo hacen las

moleculas de ubigquitina. Ademas se ha determinado que los residuos Cysdd 1 v Aladd?
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son fundamentales para la interaccion con el proteasoma 2685 (Havashi & Murakami,
1995 Fhang et al., 2003; Takeuchi et al., 2008).

Far otro lado, existen unas proteinas, denominadas antizimas (AF5), que se
unen a ODC de forma no covalente v facilitan su degradacion por el proteasoma (14-
171 5e cree gue AZ une a ODC v la conduce al proteasoma, donde ODC es

degradada.

Fecientements se ha descrito un mecanismo altemativo para la degradacidn de
ODC durante el estrés oxidativo., Segun algunos autores ODC puede ser degradada
por el proteasoma 20 5 porun mecanismo independiente de ubiquiting v de A7, v en &l
que no participa el extremo carboxilo de la proteina. Este mecanismo esta regulado
por MAD(PIH quinona oxidoreductasa (MQO 1) (Asher et al, 2005, Kahana et al., 2005).
Su relevancia fisioldgica para el mantenimiento de los niveles de ODC no es conocida,
aungue podria estar relacionada con la degradacion de proteinas de nueva sintesis
aun no comectamente plegadas, va que se cree que el proteasoma 20 5 solo es capaz

de degradar proteinas no plegadas.

Transponador
de pollaminas

Figura 7. Regulacion v degradacion de ODC por A7,
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2.3. Antizimas e inhibidor de antizimas.

El sistema QDC/paoliaminas pofigurgsee un exclusivo sistema de regulacion gue
comprende la existencia de unas peduefias proteinas, las antizimas [AF5) que son
capaces de inhibir v degradar ODC, v ademas inhiben la captacion de poliaminas
extracelulares. Cuando los niveles de poliaminas son altos inducen la sintesis de A7
mediante un mecanismo de control traduccional Unico en sucariotas, denominado
frameshifting (Matsufuji et al., 1995). Se conocen tres isoformas diferentes de AZs en
mamifercs. Ademas existe otra proteina, inhibidor de antizimas (AZIN), homdloga a
ODC pero carente de actividad enzimatica, que tiene gran afinidad por antizima v
amortigua sus efectos sobre ODC o el transportador de poliaminas. La proteina
antizima se puede considerar el regulador central de la homeostasis de poliaminas v

esta presente a lo largo de toda la escala filogenética (lvanoy & Atkins, 2007 ).

La existencia de una proteina inhibidora de ODC fue demostrada en la década
de los 70 por el grupo de Canellakis, denominandola antizima de ODC (Fong et al .,
1976, Heller et al., 1978). Posterommente se demostrd que esta proteina no sélo era
capaz de inhibir ODC sino también de potenciar su degradacion (Seely & Pegg, 1983)
La antizima pudo ser purficada a partir de higado de rata, v se determind gue tenia un
peso molecular de unos 22 kDa (Kitani & Fusijawa, 1989) El gen codificante para
antzima fue caractenzado posteriomente (Miyvazaki et al., 1992) Dicho gen se
encuentra en todos los vertebrados estudiados, mostrando un alto grado de
conservacion entre distintas especies. Ademas posteriormente se descubneron otros
genes ortdlogos en mamiferos que codifican para otras isoformas de antizima, que se
denominaron AL2 v AL3

Antizima 1 se considera un factor regulador negativo del crecimiento celular v
se sugerido su posible funcidn como supresor tumoral (Mangold, 2005) Se ha
demostrado que la sobreexpresion de AZ1 conlleva la inhibicion de la proliferacidn
celular v un blogueo del ciclo celular (lwata et al., 1999). Ademas |la sobreexpresion de
A1 disminuye el desamollo de tumores en varios modelos animales de cancer (Feith
etal., 2001, Fong et al., 2003,

A continuacion descrbiremos algunos aspectos generales de las antizimas,
centrandonos principalmente en la A7, la mejor caracterizada de las tres antizimas
conocidas en mamiferos. Posteriormente veremos caracteristicas concretas de las

distintas isoformas de AZs,
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2.3.1. Sintesis y degradacion de AZs.

Las sintesis de AZs estd regulada por un mecanismo denominado frameshifting

o frameshit +1, gue consiste en el cambio en la pauta de lectura del ARMNmM de A2 en

un nucleodtido. Este mecanismo es inducido cuando los niveles de poliaminas son altos
(Rom & kahana, 19384 Matsufuji et al., 1985 EI ARNm de las AZs posee un codon

stop prematuro que da lugar a una proteina truncada no funcional. Cuando los niveles

de poliaminas son elevados se produce el mecanismo de frameshifing +1 v =l

nbosoma ignora el primer codon stop, cambia la pauta de lectura en un nucledtido v

continua la sintesis proteica hasta llegar a un segundo codon sfop, sintetizando la

forma completa v funcional de A7 Portanto, para la sintesis de A7 funcional se tienen

que leer dos ORFs distintos, el ORF1 gue es mas pequerfio v el ORF2 que esta en

fase +1 con respecto al ORF1

a) u FPaoliaminas

ORF1 Cvs Ser Stop
AUG e eereeeane UGEC UCC UGA UGU CCC UCACCC ACC € e

ARNm AZ

Antlzlma truncado

) ﬂ Paliaminas 1
ORF1 /\' ORF2

Cys Ser
S covono cooocomnooo @ UGC UCC UGAUGUC CCU CAC CCACCC ...

Asp Yal Pro His Pro Pro

ARNm AZ

Antlzima funclonal

Figura 8. Esquema del mecanismo de frameskifting mducido por poliaminas,

Este mecanismo de control traduccional de A7 esta presente en animales,

hongos v bacterias (lvanoy & Atking, 2007). A pesar de la conservacion del mecanismao

general, se encuentran notables diferencias en la secuencia que flanquea al coddn
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stop temprano v en los eventos moleculares necesarios para el frameshift. (lvanov &
Atkins, 2007,

En mamiferos, el sitio del frameshifting posee la secuencia JCCUGA, de modo
gue gl "cuadruplete” UCCU se lee como un si fuera un coddn v ocurre el cambio en la
pauta de lectura, justo antes de leer el coddn stop UGA (Matsufuji et al., 1995). Las
secUencia de la region 3" inmediata al sitio de frameshifting permite formar estructuras
secundanas concretas en el entorno del ribosoma gue facilitarian el deslizamiento de
este enla pauta de lectura del mensajero, ignorando el codon stop v prosiguiendo con
la traduccion del ORF2 del ARNmM de AZ (Matsufuji et al |, 1995)

For otro lado, no se ha caracterizado ningdn elemento ¢i8 en la secuencia del
ARMNmM de A7 que parezca ser el responsable de la induccidn especifica llevada a cabo
por las poliaminas. Se cree, en cambio, que las poliaminas inducen el frameshiit

interaccionando con la maqguinaria traduccional (Matsufuji et al., 1995

Espermidina v espermina son mas eficientes que putrescina a la hora de
estimular la traduccion de la forma completa de A7 (Matsufuji et al, 199%) Las
concentraciones dptimas de espermina v espermidinag para inducir el frameshift se
encuentran en rangos fisiologicos, v se ha determinado en sistemas 7 vive gue
pueden conseguir una eficiencia de hasta el 20% en la traduccion de A7 completa. Por
otro lado, agmatina y ciertos analogos de poliaminas han demostrado su capacidad de

inducir este mecanismo de frameshifting +1 (Mitchell et al | 2002, Satriano et al., 1998).

Se ha descrito gue la disminucién de los niveles de poliaminas por medio de
DFMO produce un descenso en los niveles del ARNmM de AZs, demostrando la posible
existencia de un control transcripcional (Milsson, 1997 En cualguier caso se cree gue
el control traduccional mediado por el mecanismo de frameshifting es el principal

mecanismo de control de los niveles de A7

For otro lado, 221 es tambign una proteina de rapido recambio metabdlico,
pero es degradada por el proteasoma 285 por un mecanismo dependiente de
ubiguitinacion (Gandre et al., 2002, Kahana, 2007 ). Mientras que la interaccion de AZ
con ODC acelera |la degradacidon de esta Ultima, la velocidad de degradacion de AZ no
se afecta por ODC. Por ello se ha postulado que A2 no se degrada junto a ODC, sino

gue es reciclada tras conducira ODC al proteasoma 265 (Gandre et al |, 2002).
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2.3.2. Accion de AZ sobre ODC y el transporte de poliaminas.

En primer lugar A7 fue descubierta comao una proteina inhibitoria de la actividad
DDC v gue era estimulada por las poliaminas (Heller et al., 19761, Se cree que esta
inhibicidn se debe a la interaccion de AZ con el mondmers de ODC, evitando asi la
formacidon del heterodimero activo. Fosteriormente se demostrd gue A7 ademas de
inhibir la actividad ODC también es capaz de inducir la degradacion de OQDC {Hayashi
& Murakami , 1995, Coffino, 2001a; Mangold, 2005).

Se han diferenciado dos segmentos de A7 con diferentes funciones. La regidn
que comprende los residuos 104 a 183, es responsable de su interaccidn con ODC vy
la inactivacion de esta, mientras gue la region entre los aminoacidos 70y 103 es
necesana para la induccidon de la degradacion proteasomal de ODC (Mamroud-Kidron
et al., 1994,

También es conocida la secuencia de ODC a la que se une AZ, denominada
elemento de unidn a AZ (AZBE), v que comprende los residuos de 117 a140. El AZBE
estda localizado en la superficie de las hélices del bamil o/ de ODC v &5 Una regidn
nca en cargas positivas. Por su parte la region de la A7 gue interacciona con ODC
posee wvarios aminoacidos cargados positivamente muy conservados (Glu 1681, Glu
1684 v Glu 1685, que pueden ser esenciales para la interaccion con ODC (Hoffman et
al., 2005). Se ha comprobado que la eliminacion de la secuencia del AZBE de ODC
estabiliza la proteina (Li & Coffino, 1992, Mamroud-Kidron et al | 1994a).

Como hemos comentado en apartados anteriores el transportador de
poliaminas no estd caracterizado molecularmente en organismos superiores. 5in
embargo, es bien conocido gue AZ es capaz de inhibir la captacion de poliaminas
(Mitchell et al., 1994, Suzuki, et al., 1994). Ademas existen ciertas evidencias de que
A7 es capaz de estimular la excrecion de poliaminas (Sakata et al, 2000). En este
Ccaso no se conocen los mecanismos moleculares ni las regiones de A7 implicadas en

este mecanismo adicional de requlacidon de los niveles de poliaminas.
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2.3.3. Expresion y funcion de las diferentes isoformas de AZs.

En los mamiferos cuyo genoma esta secuenciado se conocen tres genes gue

codifican para tres proteinas antizimas, AZ71, AZ2 w AZS

AL fue la primera descubierta v es la mejor caracterizada hasta la fecha. Se
puede considerar que es un gen de expresion ubicua, aungue como hemos visto la
expresion de la proteina dependera de los niveles de poliaminas. AZ2 también posee
una expresion ubicua, pero sus niveles de expresidn son inferores a AZ1 (Zhu et al|
1999) Ambas proteinas, gue poseen una gran homologia, son capaces de unira ODC,
inhibiendo su actividad (Mangaold, 2005) v ademas son capaces de inhibir la captacian
de poliaminas (Mitchell et al., 19894, Suzuki, et al., 1994). Sin embargo existen ciertas
dudas acerca de si AZL2 es capaz de inducir la degradacion de ODC por gl proteasoma
(Chenetal, 2002

For su parte, A7 3 tiene importantes diferencias respecto a las ofras 2 A7s Por
un lado su expresion, lejos de ser ubicua como las de sus ortdlogos, es altamente
especifica, habiéndose encontrado Onicamente en testiculo (vanov et al, 2000;
Tosaka et al., 2000). AZ3 se expresa especificamente en células haploides germinales,
por lo gue se ha sugerido gue puede jugar un papel impartante durante el proceso de
gspermiogéneasis (Ilvanoy et al., 2000). Por otro lado mientras AZ1 v AZ2 son altamente
homalogas, AZ3 posee mayores diferencias de secuencia. De hecho sdlo existe
homologia en la regidn cormrespondiente al ORF2 (vanov et al., 2000). Las regiones
més conservadas son la zona responsable del frameshifting v 1a Zona necesana para
la union e inhibicion de ODC. Sin embargo, la zona implicada en la desestabilizacion
de la proteina ODC esta poco conservada. Se ha demostrado gue AZ3 es capaz de
unira J0C & inhibida (lvanov et al., 2000 Tosaka et al., 2000), pero su capacidad de
conducir a O0DC al proteasoma para sU degradacion o de inhibir el transporte de

poliaminas no han sido determinadas.

2.34. Nuevas dianas de las antizimas.

En los diimos afos han ido apareciendo waros trabajos gue ponen de
manifiesto que las AZs podria tener otras funciones diferentes de la de regular los
niveles de poliaminas. Asi se ha demostrado gue A7 ademas de interaccionar con
ODC e inhibida o de bloguear el transportador de poliaminas, es tambiéen capaz de
interaccionar con ofras proteinas no relacionadas con la homeostasis de las

poliaminas.
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Se ha descrito gque AZ puede interaccionar con el regulador transcrpcional
Smadl (Gruendler et al., 20013 Snip1, un represor de CBP/p300, (Lin et al., 2002);
ciclina D, importante modulador del ciclo celular, (Newman et al., 2004}, gametagenina,
una proteina especifica de células germinales, (Zhang et al , 200%); el oncogén Aurora
A kinasa (Lim et al 2007)) Algunas de estas interacciones parecen ser especificas
para una determinada isoforma de A7, por gemplo gametogeninag con AZL3 v la
proteina CORZ con AZ 2

La interaccidn de las AFs con estas proteinas se ha determinado en muchos
casos con técnicas indirectas como el sistema doble hibrndo de levadura. Queda por
dilucidar si dichas interacciones ocurren realmente en condiciones fisioldgicas v si
tienen repercusion en el funcionamiento celular. En algunos casos se ha sugendo que
AF es capaz de unir a estas proteinas v diriginas al proteasoma para su degradacion
de forma independiente de ubiguitinacidn. De ser asi, éste podria ser un nuevo
mecanismo de accidn mediado de las poliaminas, afectando la induccidn de las A7 s,

las cuales podrian ejercer diversas funciones regulando proteinas concretas.

2.3.5. Inhibidor de antizima (AZIN) y otras proteinas homologas a ODC.

Afos después de la caractenzacidn de AZ, se descubnid una nueva proteina
implicada en este sistema de regulacidon de los niveles de poliaminas. Se trata de una
proteina capaz de desplazara ODC del complejo ODC-A7, recuperando la actividad la
enzima, por lo que fue denominada inhibidor de antizima (&2 1M (Fujita et al., 1982
AZIM es una proteina homdologa a ODC pero sin actividad enzimatica va que carece de
los residuos criticos para ello (Murakami et al., 19983 AZIMN, al igual que ODC, poses
el elemento de unién a antizima (AZBE), v es capaz de formar heterddimeros AZ-A7IN,
en este caso con mayor afinidad que ODC, por lo que puede liberar a ODC de su
unign con AZ [Kitani & Fujisawa, 1989, Murakami et al, 1988) Debido a su gran
afinidad por AZ, AZIM puede tambien inducir la captacion de poliaminas (Mitchell et al.,
2004, Keren-Faz et al., 2008). Recientemente se ha comprobado que AZIN tiene la
capacidad de interaccionar con las tres A7s conocidas (Mangold & Leberer, 2005, sin
embargo estos expernmentos sdlo demuestran una interaccidn fisica mediante
experimentos de doble hibrido de levadura v no gue AZIN pusda contramestar los

efectos funcionales de las distintas isoformas de A7,

A pesar de la homologia existente entre AZIN v ODC existen notables
diferencias entre ambas proteinas. En primer lugar, como hemos comentado AZIN no

posee actividad enzimatica. Ademas AZIN no es capaz de formar homodimeros ni

42



fntroduccion

heterodimeros con ODC (Albeck et al.,, 2008). Al igual que ODC, AZIN poses un
recambio metabdlico rapido, pero esta proteina es degrada por el proteasoma 285 por
un mecanismo clasico mediado por ubiguitinacion (Gandre et al., 2002; Bercovich &
kKahana, 2004, Kahana, 2007). Ademas la interaccion de AZ con AZIN no sdlo no
aumenta la velocidad de degradacidn de AZIN sino que la estabiliza, ya gue evita su

ubiguitinacion (Bercovich & Kahana, 2004

For otro lado, hay ciettos estudios que afimman gue AZIN puede ejercer
funciones relacionadas con el control del ciclo celular independientemente de su
interaccion con AZs (Keren-Faz et al |, 2006). De hecho |la sobreexpresion de AZIN en
distintos tipos celulares aumenta sU tasa de crecimiento e incluso induce suU

transformacion (kKeren-Paz et al., 2008, Kim et al., 2006).

Faralelamente a ODC, la expresion de AZIN parece estar relacionada con el
crecimiento celular, asi por egjemplo su expresicn se induce rapidamente en
fibroblastos estimulados para proliferar (MNilsson et al, 2000), vy se encuentra
sobreexpresado en tumores humanos (Jung et al, 20003 También se ha detectado
expresion del mensajero de AZIN en tejidos normales como higada, nfidn, pulmon vy
corazon (Murakami st al., 1996), donde presumiblemente contribuve a la homeostasis

normal de las poliaminas.

Mas recientemente fue clonado un nuevo gen humano homdlogo a ODC vy
AN, denominado ODC-like U ODCp gue se expresa especificamente en testiculo v
en cerebro (Pitkénen st al, 2001). La secuencia proteica de ODC-ike es un 24%
idéntica a ODC v un 45% identica a AZIN. El grupo de Pitkanen comprobd que ODC-
like no posee actividad descarboxilante de ornitina al ser expresada en un sistema in
vitro de reticulocitos, mientras que producia un pequerio aumento de actividad ODC al
ser transfectada en ceélulas CHO. Posterorments, el grupo de investigacidn de
Fegunathan afirmd gue este gen codificaba en realidad la enzima arginina
descarboxilasa (ADC) (Zhu et al, 2004), cuva existencia en mamiferos era v siglUe

siendo objeto de controversia.

La caracterizacion de este gen ODC-like, que se encuentra altamente

conservado en mamiferos, es el objefivo fundamental de la presente tesis doctoral.

Tras la secuenciacion completa de vanos genomas, se han encontrado otros
posibles genes pertenecientes a la familia de ODC. En el genoma humano se localizan
tres secuencias relacionadas con ODC v nueve en el genoma de ratén. Sin embargo,

aparentemente muchas de ellas son en realidad pseudogenes, que en algunos casos
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codifican para proteinas truncadas, sdlo ODC, AZIN v ODC-like estan conservadas

entre distintas especies.

3. FUNCIONES FISIOLOGICAS DEL SISTEMA ODC/POLIAMINAS.

Muchas de las funciones de las poliaminas estan sin duda mediadas por su
capacidad de establecer diferentes interacciones con las biomoléculas, v algunas de
estas funciones las hemos visto al principio de esta introduccian, como la proteccion
frente a radicales libres, la hipusinacion del factor eFI15A, o la regulacidn de ciertas
proteinas. Ahora, una vez descritas las principales proteinas gue regulan los niveles
de poliaminas, comentaremos una serie de procesos fisioldgicos mas generales en los

que este sistema jusga un papel muy importante

3.1. Crecimiento celular.

El crecimiento celular esta principalmente controlado por unas proteinas
reguladas ciclicamente, las ciclinas v las kinasas dependientes de ciclinas (cdks) La
activacién de estas cdks v sus comrespondientes ciclinas determina la apropiada
progresion del ciclo celular a sus diferentes fases (1, 5, G2 vy mitosis) Los niveles de
DDC v poliaminas también varian especificamente a lo largo del ciclo celular (Heby,
1981, Beftuzzi et al., 1999). A7 v S5AT también varian a o largo del ciclo celular,
contribuyendo a determinar los niveles de poliaminas. Aungue la relacidén entre las
poliaminas v las ciclinas no esta clara, se ha sugenido que las poliaminas podrian
regular la expresion o la degradacion de las ciclinas (Thomas & Thomas, 2001), v
concretamente la ciclina D parece ser una diana de A7 (Mewman et al., 2004 Dichas
variaciones en la expresion de algunas ciclinas podria estar mediada por el factar NF-
kB, el cual es rapidamente activado tras una disminucion de los niveles de poliaminas
(Pfeffer et al., 2001).

La necesidad de las poliaminas para el crecimiento celular se pone de
manifiesto en expenmentos en l0s que se induce Uuna deplecion de los niveles de estas
moléculas, provocada por ejemplo mediante el inhibidor de ODC, DEMO, provocandao
la detencion del ciclo celular v por tanto del crecimiento, que puede ser restablecido al
adicionar poliaminas exdgenas al medio de cultive (Marton & Pegg, 1889%) Se ha
sugerido que putrescina es esencial para que la célula no entre en la fase S de
sintesis de ADM. Y es que las poliaminas son esenciales tanto para la sintesis proteica
como para la sintesis de ADM (Fredlund & Oredsson, 1996a; Fredlund & Oredsson
19960b).
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Ademas existen diversas evidencias de gue las poliaminas pueden regular
numerosos genes relacionados con el crecimiento v la proliferacién celular. ¥ existe
ademas una clara relacion entre el incremento de los niveles de poliaminas o la
sobreexpresion de genes como ODC vy la apancidon o progresion de determinados tipos

de cancer.

3.2. Muente celular y apoptosis.

Clasicamente se ha pensado gue la funcidn fundamental de las poliaminas era
aumentar la tasa de crecimiento celular, actuando como factores de crecimiento
intracelulares (WWallace et al., 2003). Sin embargo, se han encontradoe multiples
evidencias de que las poliaminas pueden tambien inducir la muerte celular o apoptosis
(Mitta et al., 2002}

En condiciones normales el complejo circuito  autoregulatonio  explicado
anteriommente es capaz de mantener los niveles de poliaminas en el rango adecuado
para el mantenimiento o la proliferacion celular. Pero en ciertas circunstancias, los
niveles de poliaminas se pueden desregular provocando la muerte celular (Brunton et
al, 1990, Brunton et al, 1291} 0 en otros casos la transformacion celular (Auvinen et al |
19921

Las vias de sefalizacion que regulan los procesos de apoptosis o muerte
celular v proliferacion celular se entrecruzan v poseen muchos componentes comuneas.
Fortanto, no resulta extrafio que las poliaminas puedan participar en ambos procesos,

aparentemente opLUestos.

For un lado, es bien conocido gue un exceso de poliaminas, por gjemplo un
aporte exdgeno en medios de cultivo, puede resultar téxico para las células v causar la
muerte celular (Allen et al., 1979, Gahl & Pilot, 1979; He et al |, 1893, Poulin et al
1993). En algunos casos promoviendo la apoptosis celular (Tome et al., 1984, Tobias
& Kahana, 19395, Poulin et al., 199%; Xie et al., 1987). El mecanismo por el que las
poliaminas pueden producir la apoptosis puede ser directo (Brunton et al. 1881,
Mitchell et al. 1992, Alhonen ef al. 2000} o mediado por productos derivados de su
oxidacion (Farchment & Fierce 1989 Ha et al., 1957

Faradojicamente las poliaminas pueden promover la apoptosis, pero en
algunas circunstancias también pueden actuar como agentes protectores frente a ella
(Schipper et al., 20000 Asi se ha comprobado gue espermidina ¥ espermina tienen
efectos protectores frente a la apoptosis en diferentes tipos celulares como neuronas o

linfoma de células B (Harada & Sugimoto, 1997
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Fara mavor complejidad no sdlo unos niveles elevados de poliaminas pueden
resultar toxicos e inducir apoptosis, sino gue se ha demostrado que en algunos casos
la deplecidn de estas moléculas, especialmente espermmidinag v espermina, también
puede inducir una muerte celular programada (Tome et al | 1997 Fenning ef al., 1998,
Moffatt et al |, 2000, Mitta et al. 2001). Este efecto se ha achacado a la alteracidn de los
reguladores del ciclo celular p23, p21 v p27 (Kramer et al., 19299, Ray et al., 1999) o
tambien a la importancia de las poliaminas en la estabilizacidon de componentes

celulares como las membranas o la cromatina.

En resumen, tanto unos niveles elevados como unos niveles insuficientes de
poliaminas pueden inducir la muerte celular o apoptosis. De ahi la importancia del
complejo sistema gue garantiza su homeostasis. Aungue 05 mecanismos gue
conducen a la célula a sufir apoptosis pueden ser moltiples v no se conocen con
detalle, parece gue los efectos mediados por las poliaminas residen principalments en

el control del ciclo celular {(Schipper et al., 20007,

Faor su parte, en muchos casos, la actvidad ODC aumenta rapida v
marcadamente tras la induccion de la apoptosis (Donato et al, 1991, Grassilli et al
1991, Manchester et al., 1993, Desidero et al., 1995 Penning et al., 1995; Lindsay &
Wallace, 19997 El papel que puedes jugar ODC en &l mecanismo de apoptosis no esta
claro. Por un lado puede inducir la apoptosis al aumentar los niveles de poliaminas,
como demuestran algunos modelos en los que tratamientos con DEMO inhiben la
muerte celular (Fiacentini et al., 1991, Manchester et al., 1993; Maonti et al., 19398,
Fenning et al., 1998; Ray et al., 2000). ¥ por otro lado, se ha sugerido que ODC puede
ser un mediador directo de la apoptosis inducida por el proto-oncogén c-mye (Bello-
Fernandez et al., 1993, Packham & Cleveland, 1994,

3.3. Poliaminas y procesos de diferenciacion celular. Espermatogénesis.

Se conocen numerosos gemplos de procesos de diferenciacion en los que las
poliaminas estan implicadas. Un fino control en el contenido de las diferentes
poliaminas espacial y temporalmente puede ser critico para la diferenciacion de un
determinado tejido. Durante los udltimos afios nuestro grupo de investigacion ha
abordado el estudio de las poliaminas en diferentes procesos de diferenciacidn en
tejidos de mamifero. Determinando, por gjemplo, que ODC es un importante mediador
de algunos efectos mediados por LH en el desarmollo folicular v la luteinizacion
(Bastida et al., 2005, v puede tener un papel critico en &l proceso de estercidogénesis

y secrecion de progesterona por el cuempo lOteo (Bastida et al., 2002). Otro proceso
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crucial en el gue las poliaminas v ODC son reguladores esenciales, es el desarrollo
embrionario v placentario, tanto en vertebrados como invertebrados (Lowlkyist et al,
1980; Oka & Borellini, 1989, Zhao et al., 2008; Lopez-Garcia et al, 2008). Como lo
demuestra el hecho de gue la administracion de DFEMO, un inhibidor irreversible de
ODC, durante el penodo pre-implantacional resulta contragestacional (Fozard et al |
1980a; Fozard et al. 1980b; Galliani et al., 1983, Lopez-Garcia et al., 2008).

Especial interés tiene el estudio del sistema de poliaminas en el proceso de
espermatogénesis, donde los mecanismos reguladores de la homeostasis de
poliaminas parecen estar especialmente regulados por proteinas especificas, que no

Se expresan apreciablemente en otros tejidos, como AZ3 vy ODC-like.

La espematogeénesis es el proceso a traves del cual se producen
gspermatozoides viables a partir de espermatogonias precursoras en los tubos
seminiferos de los testiculos (Clermont, 1972, Oalkberg, 1958). En el testiculo se
pueden distinguir dos compartimentos: los tdbulos seminiferas, donde se encuentran
las células germinales en sus distintos estadios v las células de Sertoli; v el intersticio,
donde exsiten varios tipos celulares incluyendo las células de Leydig, productoras de

testosterona.

En mamiferos, la espermatogénesis es un proceso continuo de diferenciacion
celular en el que se distinguen tres fases principales: renovacion vy proliferacion de
espermatogonias, meiosis, v espermiogensasis. La espermiogénesis es la fase final

donde las espermatidas se diferencian hasta espermatozoides.

Diversos estudios han descrito una importante presencia de poliaminas v una
distribucion caracteristica de ODC vy poliaminas en los distintos tipos celulares en
testiculo (Macindoe & Turkington, 187 3; Qian et al., 1985 Shubhada et al., 1889, Tsai
& Lin, 198%) Se han determinado importantes variaciones en los niveles de actividad v
ARNmM de ODC durante el proceso de espermatogenesis tanto en rata como en ratdn,
encontrandose un pico de actividad durante la meiosis que disminuye posteriormente
en la fase de espermiogenssis (Alcivar et al, 1989 kaipia et al |, 1990 Shubhada et al
1989, Weiner et al., 1992) Por otro lado, ratones transgeénicos que sobresxpresan
ODC en testiculo, produciendo una gran acumulacion de putrescina, han mostrado
tener una fertilidad reducida (Halmekyto et al., 1991), demostrando la importancia de

una homeostasis adecuada de las poliaminas en el proceso de espermatogénesis.

La importancia de la homeostasis de poliaminas en el testiculo adgquirid mayor
consistencia tras el descubrimiento de una antizima especifica testicular, la AZL3

(lvanoy et al., 2000, Tosaka et al., 2000) Se comprobd que AZ3 se expresa
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especificamente en células haploides germinales, alcanzando sus niveles maximos de

expresion durante la espermiogénesis (vanov et al., 20007

La idea general mas aceptada &5 gue se reguieren unos niveles altos de
actividad ODC v poliaminas en las primeras fases de la espermatogensesis, v
posterormente, durante la espemiogénesis, es necesaro gue ocurra Una drastica

disminucion, gue podria estar mediada por la expresion de AL 3

Zomo hemos comentado anteriormente, recientemente se ha encontrado la
expresion un nuevo gen relacionado con las poliaminas, ODC-like, en cergbro v
testiculo (Pitkanen et al., 2001). 5u patrdn de expresidn temporal v espacial en los
distintos tipos celulares de testiculo, asi como suU posible relacion con el proceso de
espermatogénesis, no eran conocidos, v por ello su estudio fue uno de los objetivos

que nos planteamos para la realizacion de esta tesis doctoral.

4. IMPLICACIONES FISIOPATOLOGICAS DE LAS POLIAMINAS. MODELOS
TRANSGENICOS ¥ ENFERMEDADES HUMANAS.

Mdltiples modelos de animales transgeénicos gue sobreexpresan o bloguean la
expresion de genes implicados en la biosintesis v la requlacion de los niveles de
poliaminas han aportado mucha informacidn sobre las implicaciones fisiopatoldgicas
de estas moléculas. En muchos casos estas manipulaciones génicas causan fenofipos
muy similares a ciertas enfermedades humanas. Las poliaminas parecen estar
implicadas, entre ofros procesos, en tumongénesis, metabolismo lipidico, fertilidad
masculina v femenina, integrdad pancreatica, regeneracion hepatica, patologias del

sistema nervioso central v embriogensasis.

Mumerosas evidencias demuestran que las poliaminas v ODC juegan un papel
importante en el desarrollo de wvanos tipos de tumores. Como hemos comentado
anteriorments, se ha demostrado que la transfeccion de ODC o de AZIN en celulas en
cultivo es suficiente para que tenga lugar la transformacion maligna [Auvinen et al |
1992 Milsson et al., 2000) v ademas son numerosos los estudios que han encontrado
niveles elevados tanto de poliaminas como de ODC, AZIM v otros genes relacionados
en diversos tumores (Auvinen et al., 1997, Jung et al., 20007, Ademas, son muchos los
muodelos de animales transgénicos gque comroboran esta asociacidon entre poliaminas v
cancer. Asi, ratones que sobreexpresan ODC han mostrado una mavor predisposicidn
a padecer tumores. En muchos casos la mera sobreexpresion de ODC no es suficiente
para la aparicion de tumores espontansos (Alhonen et al., 1995), sin embargo, cuando

han sido sometidos a factores pro-cancerigenos adicionales, como carcindgenos
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guimicos o la sobreexpresion de ofros proto-oncogenes se ha puesto de manifiesto Ln
aumento de la predisposicion a sufrir diversos tipos de tumores (Megosh et al |, 1995,
O'Brien et al, 1897, Smith et al., 1998) Ademas, en determinados modelos de
sobreexpresion de ODC dirigida a la glandula mamaria aumenta la incidencida de

tumores de forma espontanea (Kilpelainen et al |, 20071

For otro lado, la reduccion de los niveles de poliaminas, conseguida mediante
administracion de DFMO, o mediante modelos  frangénicos, como  ratones
haploinsuficientes para ODC [+/~) 0 ratones que sobreexpresan A7 1, se ha encontrado
una menor susceptibilidad a la carcinogenesis, en modelos de piel (Feith et al | 2001;
Coleman et al, 2002 Guo et al, 2005), estomago (Fong et al, 2003) o linfomas
(Milsson et al, 20057

La sobreexpresion de SSAT, enzima implicada en el catabolismo de las
poliaminas, tiene una mayor repercusion en la alteracidn de la homeostasis de
poliaminas due la sobhreexpresion de QD v también produce en ciertos modelos
transgenicos una mayar sensibilidad a la tumongénesis en piel (Coleman et al., 2002)
o en modelos de cancer de colon (Fietild et al., 1997) Parece existir una especial
relacion entre el cancer de colon v SSAT. Asi cuando se cruzan ratones MIN (LN
modelo en el que se desarrollan adenomas intestinales debido a la mutacién del gen
supresor de tumores Apc) con ratones Anock-out para SSAT se reduce la

susceptibilidad de padecer dichos adenomas intestinales (Tucker et al |, 200%).

For todo lo expuesto, el sistema de las poliaminas v en concreto genes como
ODC, SAMDZ 0 53AT se han considerado como una importante diana terapeutica en
la terapia antitumoral. Por ello, desde hace varias décadas se han desamollado
multiples farmacos inhibidores de estas enzimas, habiéndose llevado a cabo con
algunos de ellos diversos ensayos clinicos. Hasta la fecha no se ha encontrado ningln
resultado completamente satisfactorio, aungue si ciertas evidencias de reduccién enla
progresion tumoral. Actualmente siguen desarrollandose nuevos ensayos clinicos,
basados especialmente en la administracion de analogos de poliaminas, que pueden
inhibir la biosintesis v la captacion de las poliaminas naturales mediante la induccidn
de AZs o por ofros mecanismos. Podemos encontrar una revision completa v
actualizada sobre estos aspectos en el trabajo de Casero & Marton, 2007, Quiza una
de las mayores limitaciones en las estrategias empleadas para deplecionar los niveles
de poliaminas es el desconocimiento del transportador de poliaminas a nivel molecular
v la no disponibilidad de inhibidores adecuados para la captacion de poliaminas

ex0genas.
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Comao hemos comentado anterormente, existen numerosos estudios sobre las
implicaciones de las poliaminas en diversos procesaos fisioldgicos en cerebro, en base,
fundamentalmente, a su capacidad de regular diversos canales idnicos v receptores de
membrana. Ademas, la acumulacion de putrescina, v otras poliaminas, en el SMNC se
ha relacionado con diversos tipos de patologias. Modelos transgénicos gque
sobreexpresan ODC no producen ninguna alteracion aparente en el SNC (Alhonen et
al., 199%), sin embargo estos animales parecen tener una mayor resistencia a
isquemia cerebral provocada en modelos de oclusion vy reperfusion (Lukkannen et al |
1995, Lukkarinen et al |, 1997 Lukkarinen et al., 1888). For otro lado, la sobreexpresion
de S5AT en el cerebro causa ciertas alteraciones, como hipomotricidad o retraso en &l
aprendizaje (Kaasinen et al., 2004) Se piensa gue la causa es la disminucidn de
espermidina v espermina, que son importantes agonistas de los receptores NMDA,
Milliams et al, 1989; Williams et al., 19900, implicados en diversas funciones

cerebrales, como la potenciacion a largo plazo o la memaria.

El pancreas tiene un especial interes en el campo de las poliaminas, va gue es
el tgjido de mamiferos con mayor contenido en poliaminas, en concreto en
espermidina v espermmina (Hamalainen, 1947 La funcion de este alto contenido en
poliaminas no es conocida, pero duiza tiene gue ver con la gran actividad de sintesis
proteica gue tiene lugar en este drgano. Ratas transgénicas que sobreexpresan SSAT
en este tejido sufren una pancreatitis necrotizante (Alhonen et al., 20003, De modo gue
parece gue unos allos niveles de poliaminas en pancreas son necesarios para suU

viabilidad v funcionamiento nomal.

Aunque es bien conocido gue tras una hepactectomia parcial, se produce una
regeneracion hepatica en la que es caracteristico la induccion temprana de ODC vy
elevacion de poliaminas (Janne, 1967, no se tiene una idea definiiva de las funciones
especifica de las poliaminas en higado. Ratas transgénicas gue sobreexpresan S5AT
en higado, reduciendo los niveles de espermidina v espermina, tienen afectado el
proceso de regeneracion hepatica de forma importante (Rasanen et al., 2002),
posiblemente por la limitacion de |a hipusinacion de elF54, factor necesario para la

proliferacion celular (Park et al., 1993).

A pesar de gue no existen muchos datos sobre el efecto de las poliaminas
sobre las enzimas del metabolismo lipidico, los estudios en modelos trangeénicos gue
sobreexpresan SSAT han mostrado manifestaciones fenotipicas muy evidentes, como

una muy llamativa pérdida de depdsitos grasos subcutaneos v viscerales. (Pietila et
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al, 1997, Kee et al., 2004). Se cree gue esta atrofia lipidica es consecuencia del gran
incremento del flujo metabdlico hacia la ruta de retrocorversion de poliaminas gue
provoca la deplecion de los niveles de acetil-Cod (Kee et al |, 2004, Kramer ef al |
2008), precursor de los acidos grasos. Estas alteraciones pueden conllevar desde

resistencia a insulina hasta una diabetes manifiesta.

La regulacion de los niveles de poliaminas a lo largo de la gestacion es muy
compleja v critica para el correcto desarrollo de la embriogénesis (Lowkwist et al., 1980;
Oka & Borellini, 1989, Zhao et al., 2008, Lopez-Garcia et al, 2008). Pruebas
indiscutibles de ello es que embriones deficientes en ODC o SAMDC mueren en el
estado de blastocisto, justo antes de la implantacion (Pendewville et al |, 2001; Mishimura
et al., 2002).

Como vimos anteriormente durante el proceso de espermatogénesis 105 niveles
de poliaminas se encuentran finamente requlados, v una gran sobreexpresion de ODC
en testiculo, con la consiguiente acumulacion de poliaminas, causa infertilidad
masculina (Halmekytd et al, 1991) Por otro lado en ratones transgénicos gue
sobreexpresan SSAT se ha visto alterada la fertilidad femenina, ya que se produce
una hipoplasia uterina v no se forma el cuerpo llteo en el ovario (Pietila e al., 1987).
Otros estudios refuerzan la idea de gue la regulacién de los niveles de poliaminas son
importantes en procesos necesanos para la ferilidad femenina (Bastida et al, 2002,
Bastida et al., 2005).

A pesar de todo lo comentado anteriormente, hasta la fecha se conocen pocas
patologias en humanos gue estén claramente relacionadas con alteraciones en la
homeostasis de poliaminas. En este sentido hay gue destacar gue posibles
mutaciones criticas en genes relacionados con el metabalismo de poliaminas, por un
lado podrian ser incompatibles con la vida v por otro lado podrian causar infertilidad v

portanto no ser transmitidas a la descendencia (Janne et al., 2005).

Mo obstante, se han descrito algunos casos, como ciertas mutaciones en el gen
de ODC, en gue aumenta la frecuencia de padecer hepatomas (Tamori et al., 1995 o
un polimorfismo de una sola base (SMP), en concreto A316G, en el gen de ODC,
asociado a la disminucion del nesgo de recurrencia del cancer de colon, proteccidn
gue se potencia sinergicamente con la administracion crénica de antiinflamatorios no

esteriodens, como aspirina (Martinez et al., 2003).

Otro ejemplo conocido, es el sindrome de Snyder-Robinson, ligado al

cromosoma Xy caracterizado por retraso mental, hipotonia v anomalidades dseas.
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Este sindrome se asocia a una mutacion en el gen de la esperming sintasa, gue
reduce su actividad drasticamente, v por tanto se reducen los niveles de espermina
(Cason et al, 2003). Espermidina puede compensar en gran medida la funcion de
espermina, v quiza por ello son compatibles con la vida. Sin embango, se piensa gue
los sintomas de esta enfermedad se deben a la falta de modulacion de los canales
rectificadores de potasio, por la deficiencia en espermina gue no serfa adecuadaments

sustituida por espermidina (Cason et al., 2003}

32



Antecedentes y Objetivos

ANTECEDENTES Y OBJETIVOS

33



Antecedentes y Objetivos

54



Antecedentes y Objetivos

Como se comentd antericimente, las poliaminas son moléculas esenciales paia
la vida en toda la escala filogenética, ya gue participan en multiples procesos
necesarios para la supervivencia y la proliferacion celular, diferenciacion o apoptosis,
entre otros. El interés de su estudio radica ademas, en la impoitante asociacitn
existente entie la desregulacion de la homeostasis de poliaminas y el desarrollo de

diversos tipos de canceres y otras patologias.

El control de la homeostasis de poliaminas es ejercido a distintos niveles de
una forma muy elaborada y rigurosa, ya gue intervienen decenas de proteinas,
muchas de ellas con actividad catalitica, pero otras muchas con acciones reguladoras

muy especificas y piopiedades muy singulares.

En mamiferos la biosintesis de poliaminas estd ampliamente estudiada y se
conoce con ceiteza gue la ruta desde el precursor arginina, incluye las etapas
catalizadas por las enzimas arginasa y ornitina descarboxilasa (ODC) que van a
producir putrescing, la diamina precursora de las poliaminas mayores espermidina y
espermina. En el giupo de investigacion "Bioguimica y Farmacologia de Poliaminas y
Aminoécidos" se ha venido estudiando desde hace afios tanto Ios procesos de sintesis
de poliaminas como su regulacion, asi comeo la paricipacion de esta via en la

utilizacion de arginina en diferentes tejidos de mamiferos.

Desde la década de Ios noventa, diversos estudios demostraron la existencia de
agmatina en tejidos animales (Has et al., 1895; Hegunathan et al., 1995; Loitie et al.,
1996; Otake et al., 1998; Satriano, 2000), e incluso se postuld la existencia de una ruta
alternativa para la produccion de putrescina independiente de ODC, y mediada por las
enzimas arginina descarboxilasa (ADC) y agmatinasa (Li et al., 1984; Li et al., 1985;
Lortie et al., 1996, Sastre et al, 1898). Nuestios estudios sobre este tema pusieron de
manifiesto gque aungue numerosos extractos celulares, procedentes de diferentes
tejidos de rata y raton eran capaces de liberar “COsa paitiy de arginina marcada con
", en ningun caseo pudo demostiarse la formacion del producto agmatina { Fefafiel et
al., 1988; Ruzafa, 2001; Ruzafa et al, 2003). Estudios complementarios LUtilizando
difluorometilarginina (DFMA), un inhibidor especifico de ADC de origen vegetal y
difluorometiloinitina {DFMO), inhibidor especifico de ODC, asi como otios inhibidores
de enzimas del metabolismo de arginina y ormitina vinieron a concluir gue la formacion
de ™CO; a partir de “C-arginina era el resultado de la accién concertada de arginasa
con ODC u omitineaminotransterasa, mas gue de la accion directa de una auténtica
ADC existente en mamiferos (Pefafiel et al., 1998; Ruzafa, 2001; Ruzafa et al., 2003;

Coleman et al,, 2004). Durante una década, ni nuestios estudios, ni Ios realizados por
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otros grupos fueron capaces de comwoborar la existencia de ADC en mamiferos, ni de
validar la expresion de ARNm de un cONA correspondiente a ADRC obtenido a partir de
ARNm de rifion de rata {Morrissey et al., 1895}, vy que tenia una alta homologia de

secuencia con ADC de E. cok.

La mayoria de los estudios sobre ADC de mamiteros, gue fueron llevados a
cabo fundamentalmente por el mismo grupo de investigacion, estaban sustentados
basicamente en el ensayo de actividad ADC por el método radiométrico que utiliza [1-
14C]—arg_:;inina como sustrato. Con dicho método se detectd actividad ADC en cerehio,
higado, rifion, endotelio vascular ¥y macrifagos, fundamentalmente (Li et al., 1954,
Lortie et al., 1896, Regunathan et al., 1886; S5astie et al., 18498; Hegunathan & Haeis,
2000). En base a estos estudios ADC de mamiferos se caracteriz como una enzima
mitocondrial, bastante inestable, ¥ con unos parametros cinélicos poco eficientes para
transformar arginina en agmatina, a las concentraciones fisiologicas de arginina
{(Regunathan & Heis, 2000). Aungue la existencia de esta enzima serviria para explicar
las concentraciones de agmatina halladas en los tejidos animales, habia que tener en
cuenta que la presencia de agmatina en tejidos animales podria tener su origen en la
agmatina presente en la dieta o en la flora bacteriana intestinal {Bardocz, 1993;
Nishimura et al., 2006).

Las técnicas de clonacion y secuenciacion individual de muchos genes de
mamifercs y la publicacién de los genomas humano y de ratén en los primeros anos
del siglo XXI, han proporcionado poderosas herramientas para abordar determinadas
contioversias bioguimicas, como la comentada anterioimente, desde una perspectiva
menos especulativa. En el afio 2001 se caracterizé un nuevo gen humano, homologo a
ODC, gue fue denominado ODC-like u ODCp, el cual se expresaba fundamentalmente
en cerebro y testiculo, pero sin llegar a caracterizarse el producto codificado por dicho
gen (Pitkanen et al., 2001). La constatacion posterior de la existencia de un gen
ortologo a ODCp en el genoma del vaton (NM_172875, GenBank), abifa la posibilidad
de poder estudiar la expresion y funcion de este nuevo gen en tejidos de raton, y de
testar su posible influencia en el metabolismo de poliaminas. For ello, el primer
objetivo planteado dentro de esta tesis doctoral fue el estudic de la expresion de
ODCp en raton por medio de experimentos de RT-PCH, y una vez demostrada su
expresion, lograr la clonacitn del gen muring y determinar, a través de su expresion en
células de mamiferos mediante experimentos de transfeccion transitoria, su posible

funcidn y sus propiedades mas importantes.

Al inicio de nuestro trabajo, el grupo de Hegunathan y col. desciibit la

clonacion y caracterizacion de un gen humano gue al expresarlo en cultivos celulares
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preseniaba actividad arginina descarboxilasa, por lo que fue denominado ADC {Zhou
et al., 2004). Sorprendentemente, dicho gen era totalmente idéntico al gen ODRC-like
humano, anteriocrmente caracterizado (Fitkanen et al., 20M), ¥ no presentaba
homologia de secuencia con las ADC conocidas en bacterias y plantas. Ademas,
aungue ODC-like posee una alta homologia de secuencia con ODC, carece de varios
residuos ciiticos para la actividad catalitica de las descarboxilasas de los aminoacidos
basicos conocidas (Kidion et al.,, 2007). Estos hallazgos sobre la actividad ADC del
gen ODC-like humano, no pudieron ser confirmados por otros (Coleman et al., 2004),

al expresarlo en E. cofi

Ante este estado de cosas, otro de los objetivos de nuestro trabajo se centrd en
determinar si entre las posibles funciones a estudiar de ODCp de ratdn se encontraba

la de actuar como descarboxilasa de arginina.

En nuestia opinién, otra de las posibles funciones de ODCp, a tenor de su
homologia de secuencia con el inhibidor de la antizima de ODC, seiia la de poder

actuar como proteina inhibidora de antizimas.
Con estos antecedentes, los objetivos del trabajo planteados fueron:

1) Estudio de la expresion del gen ODCp y otios genes relacionados con la regulacion
de los niveles de poliaminas (ODC, AZ1, AZ2, AZ3 y AZIN1T) en tejidos de ratdn.

2] Clonacion y secuenciacion del gen ODCp murino y analisis de su posible capacidad

enzimatica para descarboxilar ornitina o arginina.

Una vez que comprocbamos gue ODCp no poseia actividad enzimdtica, nos
propusimos testar su capacidad de actuar como una pioteina inhibidora de las

antizimas de ODC y sus posibles implicaciones tisiologicas:

3) Analisis de la capacidad de ODCp de interaccionar con las diferentes isoformas de
AZs y revertir sus efectos inhibitorios sobie la actividad ODC y la degracion de dicha

enzima.

4) Estudio de la influencia de ODCp en el sistema de captacion de poliaminas en

células de mamiferos.

5) Estudio de la localizacion subcelular de ODCp en células de mamifeio y en

comparacion con la localizacion de sus proteinas paralogas ODC y AZIN.

&) Estudio de la expresion celular y temporal de ODCp y olios genes relacionados en

relacion al proceso de espermatogénesis en testiculo de raton.
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1. Reactivos y Equipamiento.

Los reactivos utilizados en este trabajo fueron de grado analitico. Las
disoluciones fueron preparadas con agua bidestilada tratada con un sistema de
desionizacion MilliQ-Flus de “Water, hasta alcanzar una resistividad final de 18.2
MCcm.

Cada una de estas empresas suministrd los siguientes materiales, reactivos o
kits:
AGFA (| everusen, Alemania) revelador v fiiador fotografico.

Ambion (Austin, TX) hODC siEMNA, control negativo siRMA, EMAse Zap,
RMNAlater

American Radiolabeled Chemicals Inc. (St Louis, MO, USA) L-[U-%C}
Arginine (6.4 mCifmmol ).

Amersham Pharmacia/Ge Healthcare (Little Chalfont, UK ) ECL Plus YWestem
Botting Detection System, Hyperfilm ECL, reactivos de revelado v peliculas para
western-blot, “C-Putrescine (107 mCifmmol), ™C-Spermidine (112 mCifmmol), "™C-

Spermineg (113 mZiimmaol ).
AppliChem GmbH (Darmmstad, Alemania): TRIS, EDTA, SDS.
Applied Biosystems (\MVarrington, UK SYBR Green PCR Master
Mix, 98-well PCR plates and plastic covers.

Bio-Rad (Richmond, WA USA) Extra Thick Blot Faper Frotean XL Size,
FPrecision FProtein Dual Color Standars, acrilamida-bisacrilamida, TEMED, Gel Doc
1000, reactivo de Bradford.

Biotools (Madrid, Spain): Pis ADMN polimerasa.
Calbiochem (Darmstad, Alemania): lactacistina.

DAKO Corporation (Carpinteria, USA)  Immunofluorescence  mounting

medium.

Fermentas (inius, Lituania), Endonucleasas de restriccidn v estandares de

peso molecular para ADM.
llex Products Inc. (San Antonio, TX): 2-diflucrometilomitina (DFERO ).

Invitrogen Corporation (Cardshad, CA UsSA) DMEM, suero bovino fetal,

glutamina, penicilina/estreptomicina, tnpsina/EDTA,  Lipofectamina 2000, Library
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Efficiency DHSa chemically competent cells, Alexa 488-AntiRabbit conjugate, Alexa
565-AntitMouse conjugate, T4 ADN ligasa, pcADM3, Mitotracker.

Merck (Darmstadt, Alemania) sacarosa, acido acetico, etanol, isopropancl.
Millipore (Billenca, MA, USA): Immaobilon-F.

Movarek Biochemicals Inc [Erea, CA, USA]; L—[’I—“C]—Ornitina (4.7 mCiimmaol).
National Diagnostics (Atlanta, GA) Liguido de centelleo Ecoscint-H.
Pronadisa (Madnd, Espafia) Agarosa, Medio LE agar, Medio SOB.

Quiagen (Hilden, Alemania) Quiaquick Gel Extraction Kit, Qlaquick PCR

Furification Kit.

Santa Cruz Biotechnology (St Cruz, CA, LISA): anti- ratdn 196G conjugado con

peroxidasa, anti Erk2 policlonal, anticalnexina de congjo.

Sigma-Aldrich Co. (5t Louis, MO, USA) Ampicilina, kanamicina, monoclonal
de raton anti HA, monoclonal de ratén anti HA conjugado con peroxidad, monoclonal
de raton anti Flag M2, anti Flag M2 conjugado con peroxidasa, lgepal CA-B30,
Pmercaptoetanol (FME] albimina de suero bovino, gel de afinidad EZview Red AntiHA,
ZenElute HF Flasmid Miniprep Kit, GenElute HP Flasmid Maxiprep Kit, GenElute
mammalian total RMNA Miniprep Kit, persulfato de amonio, paraformaldehido, MMLY
transcriptasa reversa, Tag DMNA polimerasa, mezcla de indibidores de proteasas,

poliaminas no radicactivas, cicloheximida, ADC de E. coff.
Sigma Genosys (Cambridge, UK} cebadares.
Stratagene (La Jolla, CA, USA) QuickChange Site-directed mutagenesis Kit.
TPP (Trasadingen, Suiza): Matenales de plastico para cultivos celulares.

Los productos no  descritos  aqui, se  especifican en  los  apartados
correspondientes v la composicion de tampones que no se detallan en esta seccidn vy
que se subrayan en el texto, se encuentra recogida en el Apéndice | Asimismo, la
secuencia de los cebadores utilizados para RET-PCR, PCE a tiempo real v para
generar las diversas clonaciones v modificaciones génicas, se pueden encontrar en los

apartados comespondientes de los resultados.

2. Lineas y Cultivos Celulares.

El medio de cultive celular empleado en todos los casos fue DRMWEM

(Dulbecco’s Eagle Medium) ennguecido con un 10% de suero bovino fetal (SBF), 2
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mtl de glutamina, 100 U/ml de penicilina, v 100 pug/ml de estreptomicina. (DWMERM
Completo).

Los cultivos celulares se realizaron en distintos tipos de botellas o placas segln
lo mas idoneo en cada experimento v el crecimiento de las células tuvo lugar en un
Incubador ThermoQuest a 37° C, en una atmosfera saturada de humedad conun 5 %

de COsentodos los casos.

Las lineas celulares empleadas en este trabajo, fueron las células embrionarias
humanas, HERKZ93T, v las células renales de mong, COSY, proporcionadas por el
Senvicio de Cultivo de Tejidos (SACE, Universidad de Murcia).

Fara recoger las celulas primero se lavaron con PBS v posteriormente se
despegaron con un tratamiento de tripsina/EDTA de 5 minutos. Por ditimo se

centrifugaron a 40009 durante 10 min.

Fara la extraccion de proteinas, las células lavadas fueron resuspendidas en

tampon de solubilizacian celular. EI volumen utilizado de tampon fue de 200 Jl para

10°% células. Tras la resuspensién, las muestras se incubaron con agitacién vigorosa en
oscuridad, a 4° C durante 1h. Posteriormente se centrifugaron en una centrifuga tipo
Eppendorf, durante 20 min & 120009 v 4° C. Los sobrenadantes se recogieron para
determinar el contenido de proteina de los lisados celulares mediante el metodo de
Bradford. Como patrdn para obtener la recta de calibrado se utilizd BSA. En otros
casos, las células se resuspendieron en el tampdn isoténico (fampdn A), se
homogenizaron en un Polytron CH-8010 v posteriommente se centrifugaron durante 20
min a 120009 vy 4°C, obteniendo un sobrenadante citosdlico (512) v un pellet

membranoso-mitocondrial (P12,

3. Transfecciones transitorias.

Los experimentos de transfeccion transitoria se realizaron en células HEW293T,
gue expresan el antigeno T del virus 5Y40, lo que permite gue los vectores elegidos
se repliguen episomalmente. El reactivo de transfeccion utilizado fue la Lipofectamina
2000,

Habitualmente, se usaron placas de 6, 12 o 24 pocillos. Para placas de 12
pocillos v cuando las células estaban confluentes a un 80-90 % se affadieron 0.3 pg de
ADM plasmidofpocillo v 1-2 Wl de lipofectamina, para los otros tipos de placas se

usaron cantidades proporcionales. Tras afiadir la mezcla de transfeccidn e incubar
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durante £ h, el medio se sustituyd por 0.5 ml de medio completo, para gue las celulas

se recuperaran al menos durante 16 h.

4. Electroforesis analitica de proteinas.

Una vez solubilizadas las células v cuantificada |la proteina las muestras fueron

diluidas en tampdn de muestra (3x), con B-mercaptoetancl. La electroforesis en geles

de poliacrilamida en presencia de 505 (SDS-PAGE) se realizo mediante el sistema
discontinuo descrito por Lasmmli (Lagmmli, 18700 con algunas modificaciones, con
una cubeta Mini Protean 2 0 3 v una fuente de alimentacion 2000 Xi, ambos de BioRad.
El gel hacinador fue de aproximadamente 1 cm de altura, con una concentracién final
de acrilamida del 4 %, v el gel separador era de unos 6 cm de altura, con un
porcentaje de acrilamida del 10 % Los geles polimerizan por la accion del TEMED vy
del persulfato amdnico sobre una disolucidén de acrilamida vy bisacrilamida. El wolumen
maximo de muestra aplicado en cada calle fue de 28 ul, con una cantidad de proteina
celular comprendida entre 5 v 30 pg. El tampdn de recomdo se describe en el

Apendice |

La intensidad de cormente aplicada durante la electroforesis fue 15 mAfgel
hasta que la muestra entrd en el gel separador v posteriormente de 25 maAJjgel. A
continuacian, se detuvo la comiente, v se procedid a la deteccion inmunoguimica de
las proteinas separadas por peso molecular, mediante Transferencia \vestern
(Wvestem-Blot)

5. Transferencia Western.

La presencia v cantidad de detemminadas proteinas en células previamente
transfectadas, se analizd mediante transferencia ‘yestern utilizando anticuerpos
especificos (Tabla 1). Una vez finalizada la electroforesis en condiciones reductoras, &l
gel fue incubado en tampdn de transferencia durante 10 min v transferido a una
membrana de PYDF de 045 um de tamario de poro, previamente tratada segun las
instrucciones de la casa provesdora. Fara ello utilizamos una unidad de transferencia
semi-seca de Bio-Fad. Tras 1 h de transferencia a 22 v, la membrana se blogued
durante 1 h a temperatura ambiente en agitacion orbital suave, con leche desnatada
en polvo al 5 % en FBS. Posteriormente, se incubd durante toda la noche a 4°C en
agitacion orbital suave con el anticuerpo primario en el tampodn de unidn mas idoneo

(Tabla 1). Finalizada la incubacién, la membrana fue lavada tres veces con Tampdn de
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lavado v a continuacion, cuando fue necesaro, se incubd a temperatura ambiente
durants 1 h con el comespondiente anticuernpo secundario utilizando el mismo tampan

de unidn que en la incubacion anteror (Tabla 1).

Antes del revelado, la membrana fue lavada de nuevo tres veces. Fara
revelarla se empled el kit de quimioluminescencia ECL Plus siguiendo las
instrucciones del fabricante. La emisidn se registrd en una pelicula de automradiografia
Hyperfim ECL en una camara oscura. Fara su revelado se emplearon liguidos de
revelado vy fijacion. La cuantificacion se realizd con el programa Imaged (MNational

Institutes of Health, Bethesda, MA, USA) previa captacidn v digitalizacidon de la imagen.

La homogeneidad de la carga total de proteinas en las distintas calles del gel
se comprobd mediante la incubacion de la membrana con el anticuerpo «-Erk2, que se
une especificamente a la MAP guinasa Erk?2. Para ello, a la membrana se le realizd un
tratamiento para despegar el primer v segundo anticuerpo utilizados anteriomments.
Este consiste en un lavado de 10 min con NaOH 05 M vy otro lavado de 10 min con
agua destilada, ambos en agitacidn vigorosa, Una vez terminados los lavados, se

repite el blogueo v la incubacidn con los anticuemos v posterior revelado.

Anticuerpo Dilucién Anticuerpo Dilucion Tampon de

Primario Secundario Unidn

(Santa Cruz)

anti FLAG-HRP 15000 | e | e 0.1% Tween 20
(Sigma-Aldrich) en BBS
anti HA-HRP 120000 | e | 0.1% Tween 20
(Sigma-Aldrich) en BBS
anti-AZ IN2 1500 | ceconejo-HRP | 1:10000 | 0.1% Tween 20
(Sigma-Aldrich) en 183
o-Erk2 1:7500 a-conejo-HRP 110000 | 0.1% Tween 20
en PES

(Santa Cruz)

Tabla 1. Anticuerpos utilizados en ensayos de Westemn. Se especifica para cada anticuerpo
primario, 1a casa comercial, 1a dilucion empleada, €] anticuerpo secundatio empleado (51 fuera
necesario) y su dilucion empleada, asi como el tampdn de unidn en €] que se incuba, gue es el
mismo uiilizado para su anticuerpo secundario respectivo.
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6. Experimentos de Inmunoprecipitacion.

Fara los experimentos de inmunoprecipitacidn, se utilizaron aproximadamente
0.5 % 10° células que s lavaron dos veces con PBS v se lisaron en 100 pl de tampan

de solubilizacion .

Las inmunoprecipitaciones se llevaron a cabo con EZview Red Anti HA Affinity
Gel tAnti HA affinity gel). En esta resina de afinidad, el anticuerpo anti-HA esta unido

covalentemente a las particulas de agarosa gue ademas estan coloreadas en rojo.

Frevio a su utilizacidn en cualguiera de las etapas de la inmunoprecipitacian,
las suspensiones de Anti HA affinity gel, se lavaron tres veces con tampdn TEBS v se
resuspendieron en el mismo volumen del tampdn que habia inicialmente en dicha
suspension. Las incubaciones descritas a continuacion se realizaron siempre en

camara fria v con agitacion orbital.

Los extractos celulares solubles se incubaron directamente con 20 pl de 1a
resina de afinidad durante al menos 1h. Transcurmdo ese tiempo, las muestras se
centrifugaron 1 min a 8200g vy el precipitado resultante se lavd 5 veces con 500 pl de

TES frio.

Fara eluir la proteina inmunoprecipitada, las muestras se resuspendieron en 24

plde tampén de muestra 3x con BME v se incubaron 30 min a temperatura ambiente.

Finalmente, se centrifugaron las muestras v se recogid el sobrenadante, se cargd en

un gel para electroforesis SD5-FAGE v se realizd |a transferencia Wyestem.

7. Clonacion y Construcciones Génicas.
7.1. Clonacitn de ODCp, ODC, AZIN, AZ1, AZ2 y AZ3.

Las regiones codificantes (ORFs) de los genes ODCp, ODC, AZ1, AZ2, AZ3 vy
AZIM munnos fueron clonadas en el plasmido de expresion pcDMNAZ mediante
protocolos habituales (Sambrook et al., 19820, Los ORF completos fueron amplificados
a partir de ADNc de diversos tejidos mediante cebadores especificos, disefiados para
contener dianas de enzimas de restriccion en sus extremos, adecuadas para su
clonacion en el poldinker del pcDMAZ, Los productos de amplificacion {obtenidos
mediante la polimerasa de alta fidelidad Phrs) fueron purificados mediante QlAquick
FCR Purification Kit {Quiagen) o extraidos de un gel de agarosa mediante Quiagquick
el Extraction Kit (Quiagen) v posteriormente digeridos con las enzimas de restriccion
correspondientes (Fermentas), bajo las condiciones recomendadas por el fabricante. A

continuacion se realizaron las ligaciones del inserto v el vector digendos, usando la T4
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ADM ligasa (Invitrogen) a 17°C durante toda la noche. En la ligacion se utilizd una
relacion molar de insertofector 501 Aproximadamente 10 ng de la ligacion fueron
transformados en la células competentes DHSa £, coff (Invitrogen) mediante un
choque témmico de 4% segundos a 42°C . Las bacterias fueron sembradas en placas de
agar con ampicilina v las colonias resultantes fueron crecidas en medio LB para
posteriormente extrasr el plasmido recombinante mediante el GenElute HP Flasmid
Miniprep Kit (Sigma). Los clones obtenidos fueron secuenciados mediante el
analizador genético ABl PRISM 310 en el Servicio de Apovo a las Ciencias

Expernmentales de la Universidad de Murcia.

7.2. Generacion de construcciones genicas de ODCp, ODC y AZIN con el epitopo
FLAG.

Los clones de ODC, ODCp v AZIN fueron fusionados a la secuencia gue
codifica para el epitope FLAG (péptido DYKDDDDRK), para su adecuada deteccidén
mediante anticuerpos comerciales. Para ello disefiamos un oligonucledtido sintetico de
doble cadena, gue codificara para este epitopo con los extremos cohesivos para poder
ser insertado en el lugar adecuado de los clones de interés digerdos con enzimas de
restriccion. Primero, se realizd el "annealing” de dos oligonudedtidos monocatenarios
("forward” y “rewerse”), mezclando 1 nmol de cada uno en 100 gL de agua,
incubandolos a 95°C durante 5 min v dejandolos enfiar a temperatura ambiente. A
continuacidn, 1 WL de la mezcla fue insertado en los clones de ODC, ODCp o AZIN
adecuadamente digeridos mediante ligacion v los posteriores pasos  descrtos
anteriommente, de forma que el epitopo FLAG se guedd fusionado al extremo M-

terminal o Cterminal de las proteinas.

7.3. Mutagénsis dirigida. Generacion de AZs con la eliminacion del codén stop

prematuro.

Fara conseguir la expresidn de las formas completas v funcionales de las
antizimas sin necesidad de que ocurra &l mecanismote frameshift dependiente de la
concentracion de poliaminas, generamos formas mutadas de los clones de AZs (MAZST,
MaZZ v MAZZ) con la delecion del coddn stop prematuro, mediante el disefio de

cebadores adecuados v usando el kit de mutagenesis dingida QuickChange XL,
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7.4. Generacion de construcciones genicas de MAZs con el epitopo HA.

Los clones de las antizimas mutadas (MAZs) fueron fusionados al epitopo HA,
(hemaglutinina), en este caso se disefiaron cebadores para amplificar de nuevo &l
DRF de las distintas MAZs que contenian la secuencia que codifica para el epitopo HA
Los fragmentos amplificados, que contenian el ORF, la secuencia del epitopo HA v las
secUencias diana de las enzimas de restriccion apropiadas, fueron clonados como se

ha descrito anteriomente.

Dtras construcciones con fusion a otros epitopos o a la proteina GFF, asi como
diversas delecciones del clon de ODCp (o AZIMN2) fueron generados mediante
procedimientos similares. Las estrategias concretas v los cebadores Ltilizados en cada

caso estan descritos en los apartados comrespondientes en los capitulos de resultados.

8. Microscopia Confocal.
8.1. Tincidn inmunogquimica.

En todos los casos se utilizaron células sembradas en monocapa sobre
cubreobjetos colocados en placas de 24 pocillos. La tincidn se realizd tanto en células
HEKZ93T v COSY transfectadas transitoriamente.

Las células se lavaron con PES, previamente a su fijacién con 200 pl de
paraformaldehido al 4% en PES, durante 10 min. Después de 2 lavados con FBES, se
incubaron al menos 20 minutos con glicing 20 mM en PBES para blogquear los grupos
amino libres. Para la tincion de proteinas intracelulares, las células se permeabilizaron
con lgepal CAB30 al 0.5% en PBES, a temperatura ambiente durante 15 min,
previamente a la incubacion con el anticuerpo primario comespondiente (Tabla 2). Tras
30 min de incubacian, se lavaron las celulas con PES-BSA 1%, 3 veces durante 5 min
y se afiadid el anticuerpo secundano comespondientes, durante otros 30 min. Tras la
incubacion, las preparaciones se lavaron de nuevo 3 veces con PBS-BSA 1%, v tras
refirar el exceso de liquido, los cubreobjetos se montaron sobre portacbjetos, para ello
se usaron 3 W de medio de montaje para fluorescencia. Tras el secado del medig
sobrante, se sellaron los cubreobjetos con laca de ufas, guedando preparados para su

observacion.

Fara el marcaje mitocondnal las células se incubaron con Mitotracker
(Imvitrogen) a una concentracion de 500 nh en el medio de cultivo durante 30 min

antes de ser fijadas.
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8.2_ Adguisicion de Imagenes.

Las imagenes fueron captadas mediante un microscopio de fluorescencia
confocal True Confocal Scanner TCS-5P2 de Leica. Las imagenes representan
multiples series de cortes transversales en el gje 7, adgquiridos a intervalos de entre 0.1
y 0.5 um, desde el polo supenor hasta el inferior de la célula, o bien imagenes de una
sola seccion en diferentes niveles del gje 7. Las secciones se obtuvieron a través de
un objetivo de 63X en aceite de inmersidn, con una apertura nUmMEanca nunca inferior a
09 ni superior a 1.2 La comecta adguisicién de imagenes para una posterior
colocalizacidn requind que la seleccidn de los filtros fuera la iddnea v gue la emisién
espectral de los fluorocromos usados estuviera suficientemente separada para evitar
el fendmeno de cruce de sefales o "crosstalking”. Otro de los requisitos importantes
fue que la intensidad de fluorescencia del fondo fuera minima v la intensidad de
fluorescencia de la muestra no estuviera saturada. Para los estudios de colocalizacion,
la toma de las imagenaes de una misma seccion marcada con diferentes colores se
realizd de manera secuencial para cada color y ambas imagenes fueron adquiridas en

condiciones espaciales idénticas.

Anticuerpo primario Dilucion Anticuerpo secundario Dilucian

(Invitrogen)

anti FLAG 1.7000 ce-raton conjugado con 1:400
(Sigma-&ldrich) Alexa 568

anti HA, 1. 7000 c-ratén conjugado con 1:400
(Sigma-&ldrich) Alexa 568

c-calnexina 1:1500 a-Conejo conjugado con 1:400
(Santa Cruz) Alexa 488

Tabla 2. Anticuerpos utilizados en los ensayos de inmunofluorescencia. Se especifica para cada
anticuerpo prirmario, su procedencia, 1a dilucion empleada, €] anticuerpo secundario empleado ¥
su dilucion. Todas las incubaciones con los anticuerpos fanto primario como secundario se
realizaron en PES-BS A 1%.
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9. Animales. Manipulacion y Obtencion de Tejidos.

Los ratones Swiss CD1 fueron proporcionadas por el Servicio de Animales de
Laboratorio de la Universidad de Murcia. Todas las manipulaciones de animales se
realizaron siguiendo las normativas ED 2231888 v 1201/2005.

Los animales permanecieron en habitaciones termostatizadas a 22°C, con una
humedad del 50% v ciclos de luz-oscuridad de 12 horas, con libre acceso al agua v
recibiendo ad fbittm alimentacion estandar de laboratono excepto los animales con

dietas especiales.

Los animales fueron sacrificados mediante dislocacidén cervical. Los tejidos
destinados a la extraccion de ARMN fueron extraidos con material guirdrgico tratado con
FEMAse Zap de Ambion.

10. Determinacion de la actividad ODC y ADC.

Fara la determinacion de la actividad ODC se utilizo el método de captura de
Dy producido por la descarboxilacion del sustrato L—[1—14C]—omitina, (Russell &
Snyder, 19688]). Las células fueron homogensizados por medio de Polytron CH-6010
(kriens-Luzem, Suiza) en Tampon A& El extracto crudo obtenido se centrifugd a
12000xg en una centrifuga Biofuge A (Herasus Sepatech GmbH, Alemania). La
fraccion citosdlica (512 v el pellet membranoso-mitocondnal (P12) fueron usados para

la determinacion de la actividad enzimatica.

La reaccidn enzimatica se llevd a cabo en tubos de vidrio de 10 ¢cm. de longitud
en los cuales se introdujeron 50 wl de 512 o del P12 resuspendido en un volumen
proporcional de tampdan A La reaccion se inicid afadiendo 12.5 pl de la dilucion de
sustrato radiactivo. EI tubo se cernd con un tapon de goma a cuya parte inferior se
habia fijado un alfiler con dos discos de papel VWhatman 3MM de 06 cm. de diametro
impregnados con 20 wl de una disolucién 1.1 de cloruro de benzetonio y metanol La
reaccion enzimatica se incubd a 37°C durante 30 min v se detuvo con la adicion de
400 pl de acido citiico 2M & través del tapon de goma con una jeringa sin tocar los
discos de papel. Los discos se introdujeron en tubos gue contenian disolucidn de
centellen (15 g de PPO v 50 mg de dimetil-POPOF por litro de tolueno) v la
radiactividad se midid en contador Tr-Cart 2800TR de centelleo liquido (Perkin Elmer,

LSAY. La actividad ODC se expresd en nmaoles de CO» por hora v mg de proteina.
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La actividad ADC fue determinada mediante un protocolo similar, usando como
sustrato radicactivo L—[U—“C]—arginina y un tampadn de distinta composicion, el Tampdn
B.

11. Ensayo de captacion de poliamina.

Las celulas fueron sembradas en placas de 24 pocillos v crecidas durante dos
dias hasta alcanzar aproximadamente el 80% de confluencia. Entonces, las células
fueron transfectadas o ensayadas directamente para la captacion de poliaminas. Se
lavaron con DMEM solo (sin suera), para eliminar las posibles trazas de suero, gue
pueden inhibir la captacion de poliaminas, posternormente se inicid el ensayo de
captacion mediante la adicidn de poliaminas radioactivas (14(3—putresoina, espermidina
0 espermina) a una concentracion de 2 M en DMEM solo. Se realizaron incubaciones
durante diferentes periodos de tiempo (normalmente 30 min) a 37°C v posteriormente
las celulas fueron lavadas 2 veces con PES frio. A continuacidn se les afiadid tripsina
Y se incuburan 30 min a 37°C para conseguir la lisis celular. Por dlitimo a los lisados se
les afiadid 3 mL de solucion de centelleo Ecoscint-H, se agitaron v la radioactividad fue
medida en el analizador Tri-Carb 2900 TR [Perkin Elmer).

La posible acumulacion no especifica de poliaminas ue determinada mediante
incubaciones similares a 4°C, valores que fueron restados a la acumulacion total para

calcular la captacion especifica de poliaminas.

12. Determinacion de Poliaminas.

Fara la determinacidn de poliaminas se usd el método de Seiler (Seiler, 1983,
con ciertas modificaciones (Valcarcel, 1988). El método consta de wvarias etapas:
extraccion, desproteinizacidn, dansilacién, separacion vy  cuantificacion de  las
poliaminas dansiladas por HPLC . Las celulas se homogeneizaron en acido percldnco
04M en proporzion 12 a 1.4 mediante Polyvtron CH-8010. El extracto obtenido se
centrifugd durante 10 min a 12000 rpm v el sobrenadante se ulilizd para la
determinacion de poliaminas totales. A 200 pl del sobrenadante se le afadisron 50 pl
de una disolucién de hexanodiamina 0.2 mM como patrdn interno. A 100 pl de esta
mezcla se le afiadieron 200 w de disolucidon de carbonato sadico saturada v 400 pl de
una disolucidn de cloruro de dansilo en acetona (10 mg/ml), dejando transcurmr la
reaccion toda la noche en la oscundad. Pasado este tiempa, los derivados dansilados
se extrajeron afiadiendo a la mezcla de reaccion 1.5 ml de tolueno, agitando en Yortex

y centifugando para separar las dos fases, tras lo cual se separo 1 ml de fase
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organica v llevd a seguedad mediante evaporacion en wacio con Speedvac
Concentrator (Savant Instruments Inc. Farmingdale, MY, USA) El residuo se redisolvid
en 100 Wl de acetonitrilo/metanaol [3:2)

La separacion de poliaminas dansiladas se realizd mediante cromatografia
liguida de alta resolucion (HFPLC), usando un cromatagrafo VWaters 510 (Millipore
Corporation, Milford, Mass., USA) Se utilizd una columna de fase reversa de
octadecilsilano (10RP-C18 Licrosorb, Merck) de 4 6x 250 mm, v como fase maovil un
gradients lineal de acetonitnlo:metanol (3:2) v agua (relacion inicial 5743, relacidn final
1000 a los 40 minutos). El tiempo de andlisis fue 40 minutos v la temperatura de la
columna de 32°C. La deteccidn de las poliaminas dansiladas se realizd mediante un
detector de fluorescencia Waters 420-4C (Millipore).

Los calculos de las concentraciones se realizaron dividiendo el drea de los
picos del cromatograma entre el area del patron intemo v entre el factor de respuesta

de cada poliamina y teniendo en cuenta la dilucién del patron v de la muestra utilizada.

13. Extraccion, Purificacion y Cuantificacion de ARN.

La extraccion de ARMN se realizd mediante el GenElute mammalian total RMNA
Miniprep Kit (Sigma), de acuerdo a las instrucciones del fabricante. Easicamente, los
tejidos frescos o conservados en RMAlater se homogeneizaron mediante un Folytron
CH-B6010 en 500 pl de solucién de lisis v 5 pl de mercaptoetanol. El extracto se
centriiugd en columnas de fitracion durante 2 minutos, tras lo cual se recogid el filtrado
y se diluyd con etanol 0% en proporcidn 1:1. Esta mezcla se pasd a columnas de
retencidn de silice v se centrifugd durante 15 segundos. Se eliming el filtrado v se pasd
por el filtro 500 pl de disolucién de lavado 1 centrifugando durante 15 segundos. La
misma operacion se repitid dos veces con disolucion de lavado 2 (la segunda vez se
centriiugd durante 2 minutos). Para la elucion del ARM retenido en el filtro se pasaron
50 pl de disolucion de elucién v se centrifugd durante 1 minuto. La disolucion de ARNMN

se congelo a —70"Ciras la determinacion de la concentracidon de ARMN.

Fara la determinacion de la concentracidon de ARN se diluyd una alicuota del
extracto de ARM 50 veces en agua v se determind la concentracion mediante la lectura
de la absorbancia a 260 nm con un espectrofotdmetro Gene Guant (Pharmacia
Bictech, Cambridge, Eeino Unido). La pureza del ARM se determindg mediante la

relacidn entre las absorbancias a 260 v 280 nm.
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14. Sintesis de ADNc, Amplificacion por RT-PCR y Analisis de los productos

obtenidos.

La sintesis de ADN complementario se realizd en un volumen total de 20 pl La
reaccion se realizd sobre un molde de 5 ug de ARM al que se le afadid 1l de Oligo
dT 100 ph, 1 Jl de dNTP Mix 10 mi v el agua libre de nucleasas requerida. La
mezcla resultante se incubo durante 10 min a 75°C para la desnaturalizacion del ARM.
A continuacion se enfrido a temperatura ambiente v a la mezcla anterior se le anadieron
2 Hl de tampdn =107 v 1l de transcriptasa reversa MMLY. La mezcla de reaccidn se
incubd a 37°C durante una hora, tras lo cual, se desnaturalizd la transcriptasa reversa

calentando a 90°C durante 10 min.

Fara la amplificacion de fragmentos especificos de ADMc se utilizaron
cebadores disefiados especificamente para cada gen a estudiar. La PCR se realizé
con 0.9 pl de ADMe al que se le afadieron 0.8 Wl de fag ADM palimerasa, 0.8 Wl de
dNTF Mix (2.5 mM), 2 gl de tampdn (10x), 0.6 Yl de una mezcla de los cebadores
"forweard” v “reverse” 100 pM para cada uno vy agua libre de nucleasas hasta un
volumen de 20 pl. Se usd un termociclador Mastercycler (Eppendorf, Hamburgo,
Alemania)l con un programa de 2% ciclos que constaron de una  fase de
desnaturalizacion de 1 min a 90 °Z, una fase de "annealing” de 1.5 minutos a
temperatura variable dependiendo de la Tm de los cebadores v una fase de
elongacion de 2 min a 72 °C. Al final del proceso de realizd una fase de elongacién

durante 10 min para completar la sintesis de posibles fragmentos incompletos.

El analisis de los productos obtenidos por RT-PCRE se realizd mediante
electroforesis en gel de agarcsa al 2% en tampdn TAE (TRIS base 0.04M, acido
acetico 0.040, EDTA 0.001M, pH 8). A la mezcla de reaccion se le afadieron 4 pl de
tampdn de canga (Sx). La electroforesis se realizd durante 35 minutos a 110 V. El gel
se reveld con bromuro de etidio (2 pg/ml) durante 15 minutos tras lo cual se introdujo
en un transiluminador ultravicleta para el analisis v cuantificacion de las bandas

ohtenidas mediante la aplicacion Gel Doc (BioRad ).

15. PCR cuantitativa o PCR a tiempo real.

El analisis de la expresion genica mediante PCR a tiempo real se realizd con el
mismao ADMc utilizado para PCRE semicuantitativa. Los cebadores usados se disefiaron
para amplificar secuencias de 100 pb aproximadamente situadas entre dos exones,
hibridando el cebador "forward” en la zona de union de dos exones para evitar la

amplificacion de un posible ADM genomico contaminante. La reaccion se realizo en
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placas de PCR de 96 pocillos con 125 ul de la mezcla SYER Green PCR Master Mix
en unwvolumen total de 25 pl El volumen total se completd con 2.25 gl de la mezcla de

cebadores a una concentracidn de 100 ph, 0.5 Yl de ADMNC v agua libre de nucleasas.

La PCR en tiempo real se realizd en un equipo 7500 Real Time PCR de
Applied Biosystems MWarrington, UK. El protocolo usado para la PCR fue el siguiente:
1 ciclo a 95%C durante 10 minutos, 40 ciclos a 95°C durante 15 segundos v 60°C
durante 1 minuto. La recogida de datos de fluorescencia se realizo en cada ciclo v el
analisis de estos datos se efectud con la aplicacidn 7500 505 Software de Applied
EBiosystems. La cuantificacion de la expresion genica se realizd mediante el calculo del
ciclo de corte (Ct) para un umbral de fluorescencia dentro de la fase exponencial v su
relacidn con el Ctde un gen control (Factina). Fara descartar posibles amplificaciones
multiples con las mismas parejas de cebadores se realizd una curva de disociacion. La
existencia de un solo pico en esta curva excluyve la posibilidad de dos productos en la

mezcla de reaccion con distinta temperatura de fusian.

16. Inmunohistoquimica.

Los testiculos de ratones adultos fueron extraidos v fijados en formalina al 10%
en PES durante 10 horas. Después de varios lavados en PES, las muestras fueron
procesadas, incluidas en parafina v cortadas en secciones transversales de S Uum. Las
secciones fueron sometidas a una técnica de dos pasos. Fueron desparafinizadas en
xileno e hidratadas en series graduales de etanol. La actividad peroxidasa enddgena
fue blogueada mediante el tratamiento previo con peroxido de hidrogeno al 0.5% en
metanol durante 20 min. Las secciones se lavaron 3 veces en PES durante 5 miny a
continuacian fueron incubadas con suero porcing (1:100) durante 20 min, vy después se
incubaron con el anticuerpo policlonal anti-AZIN2 (1:100) a 4°C toda la noche.
Despues de tres lavadaos en PES, las secciones fueron incubadas con inmunoglobulina
anti-conejo conjugada con biotina (DAKD MNorth America Inc., Campintera, CA) (1:250)
durante 20 min. Después de otros 3 lavados con PBS, se afadid el complejo avidina-
bigtina-peroxidasa (ABC Kit VECTOR, Vector Laboratorios Inc., Burdingame, CA) v se
incubd durante 20 min. El revelado se realizéd con 3.3 diaminobenziding al 0.05% v

perdxido de hidrégeno al 0.015%.

17. Hibridacion in situ de ARN.

En primer lugar se tiene gue llevar a cabo la obtencidn de sondas de ARN

marcadas con digoxigeninag. Las sondas para ODC v AZINZ se disefiaron, debido ala
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alta homologia de estos genes, frente a las secuencias 2' no codificantes (3" UTR),
Zonas con menor conservacion entre genes homdlogos. Se amplificaros mediante
FCE con cebadores especificos las secuencias seleccionadas, que contenian dianas
de restriccion para EcoR| y Xbal, v fueron clonadas en el vector pcDNAZ  El vector fue
lineanzado mediante digestion con EcoRl v la rbosonda antisentido fue sintetizada
usando la enzima SPE (Fromega, CA, USA), en presencia de 11-UTP-digoxigenina v
posteriormente  purificada mediante columnas de purificacion de ARM  (Roche,
Indianapolis, USA). La sonda para A7Z3 se obtuvo del mismo modo, pero en este caso

se dingid frente a toda la secuencia codificante del gen.

Los animales fueron anestesiados vy postenorments  perfundidos  con
paraformaldehido al 4% tamponado en PES. Los testiculos fueron fijados en
paraformaldehido al 4% a 4°C toda la noche. Después fueron deshidratados en series
de metanol (25-100%), incluidos en un blogue de parafina v se realzaron secciones
transversales de 100 pm con el vibratomo. Las secciones fueron rehidratadas en
series de etanol (100-25%) El protocolo de la hibrndacién con la ribosonda marcada se

encuentra detallado en el apéndice.
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CAPITULO 1

El gen ornitina descarboxilasa-like (ODCp) murino codifica una proteina
inhibidora de antizimas (AZIN2) carente de actividad ornitina y arginina

descarbozxilasa.

RESUMEN.

Drnitina descarboxilasa (ODC), enzima limitante de la sintesis de poliaminas,
gs LUna proteina labil que es regulada mediante su interaccion con las antizimas (AZ5),
una familia de proteinas gue se inducen por poliaminas. Recientemente, se clond un
nueyo gen humano homalogo a ODC, llamado ODC-like u ODC-paralogo (ODCp), sin
embargo estudios gue trataban de determinar su funcién han aportado resultados
contradictorios. En nuestro laboratorio, hemos clonado el gen de ratén ortdlogo al gen
ODCp humano, v hemos estudiado su expresion v posible funcién. Bl ARMNm de ODCp
murng fue detectado en cerebro vy testiculo, mostrando un patrén de expresion
conservado respecto al gen humano. La transfeccion del gen ODCp murino en celulas
HEK 293T produjo un aumento de la actividad ODC, pero en ningln caso se detectd
actividad arginina descarboxilasa. For ofra parte, mientras la proteina ODCp se
localizd principalmente en la fraccion membranosa-mitocondnal, la actividad ODC se
encontrd en la fraccidon citosdlica v, ademas, siAREMN dingido a ODC humana redujo
marcadamente dicha actividad. Experimentos de cotransfeccidn con combinaciones de
los genes ODC, AZ1, AZ2, AZ3S, inhibidor de antizima (AZIN) v ODCp mostraron gue
ODCp posee la misma funcion que AZIN, rescatando ODC de los efectos de AZs v
previniendo su degradacion por el proteasoma. La interaccidn directa entre ODCp v
A5 se detectd mediante experimentos de inmunoprecipitacién. En conclusion, ODCp
murna no posee actividad descarboxilasa intrinseca, v en cambio, actla como una

nueyva proteina inhibidora de las antizimas (A7 N2,
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ABSTRACT.

DOmithine decarboxylase (ODC), a key enzyme in the biosynthesis of
polyamines, is a labile protein that is regulated by interacting with antizymes (AZs), a
family of polyamine-induced proteins. Recently, a novel human gene highly
homaologous to OO0, termed QD CHike or ODC-paralogue (O, was cloned, but the
studies aimed to determine its function rendered contradictory results Ve have cloned
the mouse orthologue of human ORGP and studiedits expression and possible function,
mRMNA of mouse Odep was found in the brain and testes, showing a conserved
expression pattern with regard to the human gene. Transfection of mouse Odepin HEK
2937 cells elicited an increase in ODC activity, but no signs of arginine decarbooase
activity were evident. On the other hand, whereas the ODCp protein was mainly
localized in the mitochondral/membrane fraction, ODC  activity was found in the
cytosolic fraction and was markedly decreased by small interferning RMNA against human
ODC. Co-transfection experiments with combinations of Ode, Az, Az2 Az3, antizyme
inhibitor (Azi), and Odep genes showed that ODCp mimics the action of AZ1, rescuing
DDC from the effects of A7s and prevented ODC degradation by the proteasome. A
direct interaction between ODCp and AZs was detected by immunoprecipitation
experiments. VWe conclude that mouse CODCp has no intrinsic decarboxyvlase activity,

but it acts as a novel antizyme inhibitory protein (AZ12).

INTRODUCTION.

The polyamines spermidineg and sperming and their precursor putrescing are
ubiquitous polycations implicated in the growth, differentiation, and death of eukaryotic
cells (14). Intracellular levels of polyamines are tightly regulated through multiple
mechanisms affecting their biosynthesis, catabolism, and transport (5-8). In mammalian
cells, putrescing synthesis, the first step in the polyamine biosynthetic pathway, is
mediated by ornithine decarboxylase (ODC) (EC 4.1.1.17) through the decarboxylation
of L-omithine. This enzyme is subject to a complex regulation by transcrptional,
translational, and post-translational mechanisms (10-168). Al the post-translational level,
oD is finely regulated by a family of inhibitory proteins called antizymes (A7) (15,17,
18). A1, the first described member of the family, binds to ODC monomers preventing
the formation of active ODC homodimers and promoting the degradation of ODC
through the 26 S proteasome in a ubiguitin-independent manner (19-21). Synthesis of
A7 isinfluenced by polyamines through the stimulation of ribosomal rame-shifting (22,

23). Moreover, the action of A7 on ODC functionis also mediated by a protein called
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antizyme inhibitor (AZ1). This protein, having a seguence highly similar to that of ODC,
is devoid of omithine decarboxylating activity, howewver, it can activate ODC by
competing for A7, because AZ| binds to AZ with high affinity preventing or decreasing
the formation of the ODC-AZ complex (24, 25) In addition, AZ1 and AZ2 not only
decrease polyamine biosynthesis but also prevent the accumulation of excess
polyamines by inhibiting or suppressing polvaminetranspaort [26-28) Transcription of a
third member of the family (AZ3) appears to be restricted to human testis, where it
could participate in spermatogenasis (297,

Although there is ample evidence supporting that elevated polvamine levels and
ODC overexpression are connected with cell transformation (30, 31), less is known
about the relevance of AZ and AZl in abnormal cell growth. Transgenic mice over-
expressing A7 showed reduced tumorigenesis (32, 33), and AZl has been found to be
elevated in some tumors (34) and stimulated by growth-promoting stimuli {35). Recent
reports have revealed that A2 may also interact with proteins other than ODC, related
with signal transduction such as Smad-1 (36) or cell cycle progression such as cyclin
D1 (37, increasing the interest on the potential role of these ODC-related proteing in
the control of cell growth. Furthermore, the demonstration during the last decade of the
presence of agmatine in mammalian cells (38-40) and the existence in the human
genome of the agmatinase gene (41, 42, coding for the enzyme forming putrescine
from agmatine, raised the possibilitythat this alternate pathway to putrescine synthesis
could be relevant in polyamine metabolism in mammalian cells, in particular in

therapeutic interventions based on the inhibition of ODC.

Although there is sound evidence supporting that agmatine is present in
mammalian tissues (38407, the existence of authentic arginine decarboxylase (ADC),
the enzyme forming agmatine from L-argining, in mammalian tissues is subject to some
controversy. Although it is clear that different rat tissues are able toproduce “C0o, from
“C-labeled L-arginine (38, 40, 43 443 and in some cases agmatine formation has
been claimed (40, 45),in other studies agmatine production from arginine could not be
found either in mouse (46, 47) or in rat tissues (48). Moreover, although it was
suggested that arginine decarboxylation reactionin the rodent brain may be catalyzed
by ODC (49) later studies reported that rat ADC was able to decarboxylate both
arginine and ornithine, this enzyme being distinct from ODC (44) Inthis regard, a viral
gene, a close homologue of eukaryotic ODC, has been shown to code for an enzyme
capable of decarboxylating L-arginine preferentially to L-omithine (50). Recently,
Fegunathan and co-workers {51) have identifed a human cDNA clone that exhibits

ADC activity when expressed in CO5-7 cells. The deduced amino acid sequence of this
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protein is not related to bacteral or plant ADC, but it is identical to a previously
identified human ODCHike protein, a human ODC paralogue named ODCp (52)
However, the facts that in vitro translated human ODCp did not decarboxylate L-
ornithine (52) and that Escherichia coli extracts expressing recombinant human ODCp
lacked ODC or ADC activity (48) raise doubts on its possible ADC activity, leaving
unsettledthe function of human CDCp.

In our previous studies, in spite of the fact that we did not find agmatine
synthesis in mouse extracts using HFLC and electro-phoretic techniques, we could not
rule out the possibility that @ minor part of the “C0, released from mouse tissue
extracts incubated with “C-abeled arginine could be the result of the existence of ADC
in mammalian cells (46, 47). In this work, we have taken advantage of the published
sequence of the murine orthologue gene of human ODCp to study its expression in
maouse tissues. We cloned and sequenced this gene and studied the activity of its
product by means of transient transfection experiments of human HEK 293T cells. The
resuUlts obtained support the viewthat the product of the murine Odep gene acts as an

antizyme inhibitor protein that is devoid of substantial intrinsic ODC or ADC activity.

EXPERIMENTAL PROCEDURES.
Materials.

L—['l—“C]Omithine was purchased from Moravek Biochemicals Inc. (Brea, CA)
L—[U—“C]arginine (specific activity from different lots ranged from 240-320 mCifmmol)
was supplied by American REadiolabeled Chemicals Inc. (St Louis, MO) Moloney
murine leukemia wirus reverse transcriptase, fag DMNA polymerase, anti-FLAG M2
monoclonal antibody peroxidase conjugate, ant-HA monoclonal antibody peroxidase
conjugate,  ant-HA  affinity gel  beads, protease inhibitor  mixture  (4-(2-
aminoethylibenzenesulfonyl fluoride, EDTA, bestatin, E-64, leupeptin, aprotinin), lgepal
CA-630, and E. coli ADC were purchased from Sigma. Piy DMNA polymerase was
obtained from Biotools (Madrid, Spain). Restriction endo-nucleases EcoRI1, Xbal, and
BamHl were from Fermentas Life Sciences (Vilnius, Lithuania). Lipofectamine 2000
Transfection Reagent was purchased from Invitrogen. QuikChange site-directed
mutagenesis kit was from Stratagene (La Jolla, CA). 2-Diflucromethylomithine (DFRMO)
was obtained from llex Products Inc. (San Antonia, Tx). 2-Difluoromethylarginine was a

gift from Merrell-Dow Fharmaceuticals.
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RT-PCR.

Total RNA wias extracted from tissues with GenElute mammalian total RMNA
Miniprep kit (Sigma) following the manufacturer's instructions. Total RNA was reverse-
transcribed using oligo{dT ke @s primer and Moloney munne leukemia virus reverse
transcriptase. Froducts were amplified by means of fag polymerase using specific
primer pairs within the linear range for each gene product. Amplified products were
resolved by electrophoresis in 2% agarose gel containing 40 mM Tris acetate and 1
mtl EDTA (pH 8.0) in a honzontal slab gel apparatus using the same Trs
acetate/EDT A buffer. The gel was stained with ethidium bromide (0.2 pgf/ml for 15 min)
and photographed by UV transillumination using a Gel Doc system camera (Bio-Rad).
The bands were quantified usingthe Multi-Analyst FC software from Bio-Rad. Primers
(Sigma  Genosys) were as  follows. mouse R -actin (forward,  5-
TGCGTCTGGACCTGGCTG, reverse, S-CTGCTGGAAGGTGGACAG), mouse ODC
(forward, STGGAGT GAGAATCATAGCTG, reverse, 5'-
TTGGCCTCTGGAACCCATTG), mouse oDCp (fonward, 5-
GTGAATCGGACTTITGTGATGGT,  reverse, 5-GGGTAGCAATGCACAGAACCY,
mouse A (forward, SLACCCAGCGCCACGCTTCACGC, revearse, 5'-
TTCGGAGTAGGGCGGCTCTGTY, mouse ALZ (forward, 5
AAGTGTCCCCAGCTCCAGTGCT, reverse, 5-CGAGTCAACTCCGAGAACACAATG),
mouse AL3 (forward, S-TCCAGTGCTCCTGAGTIZCCTA, reverse, a'-
CACATACTCCAGTGTTGCTG)

Cloning of Mouse ODCp, ODC, AZ1, AZ2, AZ3, and AZlL

Total RMNA was extracted from brain and testis of Swiss CD1 adult mice, and
cOMA was obtained as described above. The complete mouse ODCp coding sequence
was amplified by PCRE using Pfy polvmerase with the forward primer 45
CTGGAATTCATGGCTGGCTATCTGAGTG and  the reverse primer 5%
ACATCTAGACTCACATGATGCTTGCTGG derived from the mouse ODCp cDMNA
sequUence (GenBankT“ accession number MNM_172875). Thiny PCR  rounds
{denaturation for 1 min at 95 *C, annealing for 2 min at 84 *C, and extension for 2 min
at 72 °C, followed by a final 10-min extension at 72 *C) were performed using brain
cOMA as template, 5 g of each primer, 200 uk of each dNTR, and 1.5 units of the
proofreading Py polymerase. The amplification product was purified, digested, and
inserted in the expression vector pcDMNAS (Invitrogen) by the added restriction sites
{underlined) and used to transform competent DHSa £, colf cells following standard

procedures (53). Mouse ODC, AZ1, A2 AZ3 and AZ| coding sequences were cloned
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by & similar procedure using the following pnmers. OQDC  ({forward, 5'-

ACAGAATTCACCATGAG CAGTTTTAL, reverse o
AACTTCTAGACAAGAGCTACAAGAATG), AL {fonaard, o'-
TGGEAATTCACCCCAGCGGCCGGATGE, reverse o'-
ACGTCTAGAGGACTAACCCAGGAGAGGG], AL {fonward, o'-
CCEEAATTCAAGTGTCCCCAGCTCC, reverse, o'-
GUTICTAGACAAAGCATCCTCTGTGAC), AL {forweard, 5'-
GUGGALTTCCTCTACTGT TACAAATAL, reverse 5'-
TTATCTAGACTCACT GGCCAGGGT GGCT), and AL (forerard, 5'-
ACGGAATTCAT GALAGGATTTATTCGACGATG, reverse, 5'-

ACTTCTAGACTAAGGAAGCGTTAATGCC)  The identity of the clones was
ascertained by DMNA sequencing of the cloned inserts by means of an ABI PRISME 310
Genetic Analyzer [Applied Biosystems) at the Servicio de Apoyo a las Clencias

Experimentales facilities, University of Murcia.

Odc-FLAG, Odcp-FLAG, and Azi-FLAG Plasmid Construction.

The pcDMNAZ plasmids containing ODC, ODCp, or AZl coding sequences
inserted bhetween the restriction sites EcoRl and Xbal of the polvlinker were opened by
digestion with BamH| and EcoRl enzymes. The FLAG epitope DYKDDDDK was added
to the N terminus of ODC by inserting a double-stranded synthetic oligonudeotide
encodingthe epitope {in boldface) and designed for annealing with the cohesive ends
of the open wector (54). The sense 33-cligomer had the sequence 5'-
GATCCATGCGACTATAAGGACGATGATGACAAGS and the antisense 33-oligomer
had the sequence 5-AATTCCTTGTCATCATCGTCCTTATAGTCCATG. One nmol of
each oligonucleotide was diluted in 100 Wl of water, and the mixture was incubated at
95 °C for 2 minand then left for annealing at room temperature. One Wl of the annealed
mixture and 10 ng of the digested plasmid were ligated and used to transform
competent DHSa £, coff cells following standard procedures. The seguences of the

constructs were verified as described above.

Mutagenesis and Az-HA Construction.

To express full-length functional antizymes, the anti-zyme-specific stop codon of
the ribosomal frame-shifting site was deleted by site-directed mutagenesis by means of
the QuickChange site-directed mutagenesis kit, according to the manufacturer's
protocol and  the  following  mutagenic  primers: AAL (forward,  5'-
CGGTGGTGCTCCGATGTCCCTCACZCC, reverse, 5'-
GGGTGAGGGACATCGGAGCACCACCG), AR 2 (forward, 5'-
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CCTCTGTGGTGCTCCGATGCCCTTCACT, reverse, 5
GGTGAGGGGCATCGGAGUACCACAGAGG), and MBS (fonwrard, a-
CTCCAGTGCTCCGAGTCCCTAGGAL, reverse, o-

CTCCTAGGGACTCGGAGCACTGGAG) Deletions were introduced by incorporating
the appropriate nucleotide changes into the pimers. The N-terminal HA (hemagglutining
gpitope was introduced into the three antizyme clones by PCR . The sequence for the
HA epitope (in boldface) was added in front of the following sense primers: HA-AS1 (5
CoGCAATTCATGCTACCCATACGATGTCCCAGATTACGCTATGGTGAAATCCTCCT

TGCAGCGG); HA-AZ2 (5-
CTGGAATTCATGTACCCATACGATGTCCCAGATTACGCTATGCCCCTCACCCACT
G and HA-AZ3 (5-

AAGGAATTCATGTACCCATACGATGTCCCAGATACGCTATGCTGCCTTGTTGTTA
). HA-tagged antizymes were cloned into the EcoRl and Xbal sites of pcDNAZ. The

sequences of the constructs were venfied as described above,

Cell Culture and Transient Transfections.

Human embryonic HEK 293T cells obtained from the ATCC were cultured in
RFEMI 16840, containing 10% fetal calf serum, 100 units/ml penicillin, and 100 pgfml
streptomycin sulfate, in a humidified atmosphere containing 5% CO, at 37 "C. Cells
were grown to ~90% confluence. Transient transfections were carned out with
Lipofectamine 2000 transfection reagent with 1.5 or 075 pg of pcDMAS plasmid per
well for 6- or 12-well plates, respectively. After 6 h of incubation the transfection
medium was removed, and fresh complete medium was added, and cells were grown
for 16 h. The cells were then collected for ODC/ADC assays, RMA isolation, and
Wiyestem blot. In co-transfection experments, 075 pg of DNA per well was used, with
the mixtures containing equimolecular amounts of each construct. The plasmid pcDMNAS

without gene insertion was used as negative control.

siRMNA Assay.

Specific siENAsS targeting human ODC were selected using siRNA Target
Finder, and the Silencer™ predesigned siRNA matching exon 4 (sense, 5-
GGAUGCCUUCUALGUGGAL, antisense 5'-UGCCACAUAGAAGGCAUCCH) was
ohtained from Ambion Inc. (Austin, TX). This siEMA was used to co-transfect HEK
2937 cells with pcOMNAZ plasmid containing ODCp or A7 cDMNA, as descrbed above.

siEMNA concentration inthe transfection medium ranged from 15 to 100 nkd. Silencer
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Megative Control 1 siRMNA (Ambion), having no significant similarity to any known gene

sequUences from mouse, rat, or human, was used as negative control.

Enzyme Measurements.

Frotocol FExcept when specifically indicated, ODC activity was assayved inthe
soluble fraction of HER 2937 cells lysedin a media containing the detergent Igepal. In
brief, aftertransfection the medium was aspirated, and cells were washedwith ice-cold
phosphate-buffered saling (FES) and pelleted. Then cells were resuspended and lysed
in PBES containing 1% phenyl-methyisulfonyl fluoride, 1% lgepal, and 2 mi dithiothreitol.
The extract was centifuged at 20,000 x g for 20 min, and ODC activity was determined
in the supematant. ODC activity was assaved basically as described elsewhere (55) by
measuring “C0O, release from L-[1-"*Clornithine. The incubation mixture contained 20
mhkd Tris (pH 7.23, 0.1 mM pyridoxal phosphate, 01 mM EDTA, 2 mi dithiothreitol, and
0.4 mhd L—['l—“C]ornithine (specific activity, 4.7 mCifmmol) in atotal volume of 625 il
The reaction was performed in glass tubes with tightly closed rubber stopper. The
sampleswere incubated at 37 °C for 30 min, and the reaction was stopped by adding
0.5 ml of 2 M citric acid. *C0, was trappedin two disks of filter paper wetted in 0.5 M
benzethonium hydroxide dissolved in methanol. The filter paper disks were transferred
to scintillation wials and counted by liquid scintillation. Activity was expressed as
nanomoles of ™CO, produced per h and per mg of protein. 1% Igepal did not
significantly affect ODC activity that was inhibited more than 25% by 1 m DFEMO.

Frotocol —0ODC and putative ADC measurements in homogenates and
fractionated extracts of HEK 2937 cells were camied out as follows. Cells collected and
washed in PES were homogenized in ice-cold Trisfsucrose buffer using a Polytron
homogenizer. The composition of the homogenizing buffer (buffer A)was as follows: 10
mhd Tris-HCHipH 7.2), 0.1 mi pyridoxal phosphate, 0.2 mid EDTA, 1 mi didthiothreitol,
0.25 M sucrose, 200 UM 4-12-aminoethyllbenzenesulfonyl luonde, 13 ukd bestatin, 1.4
ik E-B4, 100 pht leupeptin, 30 nhd aprotinin. The cell homogenate was centrifuged at
500 x g for 10 min to obtain a post-nuclear supernatant that was centrifuged at 12 0003
g for 20 min to collect a postmitochondrial supematant (512) and a crude
mitochondrial pellet (P12). The P12 pellet was resuspended either in buffer A (for O0DC
determination) or in buffer B (for ADC determination) consisting of 10 mh Tris-HCI (pH
.27, 01 mM pyndoxal phosphate, 1 mid dithiothreitol, 0.2 mi EDTA, 1 mi MgSOy,
and protease inhibitors as in buffer A QDC activity in the different cell fractions
obtained was determined basically as described above ADC activity was measured in

buffer B containing 0.06 M sucrose and 0.25 mi L—[(LJ)—”C]arginine (specific activity
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64 mCi/mmol) at 30 °C for 1 h, and ™C0O, was trapped and counted as described in
the ODC assay. The protein content was determined by the method of Bradford (58)

using bovine serum albumin as standard.

Polyamine Analysis.

Cells were extracted with 0.4 M perchloric acid, and the supematant obtained
after centrfugation at 10,000 x g for 10 min was used for polyamine determination. In
bref, polvamines undensent dansylation according to the method described by Seiler
(57), and the dansyated polyamines were separated by HFLC using a Lichrosorb 10-
FF-18 column (4.6 x 250 mm; Merck) and acetonitrle/methanoliwater mixtures
(running from 42:28:30 to 58384 ratio during 40 min of analysis) as mobile phase and
at a flow rate of 1 ml/min. 1.6-Hexanediamine was used as intemal standard, and
standard solutions of agmatine, putrescine, spermiding, and spermine were used to
calibrate the column. Detection of the derivatives was achieved using a fluorescence
detector, with a 340-nm excitation filter and a 435-nm emission filter. In addition, after
ADC assays using L—[U—”C] arginine, the putative radicactive polyamines underwent
dansylation and were separated by HPLC as described above. 1-ml fractions were
collected, and aligquots were counted by liquid scintillation using Ecoscint™ H
scintillation solution (Mational Diagnostics, Atlanta, GA). Agmatine formation was also
estimated by analyzing the radicactive products formed after ADC assay by paper
electrophoresis in 500 mM pyrdinefacetic acid buffer (pH 6.1) (300 VWV, 1 h). The wet
paperwas dried, and radioactive spots were detected by Phosphorimaging using a Bio-
Fad Molecular Imagen System and a B-imaging screen-C5 (Bio-Rad). As a positive
control of agmatine formation, ADC from £, eoffi 0.4 units/ml) was incubated with L-[U-

14C]arginiﬂe under the conditions for assaving ADC activity described above.

Western Blot Analysis.

Cells were solubilized in 50 mi Tris-HCI (pH 8), 1% lgepal, 1 mi ECTA, and
0.1 mh phenyimethylsulfonyl fluoride and centrifuged at 12000 x g for 20 min.
Feducing SDS-PAGE was performed in 10% polyvacrylamide gels. Gels were
transferred to polywinylidene diffuoride membranes, blocked with 5% nonfat dry milk in
PBS and incubated ovemight at 4 °C with the anti-FLAG antibody peroxidase-labeled
(1:5000) or anti-HA antibody (1:20,000). Immunoreactive bands were detected by Using

ECL+ detection reagent {(Amersham Eiosciences) and commercial developing reagents
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and films (Amersham Biosciences). In loading controls, Erk2 was determined by means

of polyclonal anti-Erk2 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

Immunoprecipitation.

HEK 293T cells were transfected with ODCp-FLAG, alone or in combination
with Ha, epitope-labeled 47 vanants. &pproximately 2 x 10° cells were washed twice
with phosphate-buffered saline and solubilized in 200 ul of solubilization buffer (S0m
Trs-HCI (pH 8}, 1% lgepal, 1 mM EDTA, and 0.1 mM phenymethylsulfonyl fiuonde).
The sample was centifuged (12,000 x g 20 min), and the supematant was
immunoprecipitated by adding anti-HA affinity gel beads. After a 3h incubation, the
sample was centrifuged, and the pellet was washed five times with the same
solubilization buffer. Elution was performed in 20 pl of 2% SDS for 20 min at room
temperature. Eluted supernatants were mixed in aratio of 2.1 with an electrophoresis
sample buffer (180 mi Trs-HCI {pH 6.8), 15% glycerol, 9% SD5, 0.075% bromphenaol
blue, and 7.5% [Fmercaptoethanol). Electrophoresis and ‘estern blotting were

performed as described above.

RESULTS.
Expression of ODCp in Murine Tissues.

The expression of ODCp in different mouse tissues was studied by RT-PCR
using primers derived from mouse ODCp sequence (GenBankT” accession number
M 172875 [GenBank]). Fig. 1 shows that among the different tissues studied, mouse
DDCp expression was restricted to brain and testes, in contrast to ODC, AZ1, and AZZ2
that were expressed in all tissues tested. ODCp expression appears to be conserved
because previous studies revealed that human ODCp expression was found in the
central nervous system and testes (52). In agreement with previous findings, AZ3 was
mainly expressed in testes (29), although we also found expression of this antizyme

isoform in the brain.
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Figure 1. Expression of ODC, ODCp, AZ1, AZ2, and AZ3 in different mouse tissues. T ctal
EMNA was extracted from tissues of three male and two female mice and analyzed by
sermiquantitative RT-PCE using specific primers as described under "Experimental Procedures.”
P-&ctin was used as control.

Cloning of Mouse ODCp and Comparison of Its Protein Sequence with Those of
ODC and AZl

The coding region of mouse ODCp, deduced after the cloning and seguencing
of cOMA obtained from ODCp mEMNA isolated from mouse testes, is shown in Fig. 2.
This sequence was identical to GenBank™ accession number NM_172875 [GenBank]
corresponding to a murne ormithine decarboxylase-like protein, except that we found
His instead of Tyr at position 317 Hisresidue is also present at this position in human
CDCp (ENSGO0000142920), Gaflus gaftus ODCp (ENSGALGO0000003614), and
Canis famifiaris ODCp (ENSCAFGOO0D0010369) The comparison of the protein
sequences of murine ODCp, ODC, and A7| showed that there is 48% identityand 558%
similarity between ODCp and ODC. The corresponding values for ODCp and AZ | were
44 and 66%, respectively. Higher dissimilarities were observed in the M- and C-terminal
regions, whereas in the putative region of interaction with AZ (58), ODCp showed a
high percentage of similarity (86%) with regard to the seguences in ODC and ALl
Important residues for ODC activity such as Lys-69, Asp-88, and Cys-360 (59-63) are
not conserved in mouse ODCp, whereas conservative substitutions in other residues
such as Lys-169, Asp-361, and Phe-400, associated with the catalytic activity (63, 64),
can be observed. GIyw-387 and Asp-364, residues implicated in ODC dimerization (63,
B5) are conserved in ODCp.
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The seqguence of mouse ODCp protein exhibits 86% identity and 92% similanty
with respect to that reported for human ODCp (52). To note that the residue Lys-69 that
in ODC is involved in the binding of pyridoxal %'-phosphate is conserved in human

ODCp, but it is substituted by glycine in munne ODCp.

Decarboxylating Activity of Mouse ODCp in Transfected HEK 293T Cells.

To test the possible ODC or ADC activity of mouse ODC-like protein, ODCp was
transiently expressed in HEK 2837 cells, and its capacity to decarboxylate ornithine or
arginine was measured in the cell homogenates, and cell fractions were obtained.
These activities were also determined in homaogenates from cells transfected with the
empty vector and from cells transfected with mouse ODC cDMNA, Table 1 shows, as
expected, that ODC activity in ODC+ransfected cells was remarkably high when
compared with control cells, whereas in ODCp-transfected cells there was a moderate
increase in the decarboxoyation of ormithine with respect to control cells, but the activity
was lower than 2% that of ODC+ransfected cells. In both cases, ODC activity was
mainly found in the post-mitochondrial fraction. This activity was inhibited more than
95% by 1 mhM DFMO (results not shown), a specific inhibitor of mammalian ODC (B8).
To analyze whether the large differences observed in the decarboxylating activities of
the extracts of ODC and ODCp could be due to gross vanations in protein expression,
HEk 2893T cells were transfected with different constructs encoding ODC-FLAG,
DODCp-FLAG, or AZI-FLAG fusion proteins, and expressed proteins were detected by
ananti-FLAG antibody. Fig. 3A shows similar expression levels of fusion proteins. The
decarboxylating activity of the fusion proteins appeared not to be significantly altered

(data not shown).

ODC activity
{nmol “'C0,/hmg protein)

CH Si2 Piz
Vector-transtected 015012 0.13£0.07 0.05+0.03
ODC-transfected 106 83 4 293 6x11.6 T E50 4
ODCp-transfected 1.55+0.43 3514033 0. 15+£0.05

Table 1. ODC activity of cell homogenates obtained from ODC or ODCp transfected HEK
203T cells, HEE 293T cells were transfected as desaribed in Materials and Methods, Cell
fractionation and ODC determination were performed as described in protocol I CH, crude cell
homogenate, S12, supernatant centrifugation 12,000g, 20 mmn;, P72, crude mitochondrial pellet
resuspended i buffer A Results are the meant 3D
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Figure 2 Comparison of the amine acid sequences of mouse ODCp, ODRC, and A 71 using
Clustal W preogram. Black background indicates amino acid identity, and gray background
indicates amino acid sumilanty between at least two protems Asterisks represent changes m
ODCp residues corresponding to residues associated with the catalytic activity of ODC. The
putative AZ-binding site 15 underlined.
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Figure 3 Expression of ODC, ODCp, and AZ1 in HEK 203T-transfected cells. 4, Western
blot of ODC-, ODCp-, and AZI-FLAG fusion proteins expressed m HEE 293T cells and
detected by anti-FLAG antibody, Crude extracts were obtained as described under "Frotocol '
{(see under "Experimental Procedures') B, Western blot analysis of ODC- and ODCp-tagged
with the FLAG epitope in the cytosolic fraction (312) and in the mitochondrial membrane pellet
(P12) was from transient transtected HEE 293T cells. Cells were homogenized and fractions
obtamed as described under "Protocol IT' (described under "Experimental Procedures").

To test whether the omihine decarboxylating activity measured in ODCp-
transfected cells is the result of authentic ODC activity of mouse ODCp protein or the
consequence of increased endogenous QDT activity of HEK 283T cells, as result of a
possible interaction of mouse ODCp protein with A2, we examined ODC activity in
DDCp-transfected cells that were co-transfected with human ODC-siBEMNA, specific for
interfering human ODC mEMNA but not for human or mouse ODCpmEMNA. As shown in
Fig. 4, ODC activity was markedly decreased in ODC-siRMNA, transfectants compared
with control cells or control-siRMA transfectants. Fig. 4 also shows that in cells
transfected with A7, a rise in ODC activity similar to the one observed in the ODCp
transfectants took place and that this activity was also remarkably reduced by 30 nid
human ODC siRMNA. It can be seenthat human ODC siRMNA did not affect the levels of
ODCp protein (Fig. 48). Furthemore, the analysis of protein localization of ODC and
ODCp-tagged proteins with the FLAG epitope in the transient transfected HEK 293T
cells showed that although ODC protein was mainly found in the cytosolic fraction, as it
iswidely accepted, ODCp protein was preferentially found in the mitochondrial pellet
abtained after centrifuging the cell extracts at 12,000 x g (Fig. 38). The fact that in the

DDCp-transfected cells the enhancement of ODC activity was mainly found in the
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cytosolic fraction, whereas ODCp protein was  fundamentally located at the
mitochondial/membranes fraction, also comoborates the view that ODCp lacks intrinsic
ODC activity. Overall, these results suggest that ODCp protein may function as an A7F
inhibitory protein.

A QDC AZl
) = 500 P
W S control siRNA
E B HODC SiRNA
2o [ - N
2 £
8 5 250-
2 £
o8
g
5 G T . 1. l. I.-
0 15 30 60 30
[sIRNA] ni
B) control siRNA hODC siRNA
0DCp | — 50 kDa

Figure 4. Effect of siBNA-mediated ODC silencing on ODC activity, 4, HEE 253T cells
were co-transfected with mouse ODCp ¢DITA inserted in the expression vector pcDINA3Z and
variable amounts of human ODC-sRINA or control siRITA ranging from 15 to 60 nivi Sozteen
hours after transfection cells were homogenized as described under "Protocol I' (see
"Expenimental Procedures"), and ODC activity was assayed m the supernatant fraction. On the
right, effect of 30 nd human ODC oD siRNA on cells transfected with mouse AZT (DA
inserted in pcDITAZ on ODC activity, Bars represent mean values of duplicated transfection
expermments. B, expression of ODCp-FLAG protem in HEE 293T cells co-transfected with
ODCp-FLAG cDNA inserted mn the expression vector pcDMNA3 and control or human ODC
sIRNA.

The arginine decarboxvlating activity of ODCp and ODCHransfected cell
extracts was negligible in most experiments when recently purchased ["Clarginine was
used. However, in some cases, cell extracts from ODCp and ODC4ransfected cells
were able to release "CO, from ™C-labeled L-arginine (Table 2). Even in these cases,
the release of ™C0O, from arginine was remarkably lower than from omithine, when the
same homogenate was assaved with these amino acids. Moreover, this activity was
much lower in ODCp than in ODC-ransfected cells, and in both cases it was the lowest
in the mitochondrial fraction. In all these homogenates, decarboxoyation of arginine was

not significantly affected by 1 mb diflucromethylargining, an effective inhibitor of
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bacteral and plant ADC (67, but it was markedly reduced (more than 95% )by 1 mh
DFMO, whereas f'f—hydrowarginine, a potent inhibitor of arginase (B8, 69) also
decreased the release of 14(302 from L-arginine, about 50% inhibition at 1 mM (data not
shown). Although these results suggested that the “C0, release from L-arginine by
extracts from the transfected cells incubated with [14C]arginine may be the result of the
concerted action of arginase and ODC activities that may be present in these extracts,
or from trace amounts of labeled omithing formed by chemical decomposition of
arginine, we also tested the formation of agmatine and putrescine, the direct products
of ADC and ODC, respectively, to check this possibility. The analysis by HPLC of the
radioactive polyamines that could be generated by incubation of cell extracts with [LU-
“Clarginine is shown in Fig. 5. Although in cells transfected with ODC a peak with a
retention time identical to that of putrescine was seen, evidence for agmatine formation
colld not be found (Fig. 58). In extracts from ODCp-ransfected cells, we could not
detect the formation of agmatine (Fig. 2 In contrast, a peak with the same retention
time as agmating was cleary seen when incubates of bacteral ADC with labeled
arginine were analyzed (Fig. 5A) When the products were separated according to their
positive charge by means of paper electrophoresis at pH 6.1 and detected by
Fhosphorlmager, the results were similarto those found by HPLC analysis (Fig. 560
Similar results were obtained when Chinese hamster ovary and COS-7 cells were

transfected with ODCp (results not shown ).

Arginine decarboxylating activity
(nmol **C'0himg protein)

CH Si2 Piz
Vector-transfected <0.05 <0.05 =005
ODCtransfectad 4854012 14 644045 4. 58+0.15
DD Cp-transfected 0512006 1.5540.10 008002

Table 2. Arginine decarboxylating activity of cell homogenates obtained from ODC or
ODCp transfected HEK 293T cells. HEE 293T cells were transfected as described in
Matertals and Methods Cell fractionation and ADC determination were performed as described
in protocol IT. CH, crude cell homogenate, 512, supernatant after centrifugation at 12,000:=xg, 20
min, PI2, crude mitochondrial pellet resuspended in buffer B. Results are the meant3T

Functional Analysis of the Possible Antizyme Inhibitory Capacity of ODCp by Co-
transfection Experiments in HEK 293T Cells.

To investigate the possibility that ODCp protein may function as an antizyme
inhibitor, as commented above, we also cloned cDMNA comesponding to mouse ODIC,
AL AL2 AZZ and AZL in the expression vector pcDMNAZ, and HEK 293T cells were

transiently co-transfected with several combinations of the different recombinant
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plasmids. ODC activity was measured in the cytosolic fraction of the co-transfected
cells and compared with the values of ODC-transfected cells. Fig. 6 shows that the
three A tested down-regulated ODC activity, with AZ1 having an apparently stronger
effect than A2 or AZ3 This figure also shows that both A7 and ODCp were able to
rescue ODC from the inhibitory effect produced by AZ. The analysis of polyamines
revealed that in the ODC-transfected cells there was a marked increase of putrescine
{about 15-fold) and a moderate rise of spermidine (~50%), whereas spermine remained
unchanged (Table 3). These results suggest that the levels in polyamine concentration
reached by the ODC-ransfected cells seem to be sufficient to induce ribosomal frame-
shifting of A7Z mREMNA (22, 23) in the co-transfected cells, and they indicate that the
product of the Odop gene behaves similarly to that of Azf Moreover, to assess the role
of ODCp protein on ODC degradation in HERK cells, we studied the effect of AF, AZI
and ODCp on the levels of ODC-tagged protein with the FLAG epitope, using a specific
antibody directed to this sequence and ‘Western blot analysis. As shown by Fig. 7A,
there was a parallelism between the changesin ODC activity and ODC protein, with A7
decreasing 0D activity and promoting the degradation of ODC, and ODCp and AZ|
preventing this effect. In fact, preliminary results on the hal-ife of ODC indicated that
transfection with ODCp increased the i, of ODC. It must be noted that AZ2 and AZ3
also appear to promote ODC degradation as reported previously for AZ1 (27, 70).
However, the apparently higher effect observed for A7 1 could be relatedwith the higher
expression of AZ1 protein in the transfected cells (Fig. 78) presumably as a

consequence of a higher stability of AZ1 protein.

Polyamine concentration
(nmolime protein

Piitrescine Spermidine Spermine
pcDIT A3-transfected 5.0+£04 10.1+1.6 8.3+1.1
QD C-transfected 721£5.3 15,2421 84409
(ODC+HAZ -transfected 2 ex2 1 24412 5.6£1.8

Table 3. Pelyamine levels in HEK 293T cells transiently transfected with OD{C or
ODC+AZ1. HEE 293T cells were transfected as described in Materials and Methods
Polyamines were determined in cells cbtamed 16h after removing the transfection medium,
Results are the mean+3D from three transfection experiments.
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Figure 5. Analysis of "C-labeled polyamines formed by incubatien of [U-"C Jarginine with
ADC from E. coli or homogenates from HEK 293T cells transfected with mouse ODC or
mouse ODCp. Eeplicates of several incubates were pooled and analyzed. A-C radicactivity in
the different fractions collected after separation of the dansylated polyamines by HFLC. D
paper electrophoresis analysis of *C-labeled polyamines from similar incubates. See
"Expertmental Procedures" Arrows represent the postion of the different markers: Agm,
agmatine, Put, putrescine, HD, hexanediamine, Arg, arginine, &, origin,
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Figure 6. Relative ODC activity in cell homogenates from HEK 293T cells transfected with
different combinations of ¢cDNAs mserted in the expression vector pecDNA3, The narnes of
the single, double, and triple transfectants are given below the bars. Results are the mean + 5.D.
from four transfection experiments, and each assay was carried out in duplicate In these
expertments 0.75 pg of DNA per well was used, and the mixtures contained equimolecular
amounts of each construct. The plasmid pcDINAS without gene insertion was used as a negative
control vector m transfection experiments. ODC actiwity 15 expressed as the percentage of the
ODC transtectant in each experiment. Absolute values of ODC activity m control ODC were
about 250 nmol of 'COyhimg of protein.

Moreover, the fact that in the double transfectants (QDC + ODCp) ODCp
increased the amount of ODC4agged protein confirms the view that the rise in QD
activity induced by ODCp is related to its antizyme inhibitory action rather than to an
intrinsic putative ODC activity, To assess a direct interaction of ODCp with AZs,
immunoprecipitation experments were carmed out with AZ-HA fusion proteing and
ODCp tagged with FLAG. As shown in Fig. &, interactions between AZs and ODCp
were observed in the homogenates of the double transfectants. Again, the higher
intensity of ODCp found in AZ1 codransfectant could be related to a higher level of
expression of AZ 1. This interaction was also detectable when AZ1 and ODCp extracts
wene incubated mvitro Overall, these results clearly indicate that ODCp counteracts A7
as effectively as AZl, and they consequently suggest that ODCp should be considered
as a novel antizyme inhibitor,
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Figure 7. Western blot analysis of ODC tagged with the FLAG epitope from HEK 293T
cells transfected with the ODC-FLAG construct and different combinations of ODCp, Azs,
and AZ1 cDNAs in the pecDNAJZ vector. 4, 16 h after transfection cells were harvested and
lysed as described under "Protocol I and the homogenate was centrifuged at 12,000 x g for 20
min, and ODC-tagged protemn was assayed i the supermnatant fraction using an anti-FLAG
anfibody. B, comparison of the expression of the mutated forms of the antizymes (AAdZs) tagged
with the HA epitope Proteins were separated in 12% SDS-polyacryarmide gels and detected
with anti-HA antibody. Crude extracts were obtained as described under "Protocol I' (see
"Expermmental Procedures").
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Figure 8, Interaction between ODCp and AZs. HEE 293T cells were transfected with ODCp-
FLAG construct, alone or in combination with HA epitope-labeled AF construct variants
(ALFs-HA) Cells were solubilized m Tris buffer containing 1% Igepal, and the supematants
obtained after centrifugation at 12,000 ¥ g were tnmunoprecipitated with anti-T1& affintty gel
beads for 3 h After extensive washing, the eluted proteins were resclved by electrophoresis.
Blotted ODCp-FLAG fusion protein was detected using antibody against the FLAG tag The
lane marked with an asterisk corresponds to immunoprecipitation of ir vitre incubates of the
extract from ODCp-FLAG-transfected cells with extract from AZ1-FA-transfected cells.

DISCUSSION.

In a recent study, Pitkanen af af (52) reported the existence of a paralogue
gene of human ODC (named ODCp) that coded for a novel human ODCHike protein
expressed in the central nervous system and testes. This protein did not decarbox ylate
omithing, and it was suggested, but not proven, that it might act as an AZ inhibitory
protein. Our results indicate that the murne orthologue of human ODCp displays an
gxpression pattem similar to its human orthologue and, more importantly, that the
murne ODCp protein acts as an AZ inhibitory protein, at least in HER 293 cells. This
conclusion is based on our data showing the following. (&) The expression of ODCp in
co-transfected HEK 2937 cells may abolish the inhibitory effect produced by the co-
expression of any member of the AZ family on ODC activity. (B The action of ODCp on
ODC not only affected ODC activitybut also ODC stability, because the expression of
ODCp appears to prevent the degradation of ODC protein mediated by AZ. (¢) ODCp
can directly interact with the three A7s . Furthermore, the effect produced by ODCp was
similar to that found in parallel experiments using AZ| instead of ODCp. This suggests
that ODCp may mimic the action of A7 and that this inhibitory effect appears to be

exerted on the three AZ isoforms. These findings are in agreement with the recently
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reported results that concludedthat 271 is capable of acting as a general inhibitor of all
members of the antizyme family (25). Our results also reveal that the overexpression of
ODC in HEKW 2837 cells was associated with a marked increase in putrescing and a
moderate elevation of spermidine levels, whereas spermine content was not affected.
This situation is similar to that found in transgenic mice where the overproduction of
DDC led to an increase of putrescine insome tissues but had less effect on spermidine
or spermine (9, 711 In any case, the slevation in polyamine levels found in the
transfected HEWK 2937 cells appears to be sufficient to facilitate the frame-shifting in the
translation of AZ mRMNA (22, 23] The fact that the expression of ODCp was able to
colunteract the effect mediated by AZ on ODC in culture cells, under conditions of
similar amounts of their respective mRENA, suggests that ODCp may have a regulatory
role in polyamine homeostasis in thosetissues in which this protein is expressed. This
assertion is based not only on the demonstrated effect of ODCp on putrescine
biosynthesis shown here but also on its possible action on polvamine uptake, because
it is known that AZ1 and A2 may act as negative requlators of polyvamine transport
(26-28).

our results support the contention that mouse ODCp lacks intrinsic ODC activity,
because the relatively low ODC activity found in the homogenates of HEK 2937 cells
transfected with ODCp could be abolished by means of siRMNA directed specifically
against ODC mRMA . This finding is in agreement with two previous reports that showed
that human ODCp expressed either in an in witroreticulocyte system (52) or in £, coff
(48) was unable to decarboxylate ornithine. As was pointed out in these studies, the
lack of ODC activity of human ODCp is not surprising because of the absence of key
residues essential for ODC activity such as Asp-88 Cys-360, and Phe-400 (59, 62, 63).
In the case of mouse ODCp, apart from the changes in these critical residues, Lys-69
thatis essential for ODC activity (59, 62) and for the binding ofthe coenzyme pyridoxal
5-phosphate (59, 60) is also substituted by glycine, suggesting that it is very unlikely
that mouse ODCp may efficiently bind this cofactor,

Although it is generally accepted that ODC is universally distributed in most
members of the phylogenstic scale, from bacteria to mammals, it was believed for
many vears that ADC was not expressedin mammals (1), However, in the past decade
several publications have sustained the existence of ADC in mammals, based on the
measurement of arginine decarboxylating activity in rat brain (38, 44, 72, liver (40, 44,
kidney (40, 72) wascular endothelial cells (73}, and murine macrophages (43
Maoreover, the detection of agmatinase activity in rat brain (74) and the cloning of

human agmatinase (41, 42) have led us to postulate that the co-expression of both
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enzymes in specific cells may contribute to the synthesis of putrescine by an alternate
pathway to the classical route of ODC (42 Although there is convincing evidence that
agmatine is present in mammalian tissues (35-40, it cannot be excluded that this
agmatine may have a dietary origin. On the other hand, although it is clear that
mammalian extracts are able to generate ™CO, from L-[1-"Clarginine, the results on
the formation of agmatineg from argining in cell extracts are subject to some controversy.
Thus, whereas some reportsidentified agmatineg as the product of the reaction (40, 45,
other studies could not confirm this observation (46-48). Evenmore, it is also possible
that part of the "C0, generated from L-[1-"*CJarginine in rodent tissue homogenates
may be not derved directly by the action of ADC, but rather it may be generated from
the concerted action of arginase- and aomithine-metabolizing enzymes such as O0DC or
omithing aminotransferase present in the extracts as shown in plant extracts (75
Interestingly, the identification of a human cDMNA clone that exhibited ADC activity when
expressed on COS-7 cells was reported recently (1) The sequence of this gene was
not related to that of a previously reported ADC partial clone isolated from rat kidney
(V2] that presented a high homology with that of £ coff ADC. Sumrsingly, the ADC
sequence deduced from this human ADC clone was identical to that of the previously
identified human ODCp [(52). However, in a more recent study neither ODC nor ADC
activity could be detected in bactenal extracts of transfected £, cofiwith human ODCp
(481 In our present results, in most cases we could not detect any significant ADC
activity in HEK 293T cells transfected with the munne ODCp, which is in agreement
with the results reported using human ODCp (481 In the few cases where we found
decarbaoxylation of arginine in the HER 293T ODCp+transfected cells, the activity was
not comparable with that reported in the COS5-7 cells transfected with the putative
human ADC clone (51), and neither agmatine synthesis could be detected. In our
opinion, the lack of ADC activity of mouse ODCp is not surprising because, as
discussed above, it is unlikely that mouse ODCp may efficiently bind pyridoxal
phosphate, the coenzyme needed by bacterial and plant ADC (78] At present, we do
not known the reason for the discrepancy in ADC activity between human and murine

genes, apart from the already commented substitution of lysine residue 69 by glycine.

In conclusion, our results indicate that mouse ODCp is devaoid of intinsic
decarboxylating activity of omithine or arginine, but it may act as an AZ inhibitory
protein as efficiently asthe established AZL Accordingly, it should be considered as a
second member of the AZI family and tentatively named as AZ12. The preferential
expression of ODCp in brain and testis, tissues with low ODC activity and having

bloodftissue bamier, paralleling the expression of 273, together with the differences in
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compartmentation between ODC and ODCp led us to speculate that ODCp could

participate in the control of polyvamine uptake presumably by acting on AZ3. 1t will be of

interest to determine whether such A7 inhibitory capacity 1s shared by human ODCp or

other ODCp orthologues.

REFERENCES.

1.

2.

3

4.

10.

11.

12,

13.

14

15.

16.

17.

12

12,

Tabor, C. W, and Tabor, H. (1984) Annu. Rev. Biochem. 53, 749730

Cohen 3.8, (1998) A guide to the polyamines, Oxtord University Press, New ¥ ork
Thomas, T. and Thomas, T. J. (2001) Cetl. Mot .Life Sci. S8, 244-258

Wallace, L M, Fraser, & V., and Hughes, A (2003) Biochem. J. 376, 1-14
Pegg, A E. (1986) Biochem. J. 234, 249262

Heby, O. and Persson, L. (1990) Trends Biochem. Sci 15, 153-158

Seiler, I, Deleros, I G, and Moulinoux, J. P. (1998) fat 4 Biochem. Cell Biol. 28,
243-861

Seiler, . (2004) Amino Acids 26, 217233

Jarme, I, Alhonen, L., Pietila, M, and Keinanen, T. A (2004) Eur. J. Biockem. 271,
g77-894

Bello-Fernandez, C., Packham, &, and Cleveland, J L. {1993) Proc. Natl Acad Sci
[L5A4 90, 7804-7308

Hayashi, 3., Muralami, T and Matsufiyn, 8. (1996) Trends Biockem. Sci 21, 27-30

Feddy, 3. G, Mcllheran, 3. M., Cochran, B. T, Worth, L. L., Bishop, L. &, Brown, P.
I, Erutson, V. P, and Haddox, M. K. (1996) J. Biol. Chem. 271, 24545-24953

1i,E 8, Law, G L, Seifert, R A Romaniuk, P. T, and Morris, D. B (1999) Exp. Cell
Res. 247, 257-266

Shantz, L. M. and Pegg, A E. (1999) Int. J. Biochem. Cell Biol. 31,107-122

Coffino, P. (2001) Nat. Rev. Mol Ceti Biot. 2, 133-194

Pegg, A E. (2006) 1. Biol. Chem 281, 14529-14532

Hayashi S5 and Canellakizs ES (1989 Crithine decarboxylase antizymes. /In
Ornithine decarboxylase: biology, ernzymology and molecular genetics, Hayashi 3 Ed.
Pergamon Press, New Tork

Mangold, U, (2005) fubmb Life 57,671-676

Muralkami, Y., Matsufgi, 3., Eamej, T., Hayashi, 3., Igarashi, B, Tarmura, T., Tanaka,
K., and Ichihara, & (1992) Nature 360, 597-599

102



Capitulo 7

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Murakami, Y., Tanahashi, N, Tanaka, K., Omura, 3., and Hayashi, 3. (1996) Biochem.
4. 317, 77-80

Coffino, P. (2001) Biochimie 83,319-323
Fom, E. and Kahana, C. (1994) Proc. Natl. Acad. Sci. {1.5.4. 91, 9195

Matsufiyy, 3., Matsufgi, T., Mivazalki, ¥, Murakami, T, Atkins, I F., Gesteland, R
F., and Hayashi, 3. (1995) Cell 80, 51-60

Murakami, Y., Ichiba, T., Matsufuyi, 2., and Hayashi, 3. (1996) L Biol. Chem 271,
3340-3342

Mangold, T, and Leberer, E. (2005) Biochem. J. 385,21-28

Suzuki, T., He, ¥, Kashrwagt, K., Murakami, ., Hayashi, 3., and Igarashi, K. {1994)
Proc. Natl, Acad Sci. 1254, 91, 8930-8934

Zhu, C., Lang, D. W, and Coffino, P. (1999) /. Biol Chem. 274, 2642526430

Mitchell, I L. A, Judd, G G, Bareyalleyser, &, and Ling, 3. T. {1994 Biochem. /.
209, 19.22

Ivanov 1. P, Rohrwasser, & Terreros, D A Gesteland B F | and Atkins, T F. {20000
Proc. Natl. Acad. Sci. .54, 97,43808-4313

Auvinen, M., Paasinen, A , Andersson, L. O, and Holtta, E (1992 Nature 360, 355-
358

Megosh, L., Gilmour, 3. ., Rosson, D, Boler, & P Blessing, M., Sawicli, I A and
Obrien, T. G. (1995) Cancer Res. 55,4205-4209

Feith, D. I, Shantz, L. M., and Pegg, A. E. (2001) Cancer Res. 61, 6073-6081
Fong,L. Y. ¥, Feith, D. I, and Pegg, & E. (2003) Cancer Res. 63, 3945-3954

Jung, WML H, Kim, 5. C, Jeon, G A Emm, 3 H, Fim, ¥, Choy, B 2., Parle, 3. 1, Jog,
M K, and Einm, K (2000 Genomics 69, 281-28¢

Milsson, J., Grahn, B, and Heby, O. (2000) Biochem. J. 346, 92-704

Gruendler, ., Lin, ¥, Farley, J., and Wang, T. W. (2001} J. Biol Chem. 276, 46533-
46543

Mewman, E. M., Mobascher, A, Mangold, U, Koike, C., Digh, 3., Schmidt, M, Finley,
D. and Zetter, B. R. (2004) J. Biol. Chem. 279, 4150441511

Li, &, Regunathan, 3., Barrow, C. J, Eshraghi, I, Cooper, E., and Reis, D. T (1994
Science 263, 966-969

Raasch, W, Regunathan, 3., L1, &, and Reis, D. I (1995) Life Sci. 56,2319-2330
Lortie, M. T, Novotny, W. F., Peterson, ©. W, Vallon, V., Malvey, K., Mendonca, I,

Satriano, I, Insel, P, Thomson, 8. C., and Blantz, . C. {1996 £. Clin. favest 97, 413-
420

103



Capitulo 7

41.

42.

43.

45.

48,

47.

4.

43,

50.

51

52.

53

54

55

56,

57

58

55,

B0

&1

Iyer, B K. K, H E, Tsoa, B W, Grody, W W, and Cederbaum, 3. D (20023 Mod.
Genet. Metab, 75, 209-218

MWhstry, 3. K., Burwell, T. J, Chambers, R M, Rudolph-Owen, L., Spaltmann, F.,
Coolk, W. I, and Morris, 3. M. (2002) Am. J. Physiol.-CGastroint. Liver Physiol. 282,
G375-G3321

Sastre, M., Galea, E, Feinstein, D, Reis, D. T, and Regunathan, 3. (1998) Biochem. J.
330, 1405-140%

Regunathan, §. and Reis, D. J. (2000) J. Neurockem. 74, 2201-2208

Horyn, O, Luhovyy, B, Lazarow, A, Datkhin, ¥, Missim, A, YTudkoff, M, and
Nissim, I (2005) Biochem. J. 388, 419425

Penafiel, B, Ruzata, C, Pedrefio, E., and Cremades, A (1998) Agmatine metabolism in
rodent tissues  fn Metabolic effects of biologically active amines in food, COBT 917,

European Comission, Luxembourg

Ruzafa, ., Monserrat, F., Cremades, &, and Penafiel, B (2003) A Nutr. Biochem. 14,
33331

Coleman, C. 3., Hu, G R, and Pegg, & E. (2004) Biochem. J. 379, 843-855
Gilad, G M., Gilad, V. I, and Rabey, J. M. (1996) Newrosci. Lett. 216,33-36

shah, B, Colernan, C. 3., Mir, K, Baldwin, J, Van Etten, I L., Grishin, M. V., Pegg,
A E., Stanley, B. A, and Phillips, M A (2004) 1. Biol Chem. 279, 35760-35767

Zhu, M. Y., Iyo, A, Piletz, I E., and Regunathan, 8. (2004) Biockim. Biophys. Acta
1670, 156-164

Pitlzanen, .. T., Heiskala, M, and Anderssen, L. C. (2001) Biochem. Biophys. Res.
Commuin, 287, 1051-1057

Sambrock, I, Fritsch, E. T, and Maniatiz, T. (1989 Molecular Cloning. A. Laboratory
Manual, 2nd edn Ed., Cold Spring Harb or Laboratory, Cold Spring Harbor, NY

srymanska, &, OConnor, M. B, and OConnor, G M. (1997 Anad Biochem. 252, 98-
105

Russell, D. and Snyder, 8. . (1968) Proc. Natl. Acad. Sci. [1.5.4. 60, 1420-1427
Bradford, M. M. (1976) Aral. Biochem. T2, 248-254
Seiler, M. (1983) Methods Enzymol. 94, 10-25

Almrud, I T, Olwveira, M A Kem, A D, Grishin, N. V., Phillips, M. A, and Hackert,
M. L. (2000 J. Mol. Biol. 295,7-16

Poulin, B, Lu, L., Ackermann, B, Bey, P, and Pegg, & E (1992} 1 Biol Chem. 267,
150-158

Tsirka, 5. and Coffino, P. (1992) J. Biol. Chem. 267, 23057-23062

Tobias, K. E. and Kahana, C. (1993) Biochemistry 32, 5842-5847

104



Capitulo 7

62,

63

64

65

66,

&7

68

65,

70

71

A

73,

74,

75,

s

Coleman, C. 3., Stanley, B, A, and Pegg, A E. (1993} L Biol. Chem. 268, 24572-
24579

Ostermarn, A L., Kinch, L. M., Grishin, M. V., and Phillips, M. A. (1995) /. Biol. Chem.
270, 11797-11802

Lu, L., Stanley, B. &, and Pegg, A E. (1991) Biochem. J. 277, 671-675

Tobiazs, K. E, Mamroudkidron, E., and Kahana, C. (1993) Eur. J Biochem. 218, 245-
250

Metcalf, B. W, Bey, P, Danzm, C., Jung, M. T, Casara, P, and Vevert, I P. (1978) L
Am. Chem. Soc. 100, 25512553

Bitonti, & J, Casara, P. I, Mccann, P. P, and Bey, P. (1987) Biochem. J. 242, 6974

Boucher, J. L., Custot, T, Vadon, 3., Delatorge, 3, Lepotvre, b, Term, J P, Tapo,
A and Mansuy, D (1994 Biockem. Biophys. Res. Commun. 203, 1614-1821

Daghigh, F., Fukuto, J M, and Ash, D. E. (1994 Biochem. Biophys. Res. Commun. 202,
174-120

Li, 3 Q. and Coffino, P. (1992) Mol. Cefl. Biot 12, 3556-3562

Pegg, & E, Fetth, D J,Fong, L. ¥. Y., Coleman, C. 3, O'Brien, T. G, and Shantz, L.
M. (2003) Biochem. Soc. Trans. 31, 356-3680

Morrissey, J., Mceracken, R, Ishidova, 3., and Klahr, 3. (1995) Kidney fnt. 47, 1458-
1461

Regunathan, 8., Youngson, C., Raasch, W, Wang, H, and Reis, D. J (1996) L
Pharmacel. Exp, Ther, 276, 1272-1282

Sastre, M, Fegunathan, 3., Galea, E | and Eeis, D. I {1996) J Newrochem. 67, 1761-
1765

Birecka, H., Bitonti, A T, and Mecann, P P (1985 Plant Physiol. 79, 509-514

Tabor, C. W, and Tabor, H. (1985) Microbiol. Rev, 49, 81-99

105



Capitulo 7

106



Capitulo 2

CAPITULO 2

El inhibidor de antizimas 2 {AZIN2) estimula la captacion de poliaminas en

células de mamifero.

RESUMEN.

Uno de los procesos que regula los niveles intracelulares de poliaminas en
celulas de mamifero es la captacidn de poliaminas extracelulares. Hemos medido la
captacion de poliaminas en ceélulas COSY para putrescina, espermiding v espenmminag,
obteniendo unos valores de WKm de 4.5, 1.0 v 0.8 pM, respectivamente. El tratamiento
de células no confiuentes con cicloheximida estimuld la captacion de poliaminas v
evitd el efecto inhibitono encontrado en células precargadas con  poliaminas,
sugiriendo la existencia de un mecanismo de feedback represor mediado por antizimas.
Celulas transfectadas transitonamente con las antizimas AZ1, AZ2 v AZ3 mutadas,
gue no requisren el mecanismo de frameshifting, mostraron un blogueo total en la
captacion de poliaminas. La transfeccion de celulas COS7 con AZINZ murna o
hiumana, un nuevo miembro de la familia de la proteinas inhibidoras de las antizimas
recientemente caractenzado por nuestro grupo, estimuld marcadamente la captacion
de poliaminas v revertid la accidon de cualguiera de las tres antizimas en células
cotransfectadas. El efecto de AZINZ sobre la captacidn de poliaminas fue blogueado
cuando se deleciond la secuencia putativa de unidn a antizimas, formada por los
residuos 117-140 de AZINZ2 . Estudios de ET-PCE a tiempo real revelaron gue AZINZ
5e expresa en niveles mucho mavores gue AZIN1T en cerebro v, especialments, en
testiculo, donde es 25 wveces superor. En conjunto, nuestros resultados indican
claramente gue AZINZ afecta la homeostasis de poliaminas, no sdlo incrementando la
actividad ODZ, sino tambign estimulando la captacién de poliaminas, a traves de la
inhibicidn de los efectos de las antizimas. Este descubrimiento puede tener relevancia
fisioldgica, principalmente en testiculo, dénde ASZ3 v AZINZ se expresan mas

abundantemente.

107



Capitulo 2

ABSTRACT.

DOne of the processes that regulate intracellular levels of polyamines in
mammalian cells is polyamine uptake Ve have measured polyamine uptake in COSY
cells for putrescine, spermidine and sperming, obtaining Km values of 45 1.0 and 0.8
Wi, respectively. Treatment of non-confluent cells with cycloheximide stimulated
polyvaming uptake and prevented the inhibitory effect found in cells preloaded with
polyvamines, suggesting the existence of a feedback repression mechanism mediated
by antizymes . Transient transfected cells with mutated antizyme forms of 221, AZ2 and
A3 wihich do not require frameshifting, showed a total blockade of polyamine uptake.
Transfection of COS7 cells with mouse or human AZINZ, a novel member of the
antizyme inhibitor family, recently characterized by our group, markedly stimulated
polvaming uptake and counteracted the action of any of the three antizymes in co-
transfected cells. The stimulatory effect of AZIN2 on polyamine uptake was abrogated
when the putative antizyme binding sequence, formed by residues 117-140 in AZINZ,
was deleted. Real time RT-PCRE analysis of antizyme inhibitor transcripts revealed that
in brain and testes, AZINZ is more expressed than AZ N1, specially in the testes where
the relative expression was about 25-fold higher. Collectively, our results clearly
indicate that AZIN2 affects polyamine homeostasis not only by increasing ODC activity
but also by stimulating polyvamine uptake, through negating the inhibitory effect of the
antizymes. This finding may have physiclogical relevance, mainly in testes where AZ3

and AZIN2 are mostly expressed.

INTRODUCTION.

The polyamines putrescing, spermidine and  spermine  are  ubiguitous
constituents of mammalian cells, which are essential for nomal cell physiology and cell
growth {1-3). These cationic molecules play multiple functions including the regulation
of nucleic acids and protein synthesis, and the modulation of ion channels and
receptors (4-8). In normal cells, the intracellular levels of polyamines are tightly
controlled by biosynthesis, catabolism, uptake and excretion (3, 7, 81 In rapidly
proliferating cells, increased amounts of polyamines are obtained by activating both
polyamineg biosynthesis and uptake (9-11). Omithine decarboxyase (ODC), a key
enzyme in polyamine biosynthesis, is elevated in many kinds of malignancies, and the
forced overexpression of ODC can transform mouse fibroblast cells (12). Growth
factors, hormaones and polvamines themselves, regulate ODC by mechanisms acting at

transcriptional, translational and post-translational levels (13). On the other hand,
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tumour cells exhibit enhanced polyamine transport activity in comparnson with nomal
cells, and the pharmacological inhibition of polyamine biosynthesis leads to a
compensatory increase in polyamine uptake activity (9, 143 Although polyamine
transport systems have been described and characterized at molecular level in bactena
and wyeast (15) no mammalian polyamine carfder has wet been moleculany
characterzed. Different studies have revealed that in mammalian cells operate
polyaming Uptake systems that are energy dependent, saturable and camier mediated
(1471 Most recently, endocytic pathways have also been implicated in polvamine

transport in mammalian cells (18],

A critical regulator of both polyamine biosynthesis and transport is the ODC
antizyme (ALY (7, 171 A7 protein is synthesized, when cellular polyamine levels
increase, by stimulation of an unusual translational frameshift of the A7 messenger
EMA (18). A7 induction decreases polyamine biosynthesis by inhibiting ODC and
promoting the degradation of this enzyme by the 2685 proteasome (19) AZ also
negatively regulates polyamine transport into the cells (20, 21), although the
mechanism of antizyme inhibition of polyvamine uptake is totally unknown. Three
different antizymes, named AZ1, AZ2 and AZ3 have been characterized (17). AFZ1 and
A2 are widely expressed, whereas AZ3 expression is restricted to the testes (22, 23]
Another factor, named antizyme inhibitor (AZIN], first discovered in the liver (24],
participates in the regulation of polyamine metabolism in different mammalian tissues
(25 Although the AZIN is highly homologous to QD it has no intinsic ODC activity
(26). However, this protein that has a higher affinity for AZ than ODC, blocks the ability
of the antizyme to both inhibit ODC activity and to promote ODC degradation (26),
increasing accordingly polyamine biosynthesis.  Experniments based in the forced
induction of AZ M in cell cultures have also shown that AZIN overexpression resulted in
elevation of polyamine uptake (27), demonstrating that this protein is a positive

regulator of polyamineg metabolism.

Wie recently showed that a new paralogue gene of ODC, named QDCp or ODC-
like, that had been postulated to code for arginine decarboxyviase (28) was devoid of
omithing or argining decarbooase activity, but acted as an antizvme inhibitor, and in
consequence we proposed to name it antizvme inhibitor 2 (AZINZ2) (29). These results
hiave later been corroborated for human ODCp by others (30). AZINZ2/0DCp is mainly
expressed intestes and brain both in mice and human (29, 31), and by both functional
and co-immunoprecipitation experiments we demonstrated that this protein is able to
interact with the three antizyme isoforms as it had been also shown for the former
antizyme inhibitor, the AZIN1T (32). As stated above, AZ3 s a testis specific protein that
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is believed to participate in the maintenance of approprate levels of polyamines durning
spermicgenssis [22). However, whereas it is known that both 221 and AZ2 inhibit O0C
and decrease polyamine transport (20, 21, 33), the influence of AZ3 in polyamine
uptake is mostly unknown. In the present work, we have analyzed firstly the kinetic
parameters of the polyamine uptake in COS7 cells, and secondly, by Using transient
transfection assays of COST cells with different AZINZ and AZs constructs we have
studied the influence of AZINZ and AZ3 on polyamine uptake. Our results indicate that
A3 inhibits polvamine uptake and that AZIMN2 acts as a positive regulator of polyamineg
transport. This action of AZIM2 is related with the abrogation of the negative effects of
the three antizymes, what suggests that this protein may play a relevant role, at least in

the regulation of testicular polyamine metabolism.

EXPERIMENTAL PROCEDURES.
Materials.

MUY reverse transcrptase, GenElute mammalian total EMNA Miniprep kit, anti-
FLAG M2 monodonal antibody peroxidase, protease inhibitor mixture (4 2-aminoethyl)
benzenesulfonyl fluorde, EDTA, bestatin, E-64, leupeptin, aprotining, lgepal CA-360,
non-radioactive polyamines and cycloheximide were purchased from Sigma (St Louis,
MO Pfu DA polymerase was obtained from Biotools (Madnd, Spain). SYBR Green®
FCR Master Mix was from Applied Biosystems (MWarmington, UK). Restriction
endonucleases EcoRl, Xbal, Hindlll and BEamH| were from Fermentas Life Sciences
(“ilnius, Lithuania). Lipofectamine 2000 Transfection Reagent and Trypsin-EDT A were
purchased from Invitrogen (Carlsbad, CA). QuikChange site-directed mutagenesis kit
was from Stratagene (La Jolla, CA). MC-Putrescine (specific activity 107 mCifmmol),
“C-Spermidine [spedific activity 112 mCifmmall, "C-Spermine (specific activity 113
mCifmmol), ECL+ detection reagent, developing reagents and films were from
Amersham  Biosciences (Little Chalfont, Buckinghamshire, UK} Primers were
purchased from Sigma Genosys (Cambridge, Uk Scintillation solution Ecoscint-H was

obtained from Mational Diagnostics (Atlanta, GA).

Cloning of AZ1, AZ2, AZ3, AZIN1 and AZIN2.

The desired mouse genses were cloned into the expression wvector pcDMNAZ
(Imvitrogen) following standard procedures (34) and using the primers descrbed
elsewhere (291 Antizyme constructs with an approprate deletion of one nucleotide in

the frameshifting site, for fulllength and functional expression, were obtained by the
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QuickChange site-directed mutagenesis kit. Human AZIN2 clone was obtained from
the human expression plasmid library of Open Biosystems (Huntsville, ALY AZIN1T with
the FLAG epitope fused to its C-terminus was generated by inserting a double-
stranded synthetic oligonucleotide encoding the epitope (in boldface) to the pcDMNASZ
containing the AZMN1 sequence. This was designed for annealing with EcoRfand Xbal
cohesive ends of the appropriate open vector. The sense oligomer had the seguence
S-AATTCGACTATAAGG ACGATGATGACAAGTGAT-3 and the antisense oligomer
the 5-CTAGATCACTTG TCATCATCGTCCTTATAGTCG-3' sequence.

Generation of AZIN2 mutants.

Several constructs of AZINZ were generated using different strategies. The
FLAG epitope was introduced to the N-terminus of AZINZ as described previously (29).
AL N2 with a Streptavidine epitope (STrEP Tag) in its C-terminal was obtained by
subcloning the ORF of AZINZ into the pEXPR-IBA 103 vector (Movagen) using the
following prmers: (S5Taqg, forwand:; S-CTCTICTAGAIXbaNATGGCTGE
CTATCTGAGTG-3, reverse. 5-CCCGGATCC (BamHACATGATGCTTGCTGGGGTG-
2" The green fluorescent protein sequence (GFP) was also added to the C-terminal of
AZIN2, inthis case by subcloning in the vector pEGFP-M2 (ED EBiosciences Clontech),
betwesn the restrnction sites EcoRf and BamiHf, using as forward primer the onginal
AL N2 cloning primer and as reverse primer a'-
GGG GATCCIBamHIACATGATGCTTGCT GGGGTG-3". The following constructs
were generated from the FLAG tagged AZINZ: N-terminal deletions (a”*N: A™ N and
C-terminal deletions (A**C: A™C) were obtained by PCR of the appropriate fragment
and subcloning into the pecDMAZ vector. For deletion of antizyme binding site of AZINZ
(a1 bwio Hindii restriction sites flanking that region were introduced by PCR
amplification of two fragments; the MN-aterminal fragment was digested with the
restriction enzymes EcoRf and Hindifi, and the C-terminal with Hindiff and Xbal and
then a triple ligation was performed resulting in the deletion of the region between the

introduced Hindfif restriction sites. The primers used were:

AN, 5. AAGGAATTC(EcoRNGCCTTC TTCGTGGCCGACCTG-3: AN, 5= TGT
GAATTCEcoRNCCCTGTAAGCAAGTTGCA CAG-3 AYC, 5 TCGICTAGAIXhalT

TACCAGGCTAGCCGGGACATG-3" A% 5-
GCGCICTAGA!XhalTTAAACCTCCCTCTTGGCGACGATG-3 AM™, 5 CTCAAMCCTT
( Hindiif) TTGCTTACAGGGGTTGGCAC-3" AN 5'-

GAGALAGCT T (HIndiNAAGGTGGTC AAGAGCCACC-3". In each case, one of the
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above primers and the forward or reverse cloning primers of the full AZIN2 ORF were
used for abtaining the desired amplification fragment. The identity of the constructs was
ascertained by DNA sequencing of the cloned inserts by means of an ABI PRISK 310
Genetic Analvzer (Applied Biosystems) at the "Servicio de Apoyo a las Ciencias

Expernmentales”, University of Murcia.

Cell culture and transient transfection.

The monkey kidney fibroblast-like COSY cell line was obtained from the ATCC.
Zells were cultured in Dulbecco's modified Eagle medium (DMEM ) supplemented with
10% fetal calf serum, 100 units/ml penicillin, and 100 pg/ml streptomycin, at 37 °C
under a 2% CO» humidified atmosphere. Cells were grown to about 80% confluence.
Transient transfections were carmed out with Lipofectamine 2000 transfection reagent
with 015 pg of pcDMNAZ plasmid and 2 uL of Lipofectamine per well, in 24-well plates.
After 6 h of incubation the transfection medium was removed, and fresh complete
medium was added, and cells were cultured for 16 h after transfection. The cells were
then used for westem-blotting or for polyamine uptake assavs. In cotransfection
experiments, 0.3 pg of DMA per well were used, with the mixtures containing
equimolecular amounts of each construct. The plasmid pcDMNAS without gene insertion
was used as control. To assess transfection efficiency, a plasmid containing the green
fluorescent protein (GFF)was transfected using the same conditions as above, and the

percentage of cell expressing the GFF was determined by fluorescence microscopy.

Polyamine uptake assay.

Cells were plated in 24-well plates and grown for two days to about 30%
confluence. Then, they were transfected or directly assessed for polyamine uptake.
iZells were washed with DMEM medium (serum free) to remove all traces of serum,
and then 200 uL of fresh DMEM medium (serum free) was added to the cells. The
uptake assay was started by the addition of “C-putrescine, ™C-spermidine or ™C-
spermine at a final concentration of 2 uh. Since the Km calculated for putrescine was
45 uM, in some cases, 10 pM “C-putrescine was also used as substrate. After
incubation at 37 °C for different periods oftime, the cells were washed three times with
cold PBS. Washed cell were lysed by incubation with trypsin for 30 min. Finally, 3 mL
of the scintillation solution Ecoscint-H was added and the radioactivity was measured in
a Tri-Carb 2900 TR analyzer (Ferkin Elmer). In some treatments, unlabelled

polyamines or cycloheximide were added to cells dissoked in DMEM medium (serum
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free) at 100 pM and incubated for 90 minutes just before the radioactive uptake assay.
The non-specific accumulation of 14C—p0|y‘amiﬂ85 was measured by incubation of the
cells at 4°C, and the specific uptake was calculated by subtracting non-specific from
total accumulation. Each condition was assayed in tnplicates and, in every experiment,
2 wells were used to determine the protein content by the method of Bradford (35)

using bovine serum albumin as standard.

Westem Blotting.

Cells were solubilized in 20mi Tris-HCI (pH 8), 1% Igepal, 1 mM EDTA, and
protease inhibitor mixture and centrifuged at 12000xg for 20 min. Reducing SD5-PAGE
was performed in 10% polyvacrylamide gels. Gels were transferred to polwinylidene
diffuoride membranes, blocked with 5% non-fat dry milk in PES. and incubated
overnight at 4 °C with the anti-FLAG antibody peroxidase-labeled (1:5000).
Immunoreactive bands were detected by using ECL+ detection reagent and
commercial developing reagents and films. For loading controls, Ef<2 was determined
by means of polyclonal anti-Erk?2 antibody {Santa Cruz Biotechnology Inc., Santa Cruz,
CAD.

RNA extraction and real time RT-PCR.

Total ENA was extracted from tissues with GenElute mammalian total RRNA
Miniprep kit following the manufacturer's instructions. Total RMA was reverse-
transcribed using oligo (dT e as primer and Moloney murine leukemia virus reverse
transcriptase. Real time RT-PCR was carried out by the use of primers that amplified
about 100bp fragments, one of them hybndising on the boundary between two exons to
discard genomic amplifications. The PCRE mix contained 2 25 ul of 100 ph primers,
1250 of SYBR Green® FCR Master Mix, 1 ul of template cODMA and EMase free water
to 25 plo The reaction was performed in a 7500 Real Time machine (Applied
Biosystems) under the following cycling conditions: 1 cycle at 95°C for 10 min and 40
cycles at 95°C for 15 seconds and B0°C for 1 min. Fluorescence data were collected
from each cycle and were analyzed by means of 7500 SDS Software (Applied
Biosystems). The expression data of the genes were nomalized to B-actin. Different
concentrations of plasmids containing the ORF of ODC, AZIN7T and AZIN2 were Lsed

as templates to determine the efficiency of the amplification for each pair of primers.

The following primers Were used: [r-actin (forward, a-
GATTACTGCTCTGGCTCCTAL CA-3" reverse, S-GCTCAGGAGGAGCAAT
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GATCTT-3"), AZINT (forward, 5-CTTTCCAC GAACZCATCTGCT-3',  reverse, 5-

TTCCAG CATCTTGCAT CTCA-3'); AZINZ (forward, 5'-
GCTTAGAGGGAGCCARAGT -3 reverse, OH-CTCAGCAAGGATGTCCACACS'),
QDC {forward, SRATGGGTTCCAGAGGCCAARD, reverse, o'-

CTGCTTCATGAGTTGCCACATT-3").

RESULTS.
Polyamine uptake by COST cells.

Since transfection assays were camied out in COSY cells, we first studied some
general properties of the polyamine transpaort system in this cell line. The uptake of ™“C-
labelled putrescine, spemidine and spermine by COSY cells at 37°C and 2 uM
concentration of each polyamine was linear over a 120 min course (data not shown).
The apparent kinetic parameters Michaelis-Menten constant (Km ) and maximal velocity
(Wmax) of putrescineg, spermidine and spermine uptale by COS57 cells, determinad by
measuring the rate of uptake at different polyamine concentrations, are summarized in
Table 1. The Km values were 45, 1.0 and 0.5 ph for putrescine, spermiding and
spermine, respectively. This indicates that the affinity of putrescine was lower than
those of spermiding or spermine. However, Wmax for putrescine was about two-fold
higher than for the other polyamines. Fig. 1 shows that the uptake of each polyaming
was markedly inhibited by excess of the other polyamines, what suggests the existence
of a common carrier for putrescing, spemiding and spermine in COSY cells. In contrast,
20 ph agmatine did not inhibit the rate of polyamine uptake, excluding an unspecific

blocking of the carmer by cationic amines (data not shown).

Polyamine Km Ymax
(UMD (prnol'h mg protemn)
Futrescine 4504115 12484309
Spermidine 1.0040.07 T33425
Spertrine 0.814£0.05 599416

Table 1. Kinetic parameters of polyamine uptake by COS7 cells. Polyarnine uptake assays
were carried out as described in “Experimental procedures”, using “'C-labelled putrescine,
spermuidme or spermine, m a range of concentrations from 0.1 pd to 20 phd The apparent
kinetic parameters Em and Vmax were determined by measoring the uptake rate of radicactive
polyamines and Lineweaver-Burk analyses Data are shown as mean +3EM of triplicate
deterrminations.
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In orderto examine the role of antizymes on polvamine uptake, protein
synthesis in COSTY cells was inhibited by treatment with cycloheximide priorto uptake
assays, since early studies had shown that cycloheximide treatment abrogated the
feedback repression of polyaming uptake in different mammalian cell lines (326), and
that this repression was mediated by antizyme (20,21). Fig. 2 shows that the rate of
Uptalke of the three polyamines was rapidly increased after cycloheximide treatment,
reaching a maximum (~4-fold) around 4 h, and decreasing slowly thereafter. This
decrease could not be reversed by a second addition of cycloheximide 18 h atter the
first one. This suggests that the decay in the polvamine uptake observed in the second
period of observation could be related with the turnover of the transport system rather

than to antizyme recovery.
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Figure 1. Influence of unlabelled polvamines in the assay medium on polyamine
uptake by COS7 cells. Polyamine uptake assays were carried out as described in
“Esxtperimental procedures” | using 2 pM of '*C-labelled putrescine, spermidine or spermine in
the absence or presence of 20 u of unlabelled polyamines. Mote that in the case of putrescine,
10 uM of H'C-labelled amine was also used. Data are shown as mean £5EM of triplicate
determinations.

Wihen COSY cells were uploaded with polyamines by prior incubation with 100
Ui of unlabelled putrescine, spermidine or spermine for 80 min, the uptake of labelled
putrescine was markedly reduced (Fig. 34). This effect could be ascribed either to a

direct trans-inhibitory effect on the polyamine transporter produced by the increase in
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intracellular polyamines or to the induction of antizymes in response to the rise in

intracellular levels of polyamines. The fact that the inhibitory effect produced by the

preincubation with polyamines was prevented by cydoheximide treatment (Fig. 3B)

supports the latter possibility.
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Figure 2. Influence of cycloheximide
treatment on the rate of polyamine
uptake by COS7 cells, Cells at 80% of
confluency were treated with 100 phd
cycloheximide (Chx) and the rate of
polyamine uptake was measured at different
times after Chx addition, using 2phd of
labelled polyamine for 30 min assay. In
samne cases, fresh Chx was added 18 hours
after the first addition (see arrow ) and
polyamine uptake was measured 2 h later
(open square). Data are shown as mean
+3EM of triplicate determinations.
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Figure 3. Influence of preincubation of
C 057 cells with unlabelled polyamines in
polvamine uptake. 45 Cells at 8080 of
confluency were moubated for 0 min with
100 uki of putrescine, spermidine or
spermine. After washing twice with DhEM
polyamme uptake was carried out using
2uM YC-labelled putrescine for 30 min. B)
Cells were pre-treated with 100 phf of
unlabelled putrescine plus 100 pkd of
cyclcheximide and putrescine uptake was
compared with their controls m absence of
Chx. Data are shown as mean £5EM of
triplicate determinations.
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Influence of single transfection of COS7 cells with antizymes or antizyme

inhibitors on polyamine uptake.

To study the influence of the antizymes and antizyme inhibitors on polyamine
uptale, COS7 cell were transiently transfected with plasmids containing the cDMA,
comresponding to mouse AZ1, AZ2 A3 AZINT and AZINZ, and human AZINZ, under
the ChY promoter. In the case of the antizymes, mutated versions lacking the stop
codon of the ORF1 that synthesize antizymes without frameshift were used. These
constructs were named as MAZT, MAZZ and MAZZ . Polyamine uptake was measured
in the transfected cells Uusing conditions similar to those used with norn-transfected cells.
In the cells transfected with the empty vector pcDNAZ, no significant differences in the
Uptalke of putrescine, spermidine or spermine were noted, in comparison with non-
transfected cells idata not shown). Fig. 44 shows that the uptake of putrescine,
spermiding and spermine was markedly reduced in the cells transfected with any of the
three mutated antizymes. On the contrary, in the cells transfected with the murine
AZIN2Z, polyamine uptake was significantly enhanced (~2-3 folds). Similar effect was
observed in transfections with human AZINZ or mouse AZINT If one takes into
consideration that the transfection efficiency of COSY cells was around 50%, as
estimated by measuring by laser confocal microscopy, the percentage of positively
transfected cells expressing the green fluorescent protein (GFP) under the control of
the CMY promoter, the data of Fig. 44 can be comected, subtracting the uptake
corresponding to the non-transfected cells. The new plot shown in Fig. 4B indicates
that the overexpression of any of the three antizymes in COSY cells almost abolished
polyamine uptake. Onthe other hand, the comected values in the case of the antizyme
inhibitors clearly indicate that these proteins markedly enhanced polyamine uptake,
reaching levels similar to those obtained in non-transfected cells treated with
cycloheximide. This result suggests that antizyme inhibitor overexpression totally
blocked the endogenous levels of antizymes existing in COSY cells. Similar results to
those descrbed above were obtained when other mammalian cell lines such as
HEKZZ23T or NIH 3T3 were Used (results not shown).

Polyamine uptake in COS7 cells cotransfected with antizymes and AZIN2.

To confirm that AZINZ is a positive regulator of the uptake of putrescine,
spermiding and sperming by negating the inhibitory effect of antizymes on polyamine

transport, COSY cells were cotransfected with equimaolar mixtures of plasmids coding
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Figure 4. Polyamine uptake by COS7 cells transfected with antizymmes or antizyme
mhibitors. &) Cells were transfected, as desoribed in “Expenimental procedures”, with the
expression plasmid pcDMNAZ containing the ORF of mutated mouse antizymes without
framneshift (MAZ1, MAZZ and MAZZY or the ORF of mouse AZINT and AFINZ and hurman
AFINZ (hAZINZY, in each case. Control cells were transfected with the empty wvector
Polyamine uptake assays were carried out using 2 ph '“C-labelled putrescine, spermidine or
spermine. Note that in the case of putrescine, 10 pb of “*C-labelled amine was also used. B)
Polyamine uptake plots using corrected data calculated by subtracting polyamine uptake
corresponding to non-transtected cells, considering the transfection efficiency estimated by
fluorescence microscopy of GFP protemn overexpressed under the same transfection conditions.
Data are shown as mean +3EM of triplicate determinations.
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for AZIN2 and each one of the antizymes, and polyamine uptake was compared with
cells transfected with an eguivalent amount of antizymes. As expected, AZINZ
prevented the negative effect of antizymes on polyvamine uptake (Fig. 5) Howewver, in
this case, the stimulation of polyamine uptake with respect to contral cells was not as
high as in the case of the single transfectants of AZINZ . Moreover the capacity to
counteract the action of the three antizymes appeared to be different, with lower effect
on AZ1. The apparent lower effect of AZINZ on polyamine uptake in the double
transfectants (Fig. %), in comparison with the single transfectants (Fig. 4), can be
explained, taking into consideration than in the double transfectants the amount of
gach antizyme should be much higher than in the single transfectants, where there is

no forced expression of the antizymes.
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Figure 5. Polyamine uptake by COS7 cells co-transfected with antizymes and AZIN2, &)
Cells were transfected with equimolecular amounts of each of the mutated antizymes (WAZT,
MAZZ and MAZ3) and of the empty vector or AZTNZ. Control cells were transfected with the
ernpty vector. Polyamine uptake assays were carried out using 2uM “C-labelled putrescine,
spermidine or spermine. B) Polyamine uptake plots using corrected data subtracting polyamine
uptake corresponding to non-transfected cells considermng transtection efficiency, that was
estimated by flucrescence microscopy of GFP protein overexpressed under the same
transfection conditions. Data are shown as mean £5EM of triplicate deterrminations.
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Influence of AZIN2 modifications on polyamine uptake.

To assess the possible implication of the different regions of AZIMNZ protein on

polyvaming uptake, several constructs of AZINZ were generated, including both

additions and deletions (Fig. 6-7). Fusion proteins that conserved the whole AZINZ
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Figure 6. Influence of AZIN2 modifica-
tions on polvamine uptake by COS7 cells.
AY Bcheme of the AZINZ constructions
The FLAG epitope was added to the M-
termimis of AFZTN2, and the streptavidine-
binding peptide (EBP) or the green
fluorescent protein (GFF) were fused to the
Cterminus of AFINZ by the appropriate
subcloning of AZINZ in tagged plasmuds
(see “Experimental procedures™) B) Cells
were transfected with the wild type AZINZ
or the different constructs generated. The
cormparisonn of protemn levels of AZINI-
FLAG and AFZINZ-FLAG, measured by
western blot using an anti-FLAG antibody,
15 shown above their respective columns.
Loading controls were performed using anti
Eik2 antibody (data not shown) Control
cells were transfected with the empty vector.
Polyamine uptake assays were carried out
using 2 UM YC-labelled putrescine for 30
min. Data are shown as mean +3EM of
triplicate determinations.
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Figure 7. Influence of AZIN2 deleted
forms on polvamine uptake by COS87
cells, &) Hcheme of the AFINZ deletions.
Nterminal deletions (a*'N, AN, C-
terminal deletions  AYC A'™CY  and
antizyme binding site deletion of AFINZ
(AN grere obtained by PCR and
subcloning into the pcDMA3  plasmid
containing the FLAG epitope  (see
“Experimental procedures” ) B) Cells were
transtected with the wild type AXIN2Z or the
different constructs generated. Control cells
were fransfected with the empty vector
Polyamine uptake assays were carried out
using 2 pM Y C-labelled putrescine for 30
minn. Data are shown as mean +5EW of
triplicate determinations. Protem levels of
the different AZTNZ truncated forms were
deterruned by western-blot usmg  anh
FLAG antihody. Loading controls were
performed using anti Erk?2 antibody (data
not shown).
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sequence but carmed different tags at C or N terminus exerted the same effect on
polyaming uptake as AZIM2 (Fig. 6). In fact, the appended FLAG epitope at the N
terminus of AZIN2Z did not significantly change the antizyme inhibiting function of the
protein. Similady, both of the two chimeric proteins camying the streptavidin-binding
peptide (SBP) or the green fluorescent protein (GFP ) tagged at the C terminal part of
A7 M2 conserved the capacity to stimulate polyamine uptake. Besides, when cells were
transiently transfected with AZINT and AZINZ tagged with the FLAG epitope, both
constructs produced a similar increase in polyamine uptake rate, for eguivalent levels
of protein expression, as estimated by western blot (see fig 6). This indicates that
under our experimental conditions, both antizyme inhibitors appear to have a similar
capacity for stimulating polyamine uptake. On the other hand, the mutant AZINZ
lacking the sequence comesponding to the putative antizyme binding domain (AZBE) of
ODC (37) or AZIMT; (38, 39) lving between residues 117-140, was unable to increase
polyaming uptake (Fig. 7). Truncated AZIM2 proteins with lack of 39 or 4% residues in
the M or C terminus, respectively, were still able to stimulate putrescine uptake. In the
first case the smaller effect could be the conseqguence of the lower level of expression.
However, the removal of larger sequences in both ends abolished the capacity of
A7 M2 to affect antizyme action, although they still contain the AZBE (Fig. 7).

Quantification of the expression levels of antizyme inhibitors in mouse tissues.

In order to compare the expression levels of the two antizyme inhibitors and
ODC in different mouse tissues, total RNA was extracted from these tissues and
mRMNA levels were guantified by using real time RT-FCR. Fig. 8 shows that in all
tissues studied the levels of ODC transcripts were higher than those of antizyme
inhibitors, especially in the kidney of males. AZINZ2 was most expressed in the testes,
followed by the brain. In these two tissues the expression of AZINZ was about 23-fold
higher than AZIMN1 in the testes and 6-fold in the brain. However, in kidney, heart and
liver A71M 1T was more expressed than AZINZ.
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Figure 8. Comparative gene expression of AZIN1, AZIN2 and ODC in different mouse
tissues by real time RT-PCR. RNA frowm testes, brain, kidney, heart and liver was isolated
and analyzed by real time RT-PCR. Expression values of the genes were normalized with
respect to f-actin, and corrected using the efficiency of amplification of each gene calculated
using known standards. Data are shown as mean +3EM of triplicate deterrminations.

DISCUSSION

We have previously described that mouse ODCp, a paralogue gene of ODC, s
devoid of enzymatic activity, but acts as a novel antizyme inhibitor, that we termed
AZINZ (29). The objective of the present study was to determine whether AZINZ, by
colunteracting the action of the three antizymes, plays a role in regulating polyamineg
uptake in mammalian cells. Forthat purpose, atter some trials, we selected COST cells
to characternze, firstly, the polyamine uptake system, and secondly, to study the effect
of the transfection of COSY cells with different constructs of antizymes and antizyme
inhibitors on the uptake of putrescine, spermidine and spemine. Our data suggest that
in COSY cells there is a common transport system for the three polyamines, and that
after inhibiting protein synthesis by cycloheximide, the polyamine uptake was marledly
stimulated. These results indicate that in non confluent growing COSY cells, a labile
protein, presumably antizyme, is negatively affecting polyamine uptake, as it was

described for ather mammalian cells (20, 21, 34).

Our results clearly indicate that the expression of AZINZ/ODCp in COST cells
markedly increase the uptake of the three polyamines putrescine, spemidine and
spermine, counteracting the negative effect of the antizymes on polyamine uptake.
These findings comoborate our previous claim that ODCp or ODC-like acts as an

antizyme inhikitor, not only because it binds to the three antizvmes and stimulates
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ODC activity (29), but also by negating the repressing effect of any of the three
antzymes on paolyamine uptake. Moreover the fact that the delstion in AZINZ of the
sequence equivalent to the antizyme binding domain, existing in mouse ODC (37 and
in AZINT (38, 39) abolished the stimulatory effect of AZIN2 on polyamine uptake, also
supports that this domain is critical for the binding of AZIN2 to the antizyme molecule.
This result and previous findings on the binding of mouse ODC and AZIN T to antizyme
(¥, 17,19, 268) support the contention that ODC, and their homologous proteing AZIM1
and AZIM2, share the ability to bind to antizymes, and that in this function the antizvme
binding element (AZBE)is a common and indispensable element. On the other hand,
our results also provide evidence that in AZIM2, the sequences containing the ~forty

terminal residues in both M and C ends are not essential for binding to antizymes.

After our report that mouse ODCp acted as an antizyme inhibitor devoid of baoth
omithing decarboxyviase and argining decarboxylase activities (29), it was published
that the human orthologue of ODCp also inhibited AZ 1-dependent degradation of ODC
as the murine protein (30}, confimming our previous results. Our present findings have
also revealed that the human AZIMZ is able to stimulate polyamine uptake, apparently
as efficiently as mouse AZIN2 or AZINT. This suggests that the sophisticated netwonk
regulating polyamine metabolism mediated by antizymes and antizyme-binding
proteins is conserved from mice to humans. In fact, ODC and the two antizyme
inhibitors can bind to any of the three antizymes characterized so far. Among the
antizyme family members, AZ1 and AZZ are expressed In numerous mammalian
tissues (40), whereas AZ3 expression is restricted to the testes (22) Both A1 and
A7 inhibit ODC and polyvamine uptake (20, 271, 33). AZ3 also possesses ODC
inhibitory activity (221 but no data are available about its possible role as inhibitor of
polyaming uptake. Our results on polvamine uptake by COSY cells transfected with

A3 clearly indicated that 2723 may also negatively affect polyamine transport.

Since antizymes are able to decrease polyamine uptake, it was believed that
antizyme inhibitor should prevent the negative effect of antizymes on polyamine
transport. This prediction was confirmed by showing that the overexpression of AZIN1
in CHO cells produced a moderate increase in the uptake of spermine and some
polyaming analogues (41). Other experiments using MIH3T3 fibroblasts transfected
with AZIN1 have comoborated that overexpression of AZIN T increases the uptake of
spermiding (27). In contrast to these results, no increase in sperming uptake was
observed in rat prostate carcinoma cells overexpressing AZINT (39 Our results on
COS57 cells also support that AZIN1 increases polyamine uptake, at least as efficiently
as AZIN2. Recently, Snapir et al. found that AZINZ, stably transfected into MNIH 3T3
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cells, exerted @ modest increase on the spermidine uptake rate {less than 20%), when
compared with the effect of AZIN1 (about 100%), concluding that AZIMZ is less potent
than AZINT in requlating polyamine uptake (42) The higher increase in polyaming
uptake rate produced by both AZINs (about 300%) in our system in companson to that
observed in stably transfected cells could be related with a lower AZs/AZINS ratio.
Mevertheless, in COSY cells transiently cotransfected with AZ21 and AZINT or AZINZ,
both antizyme inhibitors exerted a similar effect (result not shown). In this regard, both
maouse and human AZIN1T and AZIMZ showed similar capacity in counteracting the
effects of AZs on ODC activity (29 30).

The physiological role of antizyme inhibitors is far from being understood.
Different experiments have indicated that AZIN1T may be related with the control of
cellular growth, not only by acting on antizymes but also through antizyme independent
effects (27). In fact, overexpression of AZIM1T increased growth rate and induced the
transformed phenotype in different type of cells (27, 39), while silencing its expression
using specific small interfering RMNA, (siRMNA)Y decreased cell proliferation (27, 39, 43
Moreover, AZIMNT is up regulated in several human cancers (44) and is rapidly
stimulated in cultured fibroblasts by serum and phorbol esters (451, AZIN1T is also up
regulated in capillary endothelial cells by fibroblast growth factor 2, a known angiogenic
factor (468). Coinddentally, the human AZINT gene is located in a region of
chromosome & that is amplified in some tumours (47, 48). In normal tissues, AZ N1
transcripts have been found in the liver, lung, kidney and heart of rats (28], but little is
known about its expression in mouse tissues. On the other hand, AZ N2 appears to be
expressed exclusively in the brain and testes, both in mouse and humans (29, 31).
Howewver, there are not quantitative data comparing the expression of both genes in
mammalian tissues. Our results of real time RT-PCR revealed that in the mouse, the
expression levels of ODC and antizyme inhibitors among the different tissues assayed
varied significantly. ODC was the most expressed in all tissues analyzed. Interestingly,
AZINZ2 was much more expressed than AZINT in brain and testes. In kidney and heart
the expression level of AZINZ was lower than AZIN1, although the expression of the
latter in these tissues was far from the value of AZIN2Z in testes The fact that AZINZ
mERA 5 mostly found in testes, where there is a specific testicular antzyme [AZ3)
expressed in the haploid germinal cells (22, 23), linked to our findings that AZ3 affect
polyvaming uptake and that AZINZ2 may counteract this effect, strongly suggests that
both proteins may be important to achieve the sewere control of intracellular

polyamines, that appears to be reqguired at the later stages of spermatogensasis (49
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Collectively, our previous results on the functional activity of AZIN2 regulating

ODC activity, and the present results showing that this protein markedly stimulates

polyamine Uptake and is considerably expressed in testes and brain, suggest that it is

guite likely that AZINZ2 may be an important and naovel plaver in polyamine metabolism

inthese tissues. The precise role of this protein in testicular and neuronal functions, as

well

as its possible implication in malignant growth, is a subject of ongoing

imvestigations in our laboratory.
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CAPITULO 3

La expresion del inhibidor de antizimas 2 {AZIN2) en células haploides

germinales masculinas sugiere su papel en la espermiogénesis.

RESUMEN.

En estudios previos se ha demostrado la expresitn del inhibidor de antizimas 2
(AZIMNZY, un nuevo miembro de la familia de proteinas de unién a antizimas, en
testiculo de raton v humano. En el presente trabajo, hemos estudiado la expresion
gspacial v temporal de AZIN2Z v otros genes relacionados con el metabolismo de
poliaminas, como omitina descarboxilasa (ODC), antizima 3 (AZ3) v el inhibidor de
antizimas 1 (AZIMN 1), en testiculo de ratén, en un intento de conocer el papel de AZINZ
en la fisiologia testicular El patron de expresion temporal de estos genes durante la
primera onda de espermatogénesis se estudid mediante RT-FCR a tiempo real, v la
distribucion  espacial se  examindg mediante hibrdacién in situ de ARMN e
inmunocitoquimica. Los resultados mostraron gue AZIN2 se expresd especificamente
en células haploides germinals, de forma similar a AZ2. Sin embargo, el ARNmM de
ODC se encontrd fundamentalmente en la parte externa de los tdbulos seminiferos,
donde se localizan las espemmatogonias v los  espermatocitos.  Experimentos
funcionales de transfeccidon y expenmentos de co-inmunoprecipitacion corroboraron
gue A7 N2 revierte la accion inhibitoria de A73 sobre la actividad ODC vy la captacidn
de poliaminas. La microscopia de fluorescencia mostrd que la proteina AZIMNZ se
localiza fundamentalmente en estructuras membranosas perinucleares. En conjunto,
estos resultados sugieren que AZINZ puede jugar un importante papel durante la

Espermmiogénsasis.
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ABSTRACT.

Frevious studies demonstrated the expression of omithine decarboxdase
antizyme inhibitar 2 {AZIN2), a novel member ofthe family of antizyme binding proteins,
in the testes of mice and humans. In the present work, the spatial and temporal
expression of AZIMN2Z, and other genes related with polyamine metabolism such as
omithine decarboxylase (ODC), antizyme 3 (AZ3) and antizvme inhibitor 1 (AZINT)
were studied in the mouse testis, in an attempt to understand the role of AZIMNZ in
testicular physiology, The temporal expression of the genes during the first wave of
spermmatogenesis was studied by real time RT-PCR, and the spatial distrbution was
examined by RMNA in situ hybridization and immunocytochemistry. The results indicated
that AZIN2 was specifically expressed in the haploid germinal cells, similarly to AZ 3.
Howewver, ODC mRMNA was mainly found in the outer part of the seminiferous tubules
where spermatogonia and spermatocytes are located. Functional transfection assawys
and co-immunoprecipitation experiments comoborated that AZINZ counteracts the
negative action of AZ3 on ODC activity and polyamine uptake. Fluorescent microscapy
showed that AZIN2 protein was mainly located in perinuclear membranous structures.

All these results strongly suggest that AZINZ may have a role in spermiogenesis.

INTRODUCTION.

Although the crystallization of spermine phosphate in human semen was
observed by Lesuwenhoek in the XNV century (ref. in (1)), the physiclogical role of
polyamines in the male reproductory system is still poorly understood. The polyamines
putrescine, spermiding and spermine are polycations ubiguitously  distributed in
mammals that play a relevant role in processes of growth and cell differentiation (2-6).
Inthis regard, it is conceivable that polyamines may have a role in testicular physiology,
since various mitotic, meiotic, and differentiation cellular mechanisms are reguired for

the production of mature spermatozoa by the testis.

Intracellular polyaming levels are tightly controlled by the regulation of
biosynthesis, degradation, uptake and secrstion (67) A key component in the
polyaming biosynthetic pathway is omithine decarboxylase [(ODZ), enzyme that
converts omithineg into putrescine, diamine that serves as a precursor of spemidine
and spermine [8). ODC is subject to a complex regulation exerted at transcriptional,
translational and post-translational levels (8,91 ODC antizymes play an important role
in the control of intracellular levels of polyamines by inhibiting ODC and promoting its

degradation by the proteasome in an ubiquitin-independent manner and also by
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restricting polyamine uptake (10,11). Three mammalian antzymes (AZ) named AZ1,
AZ2 and AZ3 have been charactenzed (12). AZ1 and AZ2 are present in numerous
mammalian tissues (13, whereas AZ3 has been found exclusively in the testis (14, 15).
A expression requires an unigue mechanism of translational frameshifting mediated
by polyvamines (16). The action of antizymes is affected by the antizyme inhibitors
(AZINY, proteins that are highly homologous to ODC, but devoid of ODC activity (17).
The first characterized antizyme inhibitor (18,19), later named AZIM1, is expressed in
different tissues and binds strongly to antizymes (12,19). The second antizyme inhibitor
(AZIMZ2) has been found in testis and brain, both in mice and humans (20,21).

In the testis there are two compartments: seminiferous tubules (formed by germ
cells and supporting Sertoli cells) and the interstitium (containing varous types of cells,
including Lewvdig cells that produce testosterone). In the seminiferous tubules there are
several gemmn cell populations in warous stages of differentiation: spermatogonia,
spermatocytes, spermatids and spematozoa. Spermatogonial stem cells are converted
into functionally competent  spematozoa  during the  complex  process  of
spermatogensesis (22,231 Spermiogenesis is the final stage of spermatogenesis in
which spemmatids differentiate into spermatozoa. Early studies reported the existence
of significant amounts of polyvamines in the rat testis and an uneven distrnbution of QDC
activity and polyamines in the different types of testicular cells (24-27). Changes in
0D activity and ODC mREMA levels were also found dunng sexual development of
male rats and mice (28-31). Moreover, detailed analysis of the temporal and regional
expression profile of QDT mEMNA in mouse testis suggested that polvamines may play
an important role during late meiosis and eady spermiogenesis (29). In addition,
transgenic mice with overexpression of human ODC in the testis showed reduced
fertility (32). A detailed analysis ofthese transgenic mice showed higher DMNA synthesis
in spermatogonia and a reduction in the number of meiotic and particularly post meiotic
cells (32). Based on these findings, it was proposed that putrescine has selective local
stimulatory and inhibitory actions during spermatogenesis. The importance of testicular
polyamine homeostasis in murine spermatogenesis was reinforced by the discovery of
antizyme 3, a new paralogus of mammalian antizymes expressed specifically in the
testis (14 151 The restncted expression of AZ3 in haploid germ cells (15) was
consistent with the idea that higher levels of ODC activity are required during the
spermatocytic and early spermatidal phases of spermatogenesis, but may be

detrimental to spermiogenesis at later stages.

Wie recently found that a paralogous gene of mouse ODC, named ODC-like or

ODCp (324), which is expressed in testis and brain, encodes a protein acting as an
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antizyme inhibitor, temmed antzyme inhibitor 2 (AZIN2) (200 In an attempt to
understand better the possible role of AZIN2 in testicular physiology, we first measured
the expression profile of AZINZ in the mouse testis durng the first wave of
spermmatogenesis, as well as those of AZ3, ODC and AZIN1, by using realtime RT-
FCR. Secondly, we analyzed the localization of AZINZ in testicular cells by in situ EMNA,
hybridization and immunocytochemistry. Finally, we also studied functional interactions
between AZINZ and AZ3, and the subcellular distribution of AZ N2, by Using transient
transfection assays of HEKZ293 cells and co-immunoprecipitation experiments. The
results suggest that AZINZ is a novel modulator of polyamine metabolism, at least

during spermicgensasis.

EXPERIMENTAL PROCEDURES.
Materials.

MMLY reverse transcriptase, GenElute mammalian total ENA Miniprep kit, Tag
DMA polymerase, anti-FLAG M2 monoclonal antibody peroxidase, anti-HA monoclonal
antibody peroxidase conjugate, anti-HA affinity gel beads, protease inhibitor mixture
(EDTA, 4-(2-aminoethyl) benzenesulfonyl fluoride, bestating, E-64, leupeptin and
aprotining, lgepal CA-360, were purchased from Sigma (St Louis, MO). Py DNA,
polymerase was obtained from Bictools (Madnd, Spain). SYBR Green® PCRE Master
M was from Applied Biosystems (Warrington, UK). Restriction endonucleases EcoRl,
Xbal and BamHl were from Fermentas Life Sciences (Vilnius, Lithuania), He-
Futrescine (specific activity 107 mCiimmoaol), 14C—Spermidine (specific activity 112
mCifmmol), “C-Spermine (specific activity 113 mCifmmol), ECL+ detection reagent,
developing reagents and films were from Amersham Biosciences (Little Chalfont,
Buckinghamshire, LUK] I_—['l—”C]Ornithine (specific activity, 47 mCifmmol) was
purchased from Moravek Biochemicals Inc. (Brea, CA) Lipofectamine 2000
Transfection Eeagent and Trypsin-EDTA were purchased from Invitrogen (Carlsbad,
CAY Paimers were purchased from Sigma Genosys (Cambridge, UK) Scintillation

solution Ecoscint-H was obtained from MNational Diagnostics [Atlanta, GA).

Animals.

=wiss D1 mice were provided by the Service of Laboratory Animals of the
University of Murcia. Animals were fed with standard chow (UAR AQ3; Panlab,
Barcelona, Spain) and water ad fibftum, and maintained at 22°C and 55% relative

humidity under a controlled 12:12 hours light-dark cycle. Animals were sacrificed by
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cervical dislocation. Manipulations were cammed out according to the institutional
guidelines of the University of Murcia, in compliance with national { RL 12012008 and
international laws and policies (European Economic Community Council Directive
86/009).

RMA extraction and RT-PCR.

Total RMA was extracted from mouse testis at different postnatal days with the
ZenElute mammalian total RNA Miniprep kit, following the manufacturers instructions.
Total BRMA was reverse-transcribed using (dT)18 as primer and MMLY reverse
transcriptase. Real time RT-FCRE was camied out as described elsewhere (35) The
following  primers were wused for real time RT-PCR: gPactin (forward, 5'-
GATTACTGCTCTGG CTCCTAG CA-3", reverse, 5'-
GCTCAGGAGGAGCAATGATCTT-3"), agAZINT  (forward, 5-CTTTCCAC GAACC
ATCTGCT-3", reverse, 5-TTCCAGUATCTTGCATCTCA-3Y), gAZINZ (forward, 5'-
GCTTAGAGGGAGCCAMAGTG-3",  reverse, S-CTCAGCAAGGATGTICCACAC-3),
quDC (forward, S5-ATGGGTTCCAGAGGLCAAA-S, reverse, 5-CTGC
TTCATGAGTTGCCACATT-3"), gAZ3 (forward, 5'-CCAGGTGGGTAGGAGCACT- 3,
reverse, 5-AAGCAGGGGGTCAGTTGATA-S).

Semi-quantitative RT-PCRE was performed as previously described (200, The
primers used were: B-actin {forward, - TGCGTCTGGACCTGGCTG-3"; reverse, o'-
CTGCTGGAAGGTGGACAG-3"), AZINZ (forward, 5-TGAATCGGACTT TGTGATGGE -
3" reverse 5'- GGTAGCAATGCACZAGAACT -3,

RMNA in situ hybridization.

The testes were fixed for 2-3 days in phosphate buffered 4% paraformaldehyde
at 4°C. They were dehydrated in methancl seres (25-100%) and embedded in paraffin.
The paraffin blocks were cut serially into 100 pm-thick transversal sections. The
sections were rehydrated in a 100-25% ethanol series. They were treated with
proteinase K (20 paiml) in phosphate buffered saline for 5 min at ambient temperature,
and then were post-fixed in 4% paraformaldehyde. This was followed by an acetylating
step with acetic anhydride in triethanolamine buffer, dehydration through the ethanol
series, and drying by evaporation. Mouse AZINZ and ODC EMNA antisense probes were
designed against a less conserved region, comesponding to the downstream ORF
region and part of 3' UTR ofthe genes, and mouse AZ3 probe was against the ull ORF.

The desired fragments were cloned into pcDMAZ using the appropriate primers
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basically as described elsewhere (20) and the plasmids were linearized with EcoRl
The cDMA were transcribed (7 wio (Promega kit) using SFE polymerase and
digoxigenin-UTP. The digoxigenin labeled probes were purified by means of RNA
purification columns (Roche, Indinapolis, USA) ENA probes at 1 pg/ml concentration
were used for all the experiments. Hybridization was performed at 50°C for 14 h, with
the probes diluted in a hybrdization buffer containing 27% formamide, 340 mk MNaCl,
20mh Tris HCI pH 74, 5 mM ethvlenediaminetetraacetic acid, 11% dextran sulfate,
Denhardt =1, 500 pg/ml yeast RNA, and 10 mh NaH POy pH 8.0, Slides were then
washed three times in MABT (0.1 M maleic acid, 0.2 M MNaOH, 0.2 M MNaCl, 0.01%
Tween), incubated for 1 h in blocking solution (10% blocking solution and 10% sheep
serum in MAET), and subsequently incubated overnight with anti-digoxigenin antibody
(1:5000; Roche) diluted in a solution containing 1% sheep serum and 1% blocking
solution in MAET . Slides were nextwashed 10-15 times each for 20 min in MAET, with
a final ovemight wash in the same solution. Mext, the slides were washed three times
for & min in reaction buffer (0.1 M Trs, pH 2.5, 0.1 M NaCl, and 20 mh MgQCl,) and
incubated in the dark in nitroblue tetrazolium  (NET ¥o-bromo-4-chloro-3-indalyl
phosphate (BCIFY solution [3.4 pifiml from MET stock and 2.5 ul/iml from BCIP stock in
reaction buffer (100 mg/ml NET stock in 70% dimethylformamide; 50 mg/iml BCIP stock
in 100% dimethyiformamide;, Roche)]. Slides were checked perodically and the
reaction was stopped in Tris-EDTA buffer. Finally, they were brought to 100% ethanol
and subsequently dred by evaporation. The primers used for cloning the fragment for
ErMA antisense probes were the following: cAZIN2 [fragment size 337 bp) (forward: 5'-
GTCGAATTC(FeoRNAGCCTGGGAAGCGCTTCGAGG -3 reverse: 5-GGC
TCTAGAIXhalTA TGTTGCATACTTGAACTAC-3"), cODC (fragment size 447 bp)
(forward: 5-CTCGAATTC(FeoRNCAGATCCAGAGCCATGGCTTC-3", reverse  5'-
CTTTCTAGA(Xba )CACAATGGGT CACAAMCATAAGC-3"), cAZ3(fragment size G627 bp)
(forward, 5-GCGGAATTC(EcoRNCT CTACTG TTACAAATAC-3, reverse 5%
TTATCTAGA(Xba)CTCACTGGCCAGGGTGGCC-3").

Immunohistochemistry.

Testes from adult mice were removed and fixed in 10% formalin in FES (0.01 M
phosphate buffered saline pH 7 4 for 10 hours. After washing in PBES, samples were
processed routinely, embedded in paraffin and cut in Spm sections. Sections were
stained with haematoxylin-eosing and immunocytochemistry. For immunocytochemistry,
a two-step method was applied. Tissue sections from parafin blocks were

deparafiinized in xylene and hydrated in a graded ethanol series. Endogenous
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peroxidase activity was destroyed by treatment with 05% hydrogen peroxide in
methanol for 20 min. Sections were washed in three 5 min changes of PES and then
incubated with normal swine serum (1:100) for 20 min, and then with rabbit polyclonal
antibody to AZINZ (generated against the peptide ALQKKSADORPLI, comesponding to
residues 339-350 of AZINZ) (1100} at 4°C overnight. After washing in PES, they were
incubated with biotin-conjugated swine anti-rabbit immunoglobulin antibody (DAKO
Morth Amerca Inc., Carpinteria, CAY (1:250) for 20 min. After three & min washing
changes in FPBES, avidin-biotin-percxidase complex (ABC KitVECTOR, Wector
Laboratones Inc., Burlingame, CA) was added and incubated for 20 min. They were
developed with 0.05% 3.3 diaminobenzidine tetrahydrochloride and 0.015% hydrogen
peroxide. After immunostaining, sections were counterstained with haematoxylin,
Control: substitution of anti-AZ1IN2 by PBES.

Cloning and genereration of AZIN2 constructs.

oDC, AZINZ, and AZ3 mouse genes were cloned into the expression vector
pcDMAS (Invitrogen) as described elsewhere (20). AZ3 construct with an appropriate
deletion of one nucleotide in the frameshifting site (MAZ3), for full-length and functional
expression, was obtained by the QuickChange site-directed mutagenesis kit (20).
AZIMNZ and MAZS with the FLAG or HA epitopes were generated as described in (20).
The green fluorescent protein sequence (GFP)was added to the CHerminal of AZINZ
by subcloning in the vector pEGFP-MZ (BD Biosciences Clontech) as described earlier
(351

Cell culture and transient transfection.

HEK 293T cells were cultured in Dulbecco's modified Eagle medium {(DMMEM)
supplemented with 10% fetal calf serum, 100 units/ml penidlliin, and 100 pg/ml
streptomycin, at 37 °C under a 2% COZ2 humidified atmosphere. Cells were grown to
about 80% confluence. Transient transfections were carried out with Lipofectamine
2000 transfection reagent (Invitrogen, Carlshad, CA) as described elsewhere (20)
O0C assgys. ODC activity was assayed in the soluble fraction of HEK 293T cells lysed
in amedia containing the detergent Igepal. The extract was centrifuged at 20000xg for
20 min, and ODC aclivity was determined in the supernatant. ODC activity was
assaved basically as described elsewhere (20), by measuring 14C02 release from L-
[1-14C] omithine (specific activity, 4 7 mCi/mmol, Moravek Biochemicals Inc. Brea, CA).

Frotein content was calculated using the method of Bradford (36).
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Western Blotting.

Zells were solubilized in 50 mhd Tris-HCI (pH 8), 1% Igepal, 1 mh EDT A, and
protease inhibitor mixture and centrifuged at 12000xg for 20 min. Reducing 50D5-FPAGE
was performed in 10% polyacrylamide gels. Gels were fransferred to polwinylidens
difucrnde membranes, blocked with 5% non-fat dry milk in PES, and incubated
overmnight at 4 °C with the anti-FLAG antibody peroxidase-labeled (1:5000), anti-HA,
antibody [1:20000% or anti-AZIN2 antibody (1/500). Immunoreactive bands were
detected by using ECL+ as detection reagent and commercial developing reagents and
films. For loading controls, Erk? was determined by means of polyclonal anti-Erk2

antibody (Santa Cruz Bictechnology Inc., Santa Cruz, CA).

Immunoprecipitation.

HEK 293T cells were transfected with AZIN2-FLAG, alone or in combination
with HA epitopedabeled mutated A7Z3 Approximately 2 x 106 cells were processed and
immunoprecipitated by means of anti-HA affinity gel beads, as described elsewhere
(207

Polyamine uptake assay.

HEK 293T cells grown to ~80% of confluence were washed with DMEM
medium (serum free) to remove all traces of serum, and then 200 pL of fresh DWMEM
medium (serum free) was added to the cells. The uptake assay was started by the
addition of 2 uM 14 Cputrescine. After incubation at 37 °C for different periods of time,

the cells were washed three times with cold PES, lyvsed and radioactivity was counted.
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RESULTS.
Temporal and regional expression of AZIN2 mRNA in the mouse testis.

The levels of AZINZ2 mREMNA were studied by RT-PCR in the testes of mice of
different ages. Semiquantitative analysis (Fig. 14) showed that the expression of
AZIMNZ2 in the testis of prepuberal mice was very low, but increased markedly after
puberty. To study with more detail the profile of AZIN2 expression during the first wave
of spermatogensasis (23), RMNA was isolated from the testes of mice of 4,10, 15, 18, 20,
21,22, 23, 24, 27,31, 34 and B0 days of age, and the expression levels of AZINZ2 were
guantified by realtime ET-PCK. Fig. 1B shows that transcript levels were very low until
day 24, and that they markedly increased after this day. The onset of AZINZ expression
in the testis corresponds with the appearance of round spermatids, and transcrption
increased throughout the differentiation process from spermatids to spematozoa. Fig.
2 compares the expression of AZINZ with those of ODC and AZ3, genes related to
polyaming metabolism in the testis, and with A2 1M1, the other antizvme inhibitor protein.
A3 showed an expression pattem similar to that of AZIN2, with extremely reduced
expression durng the 3 first postnatal weeks, but increasing significantly during the
fourth weelk. On the other hand, the expression of ODC rose steadily from birth to
adulthood, while AZIN1T expression increased during the second and third weeks after
birth, reaching at the end of this period walues equivalent to those of sexually mature
males. It should be noted that the relative expression values of A73 and ODC in the
testis of adult mice were about 5-6 fold higher than the expression of AZINZ. However,
the expression of this gene was about 25-fold higher than that of AZIN1. Transcripts
corresponding to AZ1 and AZZ were also detected in the adult testis, with relative

expression values of 40% and 14%, compared to AL3.
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Figure 1. Antizymme inhibitor 2 expression during postnatal testis development. &)
Serniquantitative RT-PCR. analysis of the levels of AZINZ mRNA at 4, 15, 22 and 60 days of
age. PA P actin, AFINZ: antizyme inhibitor 2. B) Real time ET-PCE analysis of AZTN2Z
transcripts during testis development. p-actin and L19 ribosomal protein were used as controls,
Values are expressed with respect to the value of day 4 that was taken as 1. At least three
animals for each age were used The mitial appearance of the different germ cell types during
the first wave of spermatogenesis 15 marked in the bottom of the graph. S8pG: spermatogorua;
3pC: spermatocyte, PEpC: pachyvtene spermatocyte, R3pT: round spermatid; ESpT: elongated
spermatid, 3pZ: spermatozoa
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Figure 2. Comparative analysis of the expression of antizvine imhibitors, antizvime 3 and
ernithine decarboxylase during testis development. mENA levels were calculated by real
time RT-PCE. For each gene, specific pair of primers described in “Expenimental procedures”
were used, and the values were normalized with respect to the expression of B-actin. AZIINT:
antizyme inhibitor 1, AZINZ, antizyme inhibitor 2, AZ3: antizyme 3, ODC: crnithine
decarboxylase.

In order to determing the regional expression of AZINZ in the mouse testis, RMNA,
in situ hybridization was performed. The results indicated that AZINZ transcripts were
mainly found in the inner part of the seminiferous tubules, where spermatids at different
stages of differentiation and spermatozoa are localized (Fig. 3 A D). The spatial
localization of AZINZ2 was similar to that found for 2423 (Fig. 3 B E) In contrast, ODC
mRMA was largely localized in the outer part of the seminiferous tubules, consistent
with predominant expression in spertagonia and spermatocytes (Fig. 2 CF). It must be
emphasized that the probes selected for the detection of AZIN2 and ODC matched with
the 2'UTR of their specific mRNA, since in this region the sequence homology between

the paralogues AZIMN2 and ODC is lowest.

139



Capitulo 3

Figure 3. Cellular and subcellular expression of AZIN2 in adult mouse testis and HEK 293
cells. (4,1 In situ hybridization of AZDNZ. AZTN2Z expression is restricted to the inner part of
sernmiferous bules (B.E) In siu hybridization of A73. MNote an expression pattern simular to
AFINZ (CF) In situ hybnidization of ODC. ODC 15 mainly expressed in the outer part of the
serninifercus tubules. (GH) Immunocitochemical analysis of AZINZ in mouse testis, AFINZ

mromunoreactivity was localized mainly in the spermatids and spermatozoa in the inner part of
the seminiferous ephitelium. (I Bubcellular localization of AFINZ in HEE 293 transfected with
a construct of AFZINZ fused to GFF.

Expression of AZIN2 protein in the mouse testis.

To investigate the regional distnbution of AZINZ protein in the testis of adult
mice, immunocytochemical analysis of sections of adult testis was camed out, using a
rabbit anti-AZIN2 polyclonal antibody generated against the synthetic peptide
ALOKKSADQPLY, comesponding to the residues 339 to 351 of mouse AZINZ, purified
by affinity chromatography. Previously, the antibody was validated by westem blotting,
using both cell extracts from AZINZ transfected HEK293 cells and cell extracts from

adult mouse testis. Fig. 4 shows the western blot analysis of extracts of HEK 293 cells
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transfected with AZIN2, and cytosolic (5-12) and mitochondrial-membranous (P12)
fractions of testis extracts. A specific band of ~50 kDa, corresponding with the
expected size of AZINZ, was observed in the samples of the transfected cells and in
the mitochondrial-membranous fraction of testicular extracts of adult mice Fig 3G
shows that anti-A7 N2 immunoreactivity was mainly located in the inner part of the
seminiferous tubules. At higher magnification the staining was mainly found in

spermatids and spermatozoa (Fig. 3H).

pPcONA3  AZIN2Z 512 P12

Anti-AZIN2 e

Transfected HEK cells Testis

— 50 KDa

Figure 4. Western blot analysis of AZIN2 HEE 2237 cells were transfected etther with the
pcDITAS empty vector or with a construct containing AZINZ ¢DINA The mitochondrial-
membrane pellet (P12), obtained after centrifugation of cell homogenates at 12000xg, was
assayed by western-blot, using an anti-AFINZ antibody generated against residues 332-350 of
mouse AZIN2Z (left) In the right, cytosolic (312} and mitochondrial-membrane pellet fraction
(P12) from homogenates of adult testis were resolved by PAGE-SDS and tested with the same
antl-AZTNZ antibody.

Subcellular localization and functional effects of AZINZ in transient transfected
HEHK 293 cells.

The subcellular localization of AZINZ was studied in HEK 283 cells transfected
with AZINZ-GFP. Fig. 3l shows a moderate cytoplasmic presence, and a predominant
fluorescent signal in specific pernuclear regions. A similar pattern was observed in
cells transfected with AZINZ-tag constructs of FLAG or hemagglutinin (results not
shown). These results are in agreement with earlier subcellular fractionation studies
that showed that AZINZ2 was mainly found in the mitochondral-membranous fraction of
HEK 293 cells (200, and with the presence of AZINZ immunoreactivity in the P12

fraction of testicular extracts (Fig. 4.

To study the influence of AZINZ on ODC in HEK 293 cells, ODC activity and
ODC protein were measured in single, double and triple transfected HEWK 293 cells with
constructs of ODC, ODC+mutatedAZ3 (MAZ3) and ODC+HMAZI+ATINZ, respectively.
A3 significantly reduced ODC activity to about 50% of control values, but AZINZ
counteracted the negative effect elicited by AZ3 (Fig. 540 The effect on ODC protein,

as determined by western blotting, was parallel to that found for ODC activity. These
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results are similar to those found when wild type AZ3 having the early stop codon was
used (20) what suggests that polyamine levels in these transfected cells were
sufficient for inducing frameshifting.
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Figure 5. Influence of AZ3 and AZIN2 on ODC activity, ODC protein and polvamine
uptake in transient transfected HEK 293T cells. A) HEE 293T cells were single-transfected
with ODC, doubletransfected with ODC and MAZ3 or triple-transfected with ODC, MAZS and
AFIN2. In these experiments 0.75 pg of DNA per well was used and the mixtures contained
equirnolecular amounts of each construct Upper part: relative ODC activity in transfected cells.
Specific ODC activity in control ODC was ~220 nmol of “*CG; /h mg of protein. Lower part:
ODC-FLAG proten levels analyzed by western blotting m the different transfection assays,
using. anti-FLAG antthody to detect ODC-FLAG. Erk2 was used as loading control. B)
Polyamine uptake by HEK 293T cells transfected with BMAZ3 alone or in combination with
AFINZ. Control cells were transfected with the empty vector. Polyarnme uptake assays were
carried out using 2udd "“C-labelled putrescine, spermidine or spermme Data were corrected by
subtracting polyamine uptake corresponding to non-transfected cells according to the
transfection efficiency, which was estimated by fluorescence microscopy of GFFP protein
overgxpressed under the same transfection conditions. Data are mean +3E of triplicate
determinations.
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The influence of AZINZ2 and AZ3 on polyamine transport was studied by
assaying the rate of radioactive polyvamine uptake in transient transfected cells with
MAS 3 or MAZI+AZINZ, and companng this uptake with that of cells transfected with
the empty vector pcDNAS. Fig. 5B shows that MAZ3 almost abolished polyamine
uptale, whereas AJINZ not only blocked the inhibitory action of A3 but also
stimulated polyamine uptake above control levels, probably by counteracting the action
ofthe endogenous antizymes expressed in HERW 283 cells. This effect was observed for
the three polyamines putrescine, spermidine and spermine. These results on the
influence of AZ N2 and AZ3 on polyamine uptake in HEW293T cells are similar to those
we have obtained in a more general study about the action of A2IMN2 and AZINT on all

members of the A7 family in COSY cells (Lépez-Contreras et al. unpublished results).

Analysis of interactions between AZIN2 and AZ3.

Co-dmmunoprecipitation experiments, using anti-hemagglutinin (HA) beads and
extracts of HEK 293 cells co-transfected with AZINZ-FLAG and pcDRAZ or AZIN2Z-
FLAG and MAZ3-HA, indicated interaction between AZINZ and AZ3 (Fig. BA)
Moreover, in the double transfectants of AZINZ2 and AZ3, the amount of AZ3 protein
was markedly increased with respect to the amount found in the single transfectants
(Fig. BE). Similarly, the level of AZIMN2 was also increased by the presence of A7 3 (Fig.
BC). These results indicate not only that AZINZ and AZ 3 may interact with each otherin
HEK 283 cells, likely by forming heterodimers, but also that this interaction may
stabilize both proteins under i vive conditions, decreasing their degradation by the
proteasome. These results are in agreement with a recent report showing that AZ3
stabilized ODCp (AZIMNZ) by interferning with its ubiquitination {37,
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A)

+pcDMNAZ
+MAZ3-HA

AZIN2FLAG

B)

+pcDNA3Z
+AZIN2

MAZ3-HA

Erk2

C)

+pcDNA3Z
+MAZ3

AZIN2-FLAG

Erk2 }

Figure 6. Interactions between AZIN2 and AZ3. HEK 2937 cells were transfected with
construct encoding an AZINZ-FLAG, alone or in combination with HA epitope-labeled MAZ3
construct (AZ3-HAY Cells were solubilized in buffer containing 1% Igepal, and the
supernatants obtained after centrifugation of homogenates at 12000xg were used in
mmmunoprecipitation experiments. (A) Co-immunoprecipitation experiment: extracts were
mncubated with antt HA-affinity gel beads for 3h, and after extensive washing of the pellet, the
eluted proteins were resclved by electrophoresis, and blotted AZIN2-FLA G fusion protein was
detected using anti-FLAG antibody. (B) AZ3 levels in cells transfected with AZ3-HA alone or
m cornbination with AZTNZ. AZ3-HaA protem was detected usmg an anti-HA antibody. (C)
AZINZ levels in cells transfected with AZINZ-FLAG alone or in combmnation with MAZS.

AZINZ2-FLAG was detected with anti-FLAG antibody. All the experiments were repeated three
times with smmilar results.
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DISCUSSION.

In the present study we have analyzed the temporal and spatial expression of
AZINZ a novel memberin the family of antizyme binding proteins, in the mouse testis.
Wye had previously shown that the murine gene orthologous to the human ODC
paralogue, named ODCp or ODC-like (34) encodes a protein termed AZINZ, devoid of
omithing or arginine decarboxylase activity but having antizyme inhibitory activity (20).
These results were later comoborated using human ODCp (21). In both cases, the
expression of AZINZ was restricted to brain and testes. Our present results on the
expression pattern of AZIN2 in mouse testis using REMNA in situ hybndization, cleany
indicated that in the adult testis, AZIN2 mRENA was exclusively expressed in haploid
germ cells. This conclusion was also supported by our guantification of the levels of
AL N2 mREMNA by real-time RT-PCR in the testis during postnatal development. In fact,
AZIMNZ was almost not expressed in the testis in the postnatal period up to day 20, in
which the mouse testis does not contain any haploid germ cells. AZIN2 expression
sharply started in the testis with the onset of spermmiogenesis, and the levels of its
mREMA Increased in the more differentiated haploid spermatids . It should be noted that
the expression of AZIN1 did not change during spermiogenssis and the levels of AZIN1
mREMA were much lower than those of AZINZ (~4%). Immunocytochemical analysis of
adult testis revealed that the AZINZ protein was localized mainly in spematids and
spermatozoa, showing again that this protein appears to be exclusive of haploid
germinal cells. These results strongly suggest that AZIN2 may have a mole in

SpErmMmiogensasis.

Different studies have suggested that polvamines may play an important role
during spermatogenssis. ODC mEMNA and protein are present at different levels in all
types of testicular cells (28 30). Moreover, ODC expression and polyamine levels
change significantly durng the different phases of spermatogenesis (29,38) ODC
levels in haploid cells appear to be decreased in relation with those found in late
pachitene spermatocyies (28). These data and the interesting finding that transgenic
mice overexpressing ODC in the testis were infertile and presented altered
spermatogenesis (32, 33) suggested that putrescine may stimulate DNA synthesis in
spermatogonia but that its excess may be deleterous to postmeiotic cells or may alter
the transition through meiosis (33) The discovery of a new antizyme gene, AZ3 or
DALt specifically expressed in haploid testicular cells (14,157, reinforced the idea that
the regulation of polvamine levels in haploid germ cells is crtical for spermiogenesis.
our results indicate that AZIN2 and AZ3 have a very similar spatial and temporal

pattem of expression in the mouse testis. On the other hand, while the levels of ODC
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mREMNA increased moderately durnng the first wave of spermatogenesis, the in situ
hybrdization results indicated that ODC is largely expressed in cells other than haploid
germinal cells, consistently with previous findings in the literature [28). In addition, the
expression pattem of ODC in immature testes is closer to that of AZIN1 than to that of
AZINZ. Then, it appears to be a certain parallelism between the expression of ODC
and AZIN1 and that of AZ3 and AZINZ, respectively, in the mouse testis. VWhereas we
and others found that AZINZ counteracted some AZ functions as efficiently as AZIN1
(20,271), Snapir et al. (37), in a recent report, concluded that AZIN2 acts as an antizyme
inhibitor but less efficiently than AZIN1T. However, even assuming a lower affinity of
AZIN2Z for A7s the higher levels of expression of A7 N2 and its co-expression with A3
in the haploid cells of the testis, suggest that it is very likely that AZIN2 and AZ3 are

functionally related.

It has been proposed that the expression of AZ3 in the haploid gemm cells is
necessary for a more stringent control of intracellular polyamines at the later stages of
spermmatogenesis (12) and that the physiclogical role of AZ2 is related to the rapid
extinction of ODC  activity, after the pericd in which ODC is reguired for
spermmatogenesis (147 With these premises, the presence of AZIN2 in this complex
scene appears to be paradoxical. It may be argued that AZIN2 is required for a more
rngorous control of polyamine biosynthesis during the later phases of spemiocgenesis.
However, other alternatives are also possible, according to our findings. Our data
demanstrate that A73 may decrease not only ODC activity and protein level, but alsa
polyaming uptake. The fact that A7IN2Z can interact with A73, counteracting the action
of A73 on polvamine metabolism, suggests that AZIN 2 may participate in the regulation
of polyamine fluxes in the haploid testicular germinal cells. Indeed, changes in
polvaming pools have been repored dunng spemicgenesis. Significant  and
progressive decreases in nuclear spermine levels occur during the transition from
spemmatocytes to elongated spermatids (38). This diminution is concomitant with
processes of nuclear remodelling affecting chromatin structure, the replacement of
histones by protamines and transcriptional activity. Moreover, immunocytochemical
analysis of polyamines in the rat testis revealed the accumulation of polyamines in the
residual bodies of the seminiferous tubules, suggesting that polyamines are
sequestered into residual bodies when they are no longer needed for protein synthesis
(39). Taking into consideration that antizymes have been found in owosolic,
mitochondrial and nuclear localizations (11,404 1) and that our analysis reveals that
AZINZ is mainly located in membranous structures, one may speculate that AZ3 and

AZIN2 could participate in the redistibution of polyamines in haploid germinal cells.
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Although the present expenmental evidence fully suppords a key role of
polyamines in murine spermatogensasis, it cannot be excluded that AZINZ2 may affect
testicular physiology by regulating processes other than polyamine homeostasis. In fact,
recent expenments using the yeast two-hybrid approach revealed that AZ3 is a
potential interaction partner of gametogenin, a testicular gem-cell specific protein of
unknown function, expressed from late pachytens spematogeneasis through to nound
spermatid phase (42). Therefore, it is not unlikely that AZINZ may affect gametogenin
action through its interaction with A73 . In addition, since several studies have shown
that antizymes may interact with several small proteins including the transcrptional
regulator Smad?1 (43), Snip1 (a repressor of CER/pRI00) (440, cvelin D (45) and Aurora-
A kinase (48], the possibility exists that AZINZ2 may affect targets other than ODC or
gametogenin. It is also possible that AZINZ, as reported for AZINT (47), may interact

with othertargets through antizyme-independent mechanisms.

In conclusion, the results presented here provide strong expernmental evidence
supporting a role for AZINZ in testicular physiology. Further studies with transgenic
mice with ablation of the AZIN2 gene are needed in orderto understand better the role

of AZIMZ in male gametogeneasis.
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CAPITULO 4

Subcellular localization of antizyme inhibitor 2 {AZIN2) and their paralog

proteins ornithine decarboxylase and AZIN1 in mammalian cells.

RESUMEN.

Ornitina descarpoxilasa (ODC), una enzima clave en la ruta biosintética de
poliaminas v los inhibidores de antizimas (AZIN1 v AZIN2), proteinas reguladoras de
los niveles de poliaminas, son proteinas de unidn a antizimas. Mientras gue es
claramente aceptado que ODC se localiza fundamentalmente en el citosol, existe poca
informacion sobre la localizacion subcelular de AZINT v AZIMNZ . Mediante estudios de
microscopia confocal de células HER 283T v COSY transfectadas, hemos determinado
gue estas proteinas, gue poseen una gran homologia en su secuencia aminoacidica,
presentaron una localizacion subcelular diversa. ODC, como habia sido previamente
descrto, se encontrd principalmente en el citosol, v AZINT predominantemente en el
nicleo. Por otro lado, interesantements, AZINZ se localizd en el compartimento
intermedio entre el RE v el Golgi (ERGIC) v el as-Golgi. Aparentemente, esta
localizacion caracteristica de AZINZ no estd relacionada con secuencias de
localizacion subcelular conocidas. Ademas, nuestros estudios sugieren que la region
M-terminal comprendida entre los residuos 39-113 puede ser responsable de su
particular localizacian, va que la delecion de esta secuencia suprimid la incorporacion
de la AZINZ mutada al ERGIC. Ademas, la coexpresion de AZINZ con cualguiera de
los miembros de la familia de antizimas (A1, AZ2 v AZ3) indujo un cambio en su
localizacion desde el ERGIC al citosol. Estos resultados ponen de manifiesto la
compleiidad del sistema regulador de AZs/AZIMNS, sustentando previas evidencias gue
relacionaban estas proteinas con funciones adicionales diferentes de la de regular la

homeostasis de poliaminas.
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ABSTRACT.

Omithine descarboxylase [(ODC), a key enzyme in the biosynthesis of polyamines, and
the antizvme inhibitors (A7 N1 and AZIN2), regulatory proteins of polyamine levels, are
antizyme-binding proteins. Although it is amply recognized that ODC is mainly a
cytosolic enzyme, less is known about the subcellular distribution of AZINT and A2 1N 2.
Based on confocal microscopy of HEWZ293T and COSY transfected cells, we found that
these proteins, which share a high homology in the aming acid sequence, presented an
uneven subcellular location in mammalian cells. Whereas QDC, as previously reported,
was mainly present in the cytosol and AZIN1T was found predominantly in the nucleus,
interestingly, AZINZ was located in the ER-Golgi Intermediate compartment (ERGIC)
and in the cis-Golg networlk. This particular location of AZINZ s apparently not related
to any known cell-sorting sequences. Our results rather suggest that the W—-terminal
region ranging from the residues 39-113 may be responsible for this particular location,
since its deletion abrogated the incorporation of the mutated AZINZ to the ERGIC
complex and, on the other hand, the substitution of this sequence for the comresponding
sequence in ODC, translocated ODC from cytosol to the ERGIC compartment.
Furthermore, the coexpression of AZIN2 with any members of the antizyvme family (A2 1,
A2 and AZ3) induced a shift of AZINZ from the ERGIC to the cwiosol. These findings
underline the complexity of the ASs/AZINs regulatory system, supporting eardy
evidence relating these proteing with additional functions other than regulating

polyaming homeostasis.

INTRODUCTION.

Faolyamines (putrescine, spermidine and spermineg) are ubiguitous aliphatic
amines that regulate different processes in the cell, including nucleic acids and protein
synthesis, and modulate ion channels and receptors, making these molecules essential
for cellular growth and differentiation (1-5). Polvamine levels are tightly regulated by
different mechanisms, including biosynthesis, degradation, uptake and secretion (8-10).
Moreover, in malignant cells polyamines homeostasis is deregulated, having increased

polyamines by activation of biosynthesis and uptake (11,12,

In the biosynthetic pathway, omithine decarboxylase (ODC) is a key enzyme,
catalyzing the conversion of omithine into putrescine, diamine that serves as precursor
of the other polyamines. ODC activity is highly regulated at transcriptional, translational
and posttransliational levels by different stimuli (12). An important factor regulating ODC

activity is the intracellular concentration of polyamines. High levels of polyamines
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stimulate the synthesis of a regulatory protein named antizyme (A7) by the induction of
translational frameshifting (14 15). AZ binds to ODC, inhibiting the enzyme and
directing it to the 2685 proteasome for its degradation by an ubiquitin-independent
process (16-18). Three antizyme isoforms have been described, AZ1, AZ2 and AZ3,
and all of them are also able to inhibit the uptake of extracellular polyamines (16-20),
and in consequence, the antizymes negatively regulate both polyamine synthesis and
Uptalke. For more complexity, another protein called antizyme inhibitor (221N} can
counteract the actions of the antizymes (18,21 227

Fecent studies from our laboratory have demonstrated the existence of a new
antizyme inhibitory protein named AZIN2, which can be considered as another player
in polyamine metabolism in mammalian cells, since it affects not only polyamine
biosynthesis but also polyamine uptake (19.23) AZINZ is mainly expressed in the
testes, where it might participate in the process of spermiogenesis (24) This protein
was previously known as ODCHike or ODCp in base to its high homology with ODC
(25 In fact, AZINZ, ODC and the first characterised antizyme inhibitor, AZIN1, are
homologous proteins highly conserved among mammals, and i is thought they
diverged from a single ancient gene. The three proteins share the capacity to bind to
antizymes, but during evolution the AZIMs have lost their enzymatic capacity. However,
whereas ODC and AZIN1 are ubiguitously expressed, AZINZ is mainly restricted to
testis and brain (23 25). Moreover, in contrast to ODC, that is mainly a cytosolic
enzyme, A7 N2 was fundamentally found in the mitochondnal-membranous fraction, in
cell fractionation experments (23). Differences in the subcellular location of AZIM1T and
AZ N2 may have physiological relevance, not only by its effect regulating polyamine
distribution but also by its possible effects on proteasome degradation pathways .

The aim of the present worlo was to elucidate the precise subcellular location of
AZINZ which may have implications on the regulation of intracellular polyamine
distribution by affecting ODC and polyamine uptake or an the function of other proteins
regulated by AZs, especially in male gemminal haploid cells, where it is highly
expressed. For that pumaose, different constructs of AZINZ, AZIN1T and ODC fused to
enhanced green fluorescent protein (GFF) or FLAG epitope were generated,
transiently expressed in HEW293T and COS7 cells and the subcellular distribution

analyzed by confocal microscopy.
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EXPERIMENTAL PROCEDURES.
Materials.

Moloney murine leukemia virus reverse transcriptase, Tag DMNA polymerase,
anti-FLAG M2 monoclonal antibody peroxidase conjugate, anti-FLAG M2 monoclional
antibody, anti-HA monoclonal antibody, protease inhibitor mixture {(4-(Z-aminoethyl)
benzenesulforyl fluoride, EDTA, bestatin, E-84, leupeptin, aprotining and lgepal CA-B30
were purchased from Sigma. Pfu DMNA polymerase was obtained from Biotools (Madrid,
Spain). Restriction endo-nucleases were from Fermentas Life Sciences (Vilnius,
Lithuania). Lipofectamine 2000 Transfection Reagent, Alexa %68-conjugated anti-
maouse antibody and MitoTracker® Red 580 were purchased from  Invitrogen.
QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA). ECL+
detection reagent, developing reagents and films were Tom Amersham Biosciences
(Little Chalfont, Buckinghamshire, UK. Primers were purchased from Sigma Genosys
(Cambridge, UK

Cloning and genereration of truncated AZIN2 forms and other constructs.

DDC, AZIMT, AZIMZ, A1, AZ2 and AZ3 mouse genes were cloned into the
expression vector pcDMNAZ (Invitrogen) following standard procedures and using the
primers described elsewhere (23] Antzyme constructs with an appropriate deletion of
one nuclectide in the frameshifting site, for ull-length and functional expression, were

obtained by the QuickChange site-directed mutagenesis kit (23).

DDC and AZIM2 with the FLAG epitope fused to its MN-terminus were generated

as described in [23). Clonning of AZIN1T with the FLAG fused to its C-terminus is
described in (19). AZ N2 truncated forms cloning was also previously described in {197,

The green fluorescent protein sequence (GFP) was added to the C-terminal of
oDC, AZINT and AZINZ by subcloning in the vector pEGFP-M2 (BED Biosciences
Clontech), between the restriction sites EceRf and BamH!, using as forward primer the
original ODC, AZINT or AZINZ cloning primer and as reverse primers one of the
following:  ODC-GFP, 5-ATGGGATCC(BamHAZACATTGAT CCTAGCAGAMG-3,
AZINT-GFP, 5-TGCGGATCC(BamHAAGCTTCAGTGGAAAAGCTGTC-3, AZINZ-
GFP, 5 -GG CeGATCCBamHNACATGATGCTTGCT GGGGTG-3"

The quimeric fusion protein "N AZIN2-0DC was generated by the adequate
amplification of the AZINZ M-terminus introducing a Aotf restriction site in the 3° end,

and the amplification of the corresponding C-terminal sequence in ODC introducing a
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Mol restriction site inthe 5" end. The N-terminal AZINZ2 ragment was digested with the
restriction enzymes EcoRf and Molf, and the C-terminal ODC fragment was digested
with Motf and Xbal and then a triple ligation with the pcDNAZ containing the FLAG
gpitope was performed resulting the quimenc AZINZ2-00DC construct. The primers Used
were: MN-AZINZ2, forward (see  original cloning primer in {231 reverse, o'-
CAGGCGGCCGOINOtNACAGAT GATCTTACTGGCAGG,  C-ODC,  forward, 5'-
ATCCUGGCCCOINotNTCCTTGTAAACALGTCTCTC, reverse (see original cloning
primer).

KDELR-GFP, GFP-EAB1 and MC1RE-TAG plasmids were kindly provided by

Frof. Jose Carlos Garcia-Borrdn,

The identity of the constructs was ascertained by DMNA sequencing of the cloned
inserts by means of an AB|I PRISEM 310 Genetic Analvzer (Applied Biosystems) at the

"Servicio de Apoyo a las Ciencias Experimentales”, University of Murcia.

Cell culture and transient transfection.

HEK 293T cells and COST cells were cultured in Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum, 100 units/ml penicillin, and
100 pag/ml streptomycin, at 37 °C under a 5% CO2 humidified atmosphere. Cells were
grown to about 80% confluence. Transient transfections were carmed out with
Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbhad, CA) as described

elsewhens (23).

Westem Blotting.

Cells collected and washed in PES were homogenized in ice-cold Tris/sucrose
buffer using a Folytron homogenizer. The composition of the homogenizing buffer
(buffer A) was as follows: 10 mbd Trs-HC! (pH 7.2), 0.1 mi pyridoxal phosphate, 0.2
mkl  EDTA, 1T mi  dithiothreitol, 025 M sucrose, 200 phd 4-2-
aminosthylibenzenasulfony! fluoride, 13 pM bestatin, 1.4 ukd E-64, 100 uh leupeptin,
30 nh aprotinin. The cell homogenate was centrifuged at 500 x g for 10 min toobtain a
post-nuclear supernatant that was centrifuged at 12,000 g for 20 min to collect a post-
mitochondral supernatant (512)and a crude mitochondrial pellet (F12). Gels were
transferred to polwinylidens difluoride membranes, blocked with 5% non-fat dry milk in
PBES, and incubated ovemight at 4 °C with the anti-FLAG antibody peroxidase-labeled

(1:5000). Immunoreactive bands were detected by using ECL+ as detection reagent
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and commercial developing reagents and films. For loading controls, Erk2 was
determined by means of polyclonal anti-Erk2 antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA).

Confocal microscopy.

Cells grown on coverslips were transfected with ODC, AZIN1T or AZIN fused to
the green fluorescente protein (GFP) or with ODC, AZINT, AZIN2Z2 or mutant AZIN2Z
constructs labeled with the FLAG epitope. In some experiments, cells werg
cotransfected with the ERGIC/Golgi markers KDELE-EGFF, EGFP-Eab1, or with the
ER retained protein MCI1R-TAG. 24 h after transfection, cells were fixed with 4%
paraformaldehyde in PES and permeabilized with 0.5% Igepal For detection of FLAG
labeled proteins, cells were incubated with an anti-FLAG M2 monoclonal antibody from
Sigma (17000, followed by an Alexa S658-conjugated secondary antibody (1:400). For
co-localization of AZINZ-GFF and MCI1R-TAG, cells treated as above were incubated
with o-HA monoclonal antibody (17000, followed by Alexa 5658-conjugated anti-mouse
antibody. For Mitochondna staining, cells were loaded with MitoTracker® Red 580 at
500 nM during 30 min which passively diffuses across the plasma membrane and
accumulates in active mitochondria. Then, cells were treated as previously described.
Finally, samples were mounted by standard procedures using amounting medium from
Dako (Carpinteria, USA) and examined with a Leica laser scanning confocal

MICSCops .
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RESULTS.

Subcellular localization of AZIN2 and other AZ-binding proteins in transfected

HEK 293T cells analyzed by confocal microscopy.

In order to asses the subcellular location of AZIMN2 and to compare this with that
of other AZ-binding proteins, such as ODC and AZINA, different constructs were
generated. They included ODC, AZINT and AZIN2, fused to the green fluorescence
protein (GFP) (ODC-GFP, AZIN1-GFP and AZINZ-GFP) or tagged with the FLAG
gpitope (ODC-FLAG, AZINI-FLAG and AZINZ2-FLAG). These construct were Used to
transfect HEK 2937 and COS57 cells. The confocal microscopy analysis revealed that
for each AZ-binding protein, the subcellular location of the GFF or FLAG tagged
proteins was independent of the type of tag (Fig 1) As expected, ODC was
predominantly found in the cytosol, whereas AZINT was mainly found in the nucle
(Fig 1) Howewver, AZIN2 showed a different staining pattern, with a strong
accumulation in perinuclear structures and a weaker signal detected in cvtosol (Fig 1)
These results are compatible with our previous wark on cell fractionation, Lsing
differential centrifugation, which showed that ODC-FLAG was fundamentally located in
the cytosolic fraction, whereas AZ INZ-FLAG was mainly present in the mitochondnal-
membrane pellet (23). The subcellular pattern of any of these proteins in COS7 cells
and HEW 293T was similar.

Codocalization studies of AZIN2 with different subcellular markers using

confocal microscopy.

In order to obtain a moaore precise information on the AZINZ intracellular
distribution, different organelles markers were used. As mitochondnal marker, we Used
the commercial dye AMitolTracker® Red 580 a derivative of X—4osamine that is
accumulated by active mitochondra and well retained during cell fixation. Fig. 24 (left
column) shows that AZINZ did not co-localize at all with this marker, indicating that
AZINZ is not located in the mitochondria. MNext, we tested whether AZINZ co-ocalizes
with the human melanocortin 1 receptor (MC1R), tagged with three hemagglutinin
epitopes and a polvhistidine sequence in its C terminus (MCTR-TAG). MCI1RE belongs
to the G protein coupled receptor family that is located in the plasma membrane but
that when is fused to TAG epitope is totally retained in the endoplasmic reticulum (26).
The analysis of HEK 293T cells codransfected with MCIR-TAG and AZINZ-GFP
revealed that although these proteins did not co-localize, they showed a

complementary staining pattem (Fig. 24, column), suggesting that AZIMNZ may be
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A ODC-GFP AZIN1-GFP AZIN2-GFP

B ODC-FLAG AZIN1-FLAG AZIN2-FLAG

Figure 1. Subcellular location of ODC, AZINT and AZIN2 in tranfected cells. A) Lazer
scarning confocal micrographs of HEE 283T or COS7 cells transfected with ODC, AFINT ar
AZINZ fused to the fluorescent protein GFP. After transfection, cells were fixed and examined
in a confocal microscope. Left column, ODC-GFP (shown in green) 15 mainly located in the
cytosol Middle column, AZIN1-GFP 15 shown in green and it 15 mainly found in the nuclel of
cells Right column AZTNZ-GFP 13 shown in green MNote the higher signal in perirmclear
structures. B) Laser scanning confocal micrographs of HEE. 293 transfected with ODC, AZIN1
or AZINZ fused to the FLAG epitope After corresponding transfections, cells were fixed,
permeabilized and stained with anti-FLAG antibody and ATEXA anti-mouse, and then
examined in a confocal microscope Left column, ODC-FLAG shown in red, is mainly
expressed in the cytosol Middle column, AZIN1-FLAG 15 shown in red and it 15 mainly found
in the nuclel of cells. Right column, AZINZ2-FLAG 15 shown m red. Mote the higher expression
m perinuclear structures.

HEK 293T

COS7

HEK 293T

located in the proximity of the endoplasmic reticulum. AZIM2 did not co-localize with

calnexin, a known marker of endoplasmic reticulum  (results not shown). To gain more
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information, we tested the possible co-
localization of AZINZ with Rab1 (a small
zTFase that regulates forward traffic
from the endoplasmic reticulum to the
Zolgi) that can be used as a marker of
the

intermediate compartment (ERGIC) and

endoplasmic reticulum-Golgi

of the efg side of the Golgi. For that
purpose, HEK 2937 cells were co-
transfected with GFP-Rab1 and AZIN2Z-
FLAG and sequentially scanned in the
laser confocal microscopy. Fig. 2B (left
column) shows that AZINZ did not co-
localize with Rab1, although the staining
pattem of both proteins was similar and
likely complementary, suggesting that
AZINZ may be located nearby to Rab 1.

Figure 2. Colecalization of AZIN2-FLAG
and KDELR. HEF 293 cells transfected with
AZTN2 FLAG or AZINZ-GFP were fixed,
permeabilized, stained when needed and
exarnined n a confocal rmucroscopy. Ay Left
column, HEEK 293 cells transfected with
AFZTNZ-GFF (shown in green) were loaded
with MiteTracker® Red 580 (shown i red) at
500 nh during 30 mun Then cells were fixed
and analyzed in a confocal microscope.
Merged images show that AZINZ-GFP is not
present n mitochondria Right columne, cells
were cotransfected with AFIN2-GFP (shown
i green) and MCIR-TAG (protein retained in
Endoplasmic Reticulumy (shown i red)
Merged 1mages show the absence of
colocalization of the signals of both proteins.
By AZTN2 - FLAG (shown in red) was cotrans-

AZIN2-GFP »

MARKER

MITOTRACKER MC1R-TAG

Rab1-GFP KDELR-GFP

AZIN2-FLAG @ MERGE

MARKER

MERGE

fected with Rab1-EGFP (shown m green) or KDELE-EGFF (shown m green). In merged
inages (lower row) colocalization is shown in vellow. Mote the ladk of colocalization of
AZTNZFLAG and Rab-1-EGFP in contrast to EDELR-GFP that shows a strong
cosegregation with AZINZ-FLAG (details in the upper right square).
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Finally, as shown by Fig. 2B {right column) we found that AZIN2-FLAG strongly co-
localized with the KDEL receptor fused to GFP (KDELR-GFP) in cotransfected HEK
2937 cells. Since KDEL receptor is a as-GolgiERGIC located integral membranes
protein (27), the results suggest that A7 IN2 may be located in some part in the cis-
Golgi-ERGIC complex. This co-localization of AZINZ2-FLAG with KDELR-GFF was also
found in COSY transfected cells (results not shown). The lack of co-localization of
AZINZ2 with galactosil transferase-GFF, an enzyme localized in the transGolgi,
exclude the presence of AZINZ in that compartment (results not shown).

Influence of antizymes on the subcellular localization of AZIN2 in HEK 293 cells.

Although previous studies had demonstrated that AZINZ was able to interact
with all members of the antizvme family, affecting not only ODC activity but also
polyaming Uptake (19,23), no data were available about the possible influence of this
interaction on the subcellular localization of AZIM2, Since it has been proven that A7s
bind to ODC and AZINs (16,23, it is likely that the overexpression of AZs could affect
AZINZ subcellular localization. To test this possibility, HEK 2937 cells were co-
transfected with AZIN2 and mutated forms of the three antizymes, which do not reguire
of the ribosomal frameshifting for the synthesis of functional proteins (233, Confocal
microscopy analysis revealed that in the double transfectants AZINZ was mainly
located in the cytosol (Fig. 34), giving a staining pattem similar to that ODC. This
suggests that the three A7s are able to induce a subcellular shift of AZIMNZ from the
ERGIC related structures to the cytosol. This result was cormmoborated by westem blot
analysis that showed that the AZINZ protein markedly increased in the ovtosolic

fraction isolated from co-transfected cells (Fig. 3B).

Determination of the AZIN2 region responsible for its accumulation in ERGIC

structures.

To assess the importance of the different regions of AZINZ protein on the
translocation to the ERGIC complex, several deletions of AZIN2-FLAG were generated
(Fig. 443, and the subcellular localization of these mutated proteins in transfected HERK
2937 cells was studied by confocal microscopy and quantified by westem blotting. The
deletion of the 45 or 162 C-terminal amino acids of AZIN2-FLAG [ A543 gng A288-458)
did not affect the distribution pattern, since these AZIMNZ2-truncated proteins still
remained in the ERGIC complex and co-localized with the KDELR protein in

cotransfected cells, and the ratio between cytosolic AL N2 (5127 and membranous-like
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CONTROL + MAZ1 + MAZZ + MAZ3

c +MAZ1 +MAZ2 +MAZ3 +0DC

AZINZ
s12) e

AZIN2-FLAG

Erk2

Figure 3. Influence of antizyvimes on the subcellular location of AZIN2-FLAG.

A Laser scanning confocal micrographs of HEE 293 cells transfected with AZTNZ -FLAG alone
(leff), or cotransfected with MAZI, MAFZ and MAZ3 mndicated on top of each column. The
images show a shift in the intracellular staining pattern from an accumulated pattern in cells
transfected with AFTNZ-FLAG alone to a cytosolic pattern when cotransfected with M4 Zs B)
Western-blot of the cytosolic fraction of HEK.293 cells transfected with AZINZ-FLAG alone or
in combination with any of the mutated (without the early stop codon) antizymes (WAZ1,
MAZZ WAZ3) or ODC. Blots were assayed with anti-FLAG antibody and then loading
controls were performed with anti-Erk?2 antibody.

protein (P12)was almost similar to that wild typeAZ INZ (Fig. 4B and %), The mutant
ANMTM_ATIN2-FLAG, lacking the sequence comesponding to the putative antizyme
binding domain (AZBE), identified in ODC (28) or AZIN1 (29 30}, showed the same
subcellular pattern than AZIN2 (Fig. 4B and 5). Moreover, immunoprecipitation assays
indicated that this truncated form did not interact with AZs and, accordingly, A4
AZIMNZ was not shifted to the cytosol, in codransfections with AZs [results not shown).
on the other hand, truncated AZIN2 protein lacking 39 residues at the M terminus
(A1), the relative accumulation in the pellet with respect to cytosol was lower than in
the wild type (Fig. 4B), but a strong fluorescence signal in the comesponding ERGIC
related structures was still observed (Fig. 2). Significantly, all these AZIN2-truncated
proteins  co-localized with the KDELRE protein in cotransfected cells (Fig. %)

Interestingly, the removal ofthe 113 N-terminal amino acids of AZIN2 (A™-AZIN2)
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Figure 4. Influence of deletion of different AZIN2 domains on its subcellular fractionation
A Scherne of the AZIN? and ODC constructs. M-terminal deletions (A" A" C-terminal
deletions (AT H? AP antizyme binding site deletion of AZTNZ (A" and the quitneric
AZINZ-ODC protein ("IN AZIN2-ODC) were cbtained by PCR and subcloning into the
pcDNA3Z plasmid containing the FLAG epitope (see “Experimental procedures™). B) Cells were
transtected with the wild type AFINZ, ODC or the different constructs generated After 24 h
cells were homogenized in an 1sotonic buffer and, after discard the nuclei fraction, were
centrifuged at 12000 xg 20 rmin to obtam a cytosolic fraction (212) and a mitochondria-
membrane pellet (P12}, Western-blots were carried out with anti- FLAG antibody.

calused a dramatic loss in the accumulation of this truncated protein in ERGIC related
structures, that was associated to a lack of co-localization with KDELR (Fig. 53, and a
marked decrease of the pelleticvtosol ratio (Fig. 4). These results suggested that the
113 M-terminal residues of AZIMN2 are essential for the ERGIC specific subcellular
location of this protein, different from that those highly homologues ODC and AZINT.
To corroborate this role of the M-terminal region of AZIN2Z, a guimenc form of ODC was
generated in which the 113 N-terminal residues of AZ N2 substituted to the equivalent
region of ODC. Fig % shows that this quimeric AZIN2-0DC protein was mainly found in
the ERGIC compartment, in contrast with ODC that was mainly found in the cvtosaol
(Fig. 1B).
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AZIN2-FLAG  KDELR-GFP MERGE

constructs

A1 A117-140 A 298459

ﬁ1 113

13N AZIN2-ODC

Figure 5. Colocalization of different AZIN2-FLAG truncated forms with KDELR-GFP.
HEEK 293 cells were cotransfected with AZIN2-FLAG truncated forms (a5 aAttHal at3%
AN or BN AZIN2-0DC) and KDELR-EGFP. After corresponding transfect1ons cells W ere
fixzed, permeab1l1zed, stained with anti-FLAG and exammed in a confocal microscope. Left
column, AFINZ-FLAG truncated forms or the N-terminus-FLAG of AZINZ fused to ODC are
shown in red Middie column, EDELE-GFFE 15 shown in greer. Right column, merged images
(note the boxed areas n the overlays enlarged and depicted beside them) Merged mmages of
both signals show that any of the AZINZ forms and the M-terminus fused to ODC have a strong
colocalization with the KDELR, except for the A" N AZIN2 that did not colocalize at all
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DISCUSSION.

In the present work we have analyzed the subcelullar localization of AZINZ, and
of its homologues ODC and AZ M1, using transient expression in mammalian cells and
confocal microscopy. Our results cleady show that although these three A7 binding
proteins (ODC, AZINT and AZIM2) have a high seguence homology, their subcellular
localization was totally different. It should be noted that although heterologous
expression systems were used, the results obtained were similar in HEK293T and
COS7 cells, and they were also independent from the type of tag used. Moreover, the
cytosolic localization found for ODC-GFP and ODC-FLAG 15 in agreement with early
cell fractionation studies from different types of mammalian tissues (31,32) or with
immunaocytochemical studies (33). Similarly, although AZIMNZ2 showed a dual localiz ation,
the protein was mainly located in pennuclear structures that may co-sediment in the
mitochondrial-nembrane fraction, according to our previous results (23). On the other
hand, AZIN1T was detected mainly in the nucleus. This is basically in accord with recent
findings that found AZIN1T inthe nucleus, in Golgi-like structures and associated to A7
in centrosomes (34). These authors postulated that both proteins may have importance
in regulating the ubiguitin-independent proteasomal degradation of centrosome-
associated proteins.

In contrast to these expernmental results, 1 sico analyses, using different
subcellular  prediction  programmes  (PSORTH,  httpfwwww psort.org,  Predotar,
urgi versailles.inra ffpredotar/predotarhtml;,  TargetP 1.7, httplwiw chs dtu did
services/Targetk; SOSW 1.171 hitpdbp nuap . nagova-u.ac jpfsosui)  reported  a
theoretically cytosolic location for any of these paralogue proteins (ODC, AZIM1T and
AZIM2). The reasons for these discrepancies are mostly unknown. One possibility is
that AZIMN1 and AZIN2 could possess sequences, different to the orthodox cell-sorting
sequences, which can direct them to non-cytosolic locations. An alternative possibility
is that these proteins could interact with other partners that direct them to specific
subcellular compartments.

In accordance with the latter possibility are our results on AZINZ that
demanstrated that the expression of any of the three antizymes can affect AZINZ
localization, shifting the protein from the pennuclear membranous structures to the
cytosol. Moreover, for this translocation the presence of the AZBE in the AZINZ was
required, since AZINZ2 mutants lacking this region were not translocated to the cvtosaol
inthe presence of increased amount of antizymes. On the other hand, our results using
different mutated AZIN2 forms also revealed that sequences in the N-terminal region of

AZIMNZ2 are more important than sequences in the CHerminal region, for the localization
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of AZ M2 in non-cytosolic compartments. The fact that the substitution of the M-terminal
region of ODC by the corresponding region of AZINZ2, shifted ODC from the cwtosol to
the perinuclear location characteristic of AZIN2 suggest that the region from the 39
position to the 113 position of AZINZ2 can be relevant for the subcellular protein
localization. Taking into account these considerations, it is likely that the presence of
AZINZ in one or other compartment could be affected by the growing state of the cells
or by the levels of other components, such as polyamines, which may affect the
concentration of antizymes of other proteins able to interact with AZIMN2. In this regard,
although ODC has been found mainly in the cwtosol, under certain conditions it has
been found in the nucleus (33,35 ,326) orin the plasma membrans (36 37

The dual location of proteins is an important and emergent guestion in cellular
biology since it is known that the subcellular location may affect the physiological
function of the protein. In this regard, ODC, AZIN1T and also A7s, are good examples of
proteins located in several organelles, although the biological significance of that is far
from being understood. Whereas it is clear that ODC activity in the cyvtosol is related
with polyaming biosynthesis, its presence in the nucleus is still a controversial matter. It
hias been postulated that it could participate in the regulation of gene expression or
merely be present for being degraded by nuclear proteasomes (33).

The precise location of AZINZ2 was determined by confocal microscopy
expenments. We found that the strongest signal of this protein corresponded to
structures related with the ER-Golgi Intermediate Compartment (ERGIC) and with the
cis-Golgi network, according to a high co-localization with the KDELR-GFP, a
transmembrane integral protein resident in these structures. However, AZINZ did not
co-localize with Eab1-GFF, another marker protein resident in ERGIC structures and
cis-olgi, but was detected nearby it. This could indicate that AZIN2 could be present
invesicles or stacks in the ERGIC, but not to all of them.

The ERGIC is the site for the anterograde and retrograde vesicular transport of
proteins between the ER and the cis-Golgi netwonr. Furthermore, the ERGIC serves for
concentrating secretory cargo that leaves the ER, and there are evidences that it is
also involved in protein guality control mechanisms and, probably, in protein folding
(38). To discuss about the potential role of AZINZ in ERGIC related structures we must
hiave in consideration that this protein is specifically expressed in haploid cells in testis.
In spermatids and spermatozoa there is an important organelle for the physiology of
the cell, the acrosome, which is a Golgi-derived secretory granule formed during
spermiogenesis. One could speculate that the high expression of AZINZ dunng
spermiogensasis (24) in haploid cells may imply an important subcellular representation

in the acrosome, according to its Golg related nature. In this regard, Quian st al, in
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1985 described an important ODC immunoreactivity in the acrosome using a polyclonal
anti-oDC antibody (39, that could likely cross-react with its homologous AZIMZ, since
we have seen that ODC is not expressed in these cells (24) The possible role of
AZINZ in spermatids and spermatozoa could be related to the regulation of polyamineg
levels in these cells and between different compartments like the acrosome wesicle,
regulating polvamine effiuxes. Actually, spermine has been implicated in the acrosome
reaction (40). Onthe other hand, the action of AZIN2 and/or AZ3 could also be related
to the regulation of other proteins such as cyclin D1 or gametogeneting as previously
described. Protein processing or degradation is an important event during acrosome

reaction. In this respect it is noteworthy that proteasomes have been found in
acrosome vesicles (41), so AZIMNZ /AZ3 could regulate the ubiguitin independent

degradation of some proteins in this organelle.
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Los estudios de expresion mediante RT-PCR en diversos tejidos de ratén nos
mostraron que ODCp u ODClike posee un patrén de expresidon restringido a testiculo v
cerebro, de forma similar a los resultados obtenidos por Pitkanen v col, gue
caracterizaron ODCp humana como una proteina homdloga a ODC expresada en
testiculo v cerebro [Pitkanen et al., 2001). Esta expresidon conservada v especifica de
ODCp, contrastaba con la expresion mas ubicua de otros genes relacionados con el
metabolismo de poliaminas, como ODC, AZ1, AZ2 v AZIN, mientras que presentaba
cierto paralelismo con AZ3, que apunta a una posible relacion funcional entre ambas

proteinas en testiculo v cerebro.

A partir de cDMNA de testiculo de ratdn clonamos el gen ODCp en el vector de
expresion pcDMNAS v lo secuenciamos, comprobando gue su secuencia comespondia a
la deducida a partir del genoma de ratdn. La comparacion de secuencias entre ODCp
y 5US paralogos ODC v AZIN mostrd una alta homologia de secuesncia, el B9%
respecto a ODC v el 66% respecto AZIN. En concreto, la region putativa AZBE de
ODCp poses una homologia mayor, cercana al 86% respecto a ODC v AZ N, mientras
gue los regiones M- y C4erminal estan menos conservadas EI analisis de la
comparacion de secuencias de ODC v ODCp muestra gue ésta ditima carece de
residuos gue han sido considerados como fundamentales para la capacidad catalitica
de ODC, como por gemplo LysE9, Asp8E8 v Cys360 (Foulin et al., 1992; Tsirka &
Coffing, 1992 Tobias & Kahana, 1993; Coleman et al., 1993, Osterman et al., 1995h).
Esto sugeria gue la ODCp murina dificilmente tendria capacidad descarboxilante de
omitina o de arginina. Por su parte la comparacién de las secuencias de ODCp murina
v humana nos reveld una gran conservacion, cercana al 92%, faltando de igual forma

en la proteina humana residuos claves para la actividad catalitica.

En el trabajo original de Pitkanen v col, en el gue se clond v describid la
proteina ODClike, hallaron que su sobreexpresicn en cultivos producia un peguerio
aumento de la actividad ODC, aungue no determinaron si se debia a una actividad
enzimatica intrinseca de la proteina. Por otro lado, la expresion de esta proteina i
vitro (Pitkanen et al.,, 2001) 0 en £. colf (Coleman et al., 2004), no permitio actividad
ODC, aungue en estas condiciones podria carecerse del adecuado plegamiento o de
las modificaciones posttraduccionales necesarias. Muestros resultados, basados en
expenmentos de transfeccidn transitoria en celulas de mamiferaos HERK 293T, COST v
CHO, v ensayos de actividad ODC, mostraron un aumento de la actividad ODC
cuando se transfectd ODCp, aungue muy inferior al producido al transfectar ODC en
las mismas condiciones. Otros experimentos utilizando ARMN de interferencia (siAREMN)

frente a la ODC enddgena, nos pemitieron dilucidar si ese pequefio aumento de
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actividad ODC era consecuencia de una actividad catalitica reducida o se debia a la
induccitn de la ODC enddgena de las células transfectadas. Pudimos comprobar que
el sikMNA blogueaba completamente la ODC de las células HEWK utilizadas, v cuanda
transfectamos conjuntamente QDClike v el siENA frente a ODC no se produjo ningudn
aumento de actividad. Por lo que concluimas gque ODClike no posee actividad

catalitica ODC, tal v como se podia deducir de su secuencia aminoacidica.

For tanto, el aumento de actividad ODC gue se detecta al ser sobresxpresado
en cultives celulares es debido a la induccion de la ODC enddgena. Y
presumiblemente se produce por su interaccion con las A7s enddgenas, de un modao
semejante a lo que hace AZIN. De hecho la homologia entre AZIN1T v ODClike s muy
alta (44% de identidad de secuencia v 66% de homologia) v ambas proteinas

producen un efecto similar de induccion de la ODC enddgena al ser transfectadas.

Ce forma similar, sobresxpresando ODC en células HERK 293T vy otras lineas
celulares de mamifero, determinamos gue ODCp no posee la actividad ADC gue le
habian atrbuido Zhu v col. (Zhu et al, 2004) Sobreexpresamos el gen en diversas
lineas celulares, detectando la presencia de la proteina, pero no pudimos detectar en
ningun caso un aumento de actividad ADC, ni determinar el producto de la reaccion,
agmatina. Realizamos los expernmentos en multiples ocasiones v en las mismas
condiciones descritas por Zhu v col., ademas de en otras, v utilizando sustratos
radiactivos rigurosaments comprobados. Ademas en paralelo v comao control positivo
determinamos la actividad ADC de una enzima bacteriana. Nuestra conclusion fue gue
ODClike no es la enzima ADC, v quiza la deteccion de dicha actividad descrita Zhu vy
col., se debid a la medida de arginasa mas ODC, o a la contaminacion de ornitina en el
sustrato arginina radioactivo gue usaron. Ademas, ofros estudios de importantes
grupos de investigacidn en el campo de las poliaminas se han sumado a la afirmacion
de que ODClike no posee actividad ADC (Coleman et al., 2004, Kanerva et al |, 2008).
FPor tanto, en la controversia sobre la existencia o no en mamiferos de una ruta
altemativa para la produccidon de poliaminas sigue sin ser caracterizada la enzima gue
codificaria para ADC, cuyo producto de reaccidn seria agmatina. Es mucho mas
plausible gue la agmatina encontrada en algunos tgjidos de mamifero, principalmente

en cergbro, proceda de la dieta o de |a flora bacteriana intestinal.

A continuacion, demostramos la interaccion entre ODClike v las AZs vy gue
DDClke era capaz de revertir la accion inhibitona de estas proteinas sobre ODC. Para
ello, clonamos las tres A7s murinas A2 1, AZ2 v AZ3 v mediante experimentos de co-
inmunoprecipitacion determinamos que ODClike es capaz de interaccionar con

cualgquiera de las tres AZs. Fara realizar estos estudios generamos mediante

172



Discusion general

mutagenesis dingida las comespondientes A7s mutadas (MAZT, MAZZ v MAZZ)
eliminando el coddn stop prematuro, facilitando asi la sintesis completa de estas
proteinas independientemente de los niveles de poliaminas. No podemos afirmar gue
ODClike interaccione con especial afinidad con alguna AZ en concreto, ya que aungue
en cotransfecciones con AZ1 la sefial detectada fue mayar, hay que decir que A7 1 se
expreso en mavor medida que AZ2 v AZ 3 posiblemente debido a su mayor estabilidad

metabdlica (resultados preliminares no publicados ).

Una vez demostrada la capacidad de interaccion entre ODClike v AZs se
podria concluir gue ODClike es en realidad una nueva proteina inhibidora de A7s, no
obstante corroboramos su efecto funcional sobre la actividad ODC. Para ellos
realizamos transfecciones triples con ODC, A7s v ODClike. Como era de esperar ODC
produjo un gran aumento de actividad al ser transfectada, en cambio al ser
cotransfectada con las A7Zs esa actividad disminuyd notablemente. Especialmente en
el caso de AZ1, que produjo una blogueo casi completo de la actividad ODC, aungue
esta mavor inhibicion puede ser consecuencia de la mayor expresion de AZ1 gue
hemos comentado anteriormente. Ademas observamos, gue tanto las A7s silvestres
como las mutadas (MAZ 1, MAZZ v MALS), producian un efecto inhibitorio similar al ser
cotransfectadas con ODC, posiblemente debido a que los niveles de poliaminas
glcanzados por la sobreexpresion de ODC fueron suficientes para una eficiente
induccion del frameshift. En cualguier casao, la adiccidn de ODClike en la transfeccian
fue capaz de reverir los efectos de las tres AZs sobre la actividad ODC, demostrando
definitivamente que ODClike es un inhibidor de A7s. Forlo que propusimos cambiar su
denominacion a AZINZ, y nos referiremos al inhibidor de antizima clasico como AZINT.
De hecho, estos experimentos se realizaron en paralelo para AZINT v AZINZ

encontrando resultadaos muy similares.

Era bien conocido que AZ1 ademas de inhibir la actividad ODC es capaz de
conducirla al proteasoma v acelerar su degradacicn. En cambio la capacidad de A72 v
A3 para aumentar la degradacion de ODC no estaba clara (Chen et al,, 2002).
Muestros experimentos utilizando ODC marcada con FLAG v posteriores analisis
mediante westem-blot demostraron gque AZ2 v AZ3 también son capaces de degradar
a ODC. De hecho, practicamente, encontramos un paralelismo en la inhikicién de la
actividad ODC v la disminucion de la cantidad de proteina. Asimismo tanto AZIN1
como AZIMNZ fueron tambien capaces de reverir esta degradacion de ODC mediada

porlas A7Fs.

For otro lado, la captacion de poliaminas es un proceso importante en la

regulacion de los niveles de poliaminas, v especialmente en la resistencia a terapias
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antitumorales basadas en la inhibicion de la biosintesis de poliaminas. Como se
comentd, el transportador de poliaminas en células de mamiferos no esta
caractenzado molecularmente, pero si se sabe que se inhibe por A7 1 v AZ2, aungue
los mecanismos v los dominios de A7 necesarios para ello no son conocidos. Para
abordar el estudio del transporte, concretamente de la captacion de poliaminas,
realizamos experimentos con poliaminas radioactivas en la linea celular COST.
Comprobamos que estas células de mamifero captaban eficientemente poliaminas del
medio extracelular, caracterizando ademas los parametros cinéticos. Como se habia
descrito previamente en otras lineas celulares, la espemidina v la espermina
maostraron una afinidad mayor por el transportador, con una Km proxima a 1 Juh,
mientras que la de putrescina esta en tomo a 5 UM, La precarga de poliaminas en &l
medio de cultivo previa a los ensayos de captacion produjo claramente una inhibicion
del proceso de captacion, lo que indicaba gue en este sistema, la induccion de las A7s
endagenas puede bloguear eficientemente la captacion de poliaminas. La adiccion de
cicloheximida provoco el efecto inverso aumentando notablemente la captacidn de
poliaminas (apraximadamente 4 veces), presumiblemente porgue al inhibir la sintesis
proteica los niveles de AZs enddgencos disminuyen rapidamente (Mitchel et al., 1992
El aumento en el transporte de poliaminas provocado por cicloheximida alcanza un
maximo a las 4 horas de preincubacion con dicha sustancia v después desciende
paulatinamente. El estudio con preincubaciones a tiempos largos nos ha permitido
realizar por primera vez una estimacion de la estabilidad metabolica del desconocido

transportador de poliaminas, que tendria una vida media de unas 16 horas.

Lna vez comprobada la existencia de un sistema de captacion de poliaminas
que parecia regulado por las AZs, disefiamos vy llevamos a cabo diversos
experimentos de transfeccion de las distintas AZs v AZINs, cuyos resultados
produjeron nuevas aportaciones sobre los mecanismos de regulacion de la captacion
de poliaminas en células de mamifero. Hay que mencionar gue todos los resultados
encontrados fueron similares para las tres poliaminas, lo gue sugiere gque todas son

transportadas por el mismo sistema.

En primer lugar, comprobamos gue, como se habia descrito previamente, A7 1
y A7 2 inhibian eficientements la captacidn de poliaminas. Hasta ahora no se conocia
si AZ3 era tambign un regulador negativo del sistema de poliaminas, va gue poses
ciertas diferencias estructurales con AZ1 v A7 2 (lvanov et al., 2000) v los elementos
implicados la interaccién de las A7s con el transportador no son conocidos. Nuestros
resultados muestran por primera vez gue AZ3 inhibe la captacion de poliaminas.

Ademas en el sistema de expresion heterdlogo gue hemos utilizado, las tres AZs
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produjeron un blogueo total de la captacion de poliaminas, quiza por los altos niveles
de expresion alcanzados. Hay que comentar que para estos experimentos de

transporte utilizamos las construcciones de AZs mutadas (MAZT, MAZ2 w MAZ3)

En cuanto a AZIN2, principal objeto de nuestro estudio, determinamos que al
ser expresada en este sistema es capaz de aumentar la captacion de poliaminas, tanto
en condiciones basales, presumiblemente interaccionando con las A7s endogenas,
como en cotransfecciones con cualguiera de las tres AZs. El incremento de captacion
de poliaminas producido por AZINZ fue similar al producido por AZIN1T. De forma que,
segln nuestros resultados, AZIMNZ tiene una potencia similar a AZINT para
contrarrestar los efectos de las AZs tanto sobre ODC como sobre el transporte de
poliaminas. Por el contrano, en un estudio del grupo de kahana v col., gue cormobora
la capacidad de AZINZ de inducir la captacion de poliaminas, se afimma que AZIN1
poses Una mayor potencia que AZIMN2 tanto para estimular el transporte de poliaminas
como la actividad ODC (Snapir et al., 2008). En esta discusidn sobre queé AZIN es mas
potente, otro grupo de investigacion aportd nuevos datos, en este a caso apovando

una similar capacidad para ambas proteinas (Kanerva et al., 2008).

En cualguier caso todos estos estudios han venido a confirmar que la proteina
codificada por el gen ODClike es una proteina inhibidora de A7s (AZINZ2). Muestro
grupo de investigacion inicialmente descrbid los efectos de la AZINZ2 murina sobre |a
actividad ODZ, v posteriormente sobre la captacién de poliaminas. Y como era
esperado, debido a la gran conservacion de esta proteina entre raton v humano,
tambign se ha confirmado gue AZIMZ2 humana tiene la capacidad de contrarrestar el
efecto de AZs sobre ODC (Kanerva et al, 2008) v sobre el transporte de poliaminas,
como se describe en el presente trabajo. En el caso del transporte, realizamos
estudios en paralelo comprobando gue AZIN2 murina y humana tienen una capacidad
muy similar para estimular la captacidn de poliaminas, al menos en el sistema de

transfeccion en celulas COST.

Los trabajos citados anteriormente v otros sobre AZINZ que se han publicado
en los dlitimos anos, durante la realizacion de esta tesis, han aportado nuevos datos
sobre esta proteina. Asi por ejemplo, se ha demostrado que AZIN2 es degradada en el
proteasoma 265 mediante un proceso dependiente de ubiquitinacion, de forma similar
a AN (Kanerva et al, 2008; Snapir et al, 2008} Y de forma inversa a lo que ocumre
con ODC, el proceso de degradacion de A7 N2 no depende de su extremo C-terminal
vy es inhibido por AZs (Snapir et al., 2008) También se ha determinado gue suU
sobreexpresion en células MIH 3T3 produce un incremento de la proliferacién celular,

de forma paralela a los efectos producidos por ODC o AZINT (Snapir et al., 2008), lo
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cual puede apuntar a una posible implicacion de AZIN2 en la aparicion o desarrollo de
tumores o otras enfermedades hiperproliferativas. For otra parte, el grupo gue
describid gue ODClike codificaba para la enzima ADC, ha publicado vanos trabajos
describiendo algunos aspectos de suU regulacion v localizacidn en diversas zonas del
cerebro (Iyo et al, 2006; Zhu et al |, 2007

En definitiva la existencia de una nueva proteina AZIN, AZINZ parece haber
sido aceptada por la mayoria de los grupos en el campo de las poliaminas (Deignan et
al., 2007 Kidron et al., 2007, vanoy & Atkins, 2007, Snapir et al., 2008; Kanerva et al,
2008). De modo gue nos encontramos con un complejo sistema de regulacion formadao
portres A7s (AF1, AZ2 v AZ3) y dos A7 INs (AZINT v AZINZ) Uno se puede plantear
cual es la razon de la existencia de estas distintas isoformas con una aparente funcion

maolecular semejante entre ellas.

A pror, la gran conservacian de todas estas isoformas en mamiferos sugiere
S5U impaortancia. Aungue es cierto que se han generado ratones knock-out para A2 1, v
han resultado ser viables, aungue con ciertas alteraciones fenotipicas no muy
marcadas (Matsufuji, 2004) En este caso es posible gue AS2 sea capaz de
compensar la falta de AZ1, sobre todo si consideramos el hecho de gue ambas
proteinas presentan una expresion ubicua. Sin embargo, no existen modelos
transgénicos de AS3, que posee una expresion especifica en celulas haploides

testiculares, ni de ninguno de los AZINs.

La necesidad de la existencia de estas distintas isoformas puede radicar en la
expresion diferencial de cada una de estas proteinas en tejidos diferentes. Asi,
mientras AL, AZ2 v también AZIN1 poseen una expresion aparentemente ubicua,
A3y AZINZ se han encontrado ambas en testiculo v en el SNC. Por tanto, parece
que fisioldgicamente podria haber una relacion funcional especifica entre AZ3 v AZINZ

en testiculo v cerebro.

Dtro aspecto que puede justificar la existencia de distintas isoformas de A7s v
AZINS es la diferente localizacion subcelular de los distintos miembros de estas
familias. En la bibliografia existen diferentes trabajos que describen la localizacion de
oODC, A7s y AZINT, pero no existian datos referentes a AZINZ. La localizacidon
subcelular fundamental de ODC es citosdlica (McComick, 1977 Grillo & Fossa, 1983,
Schipper & Verhofstad, 2002) Mo obstante en algunos trabajos se descrben
localizaciones alternativas, como por gjemplo su presencia en el ndcleo o en la
membrana plasmatica (Snyder & Russell, 1970; Bitonti & Couri, 1981, Heiskala et al,

1999). Por otro lado, AZIN1T se ha detectado en citosol v nicleo, ademas se ha

176



Discusion general

sugendo suU presencia en centrosomas, donde junto a AZs podria estar regulando |a
degradacian proteasomal independiente de ubiquitinacidon de ciertas proteinas durante
la duplicacion de los centrosomas (Mangold ef al, 2008) Las AZs tambien se han
encontrado en diversas localizaciones, la mayoria de veces en el citosol v la
mitocondria (Grtli-Linde et al |, 2001;Gandre et al., 2003, Mangold, 2005), pero también
en el nlcleo v los centrosomas (Mangold et al, 2008). La razdn de estos datos tan
dispares sobre la localizacion subcelular de estas proteinas puede deberse a que son
estudios en tejidos v condiciones celulares distintas. En cualquier caso, en los Oltimos
anos la localizacion de determinadas proteinas en diversos compartimentos esta
cobrando un crecients interés v en muchos casos se ha comprobado gue esta

relacionado con funciones fisioldgicas diversas de una misma proteina.

En el presente trabajo hemos estudiado la localizacion subcelular de AZIN2,
comparandola con la de sus proteinas homalogas ODC v AZIN1T. Fara ello, hemos
realizado estudios de microscopia confocal en celulas de mamifero HEK o COSY
transfectadas con construcciones de estas proteinas fusionadas al epitopo FLAG o &
la proteina GFP. Los resultados fueron similares entre las construcciones con FLAG o
GFF para cada proteina, lo gue sugiere gque estas modificaciones no alteran la

localizacion de la proteina silvestre.

En concordancia con trabajos previos, observamos una localizacion de ODC
marcadamente citosdlica. Sin embargo, hay gque mencionar gue en un peguefio
porcentaje de células se encontrd cierta sefial de ODC en nucleo, probablemente en
relacidn con distintas etapas del ciclo celular, como habia sido descrto previamente
(Schipper et al., 2004). AZINT presentd una intensa expresion en el nicleo en casi

todas las células transfectadas v también se detectd en el citosol.

En cuanto a AZINZ encontramos un patrdn de expresion subcelular muoy
lamativo. Observamos importantes acimulos en regiones perinucleares gue eran
sugestivos de una localizacidn en el aparato de Golgi. Postenores experimentos
utilizando multiples marcadores de localizacion subcelular confirmaron gue AZINZ se
localiza mayoritariamente en estructuras del compartimento intermedio entre el reticulo
endoplasmico (RE) v el Golgi (ERGIC), v en la cara ofg del Golgi. Por otro lado, se
descartd gue AZINZ se encuentre en el RE, en la mitocondria o en cistemas distales
del Golgi. En cambio, también detectamos AZINZ en citosol vy nidcleo, aungue en

mucha menor proporcian.

Se podria pensar que la acumulacion de AZIN2 en estas estructuras podria ser

un artefacto por la sobreexpresidon. Pero a nuestro juicio, vanos hechos sugieren gue
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esta localizacion de AZIN2 puede ser fisioldgica: 1) en experimentos paralelos sus
proteinas homdlogas ODC v AZINT presentan una localizacidn similar a la descrita en
trabajos previos, 2) con ambas construcciones AZIN2-FLAG v AZINZ-GFF se obtuvo
un patrén similar, 3) los estudios de actividad ODC v captacidn de poliaminas
demuestran que estas construcciones de AZINZ2 son funcionalmente activas, v 4) la
coexpresion con AZs, gue estabilizan AZINZ aumentando aun mas sus niveles,

produce Uun cambio en su localizacidn hasta el citosol.

Resulta llamativo que tres proteinas con una homologia de secuencia tan alta
(ODC, AZINT v AZINZ) posean una localizacion subcelular tan diferente, maxime
cuando no se han identiicado en estas proteinas ninguna secuencia conocida de
localizacidon en organulos intracelulares. En concreto AZINZ no posee en su extremo
M-terminal la secuencia sefial que la difja a la via biosintética-secretora (Pfeffer &
Fothman, 1987) v que justifigue su presencia en ERGIC v afs-Golgi. Se pueden
considerar dos alternativas: que AZIMNZ se introduzca en la via biosintética-secretora
mediado por una secusncia diferente a la secuencia sefal o que A7 N2 se sintetice en
el citosol v su localizacion en el ERGIC se deba a la interaccidon con algun components
presente en la cara citosdlica de estas estructuras, posiblemente una proteina integral

de membrana.

Fesulta interesante gue la coexpresion de AZINZ con cualguiera de las AZs
produce un cambio drastico en su localizacidn subcelular, desapareciendo por
completo del ERGIC v presentando una clara localizacion citosdlica. Muestros
experimentos  de co-inmunoprecipitacion,  westem-blot v microscopia  confocal
demuestran gue AZIN2 es capaz de interaccionar con AZs, lo gue produce su
estabilizacion metabdlica v ademas cambia su localizacion subcelular. Como hemos
comentado anterormente, este hecho apoya la posibilidad de que AZIN2 se sintetice
en el citosol v luego se acumule en ERGIC, interaccionando quiza con alguna proteina.
En este supuesto, las AFs se unirian a AZINZ, evitando su unidn con la hipotética
proteina de ERGIC.

Fara determinar gue region de la proteina AZIN2 le confiere su caracteristica
localizacion en ERGIC generamos construcciones de AZIN2 con diferentes deleciones.
Una posibilidad era que el AZBE estuviera implicado en su localizacidn, ya gue la
interaccion con A7s es capaz de modificarla, por lo que podria existir una competencia
entre A7s v la proteina desconocida de ERGIC para unirse a AZINZ. Pero el mutante
de AZINZ con delecién del AZBE (4" presentd exactamente el mismo patrén de
expresion gque la proteina silvestre, aungue como se podia esperar la coexpresion con

117-140

AZs no fue capaz de cambiar la localizacion de la construccion A . Ni de revertir
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los efectos funcionales de las AZs. También generamos mutantes de AZINZ con
deleciones de 39 aminoacidos en el N-terminal m”w) y 45 aminocacidos en el C-
terminal (ﬂ“SC), que son las regiones menos conservadas entre AZINZ v suUs
homalogos ODC v AZINT, por lo gue podrian ser responsables de su distinta
localizacion. Pero estos nuevos mutantes tambien se localizaban en el ERGIC v ofs
Zolgi como la forma silvestre de AZINZ. Por dltimo, realzamos deleciones de
seclencias de mayor longitud en ambos extremos. La forma A"C ze localizd en el
ERGIC, confirmando gue el extremo C-erminal no interviene en la caracteristica
localizacion de AZINZ. Por fin, realizando el mutante 4N obtuvimos un cambio en el
patrén de expresion subcelular de la proteina. Este mutante presentd un patrén
totalmente citosdlico, semejante al de ODC, o al de AZINZ cuando se coexpresa con
A5 De esta forma, hemos determinado gue la region comprendida entre los residuos
329 v 113 parece ser la responsable de la localizacion fisioldgica de AZINZ.
Hipoteticamente esta regidn seria la que interacciona con alguna proteina presente en
las estructuras del ERGIC v el eis-Golgi. Ademas, generamos una proteina guimeérica
con las 113 residuos del MN-terminal de AZIN2Z fusionados a los 340 del C-terminal de
ODC gue presentd una localizacién subcelular semejante a AZINZ, confirmando la

importancia de esta secuencia en la determinacién de la localizacion de AZINZ

Los distintos mutantes de AZIMN2 generados fueron ensayados funcionalmente,
mediante transfeccion en celulas HEWK 2937 y COS57, v posterores analisis de
actividad ODC v captacion de poliaminas. Hemos comprobadao que la eliminacian de la
region putativa de unidn a AZs (AZBE) de AZINZ (a"7TMY e hace perder
completamente su capacidad de revertir los efectos inhibitorios de las AZs. Los
mutantes de AZINZ truncados AN v A*C conservan cierta capacidad funcional,
siendo capaces de estimular la actividad ODC v la captacidn de poliaminas, pero en
menor medida gue la forma silvestre. Sin embargo la pérdida de secuencias mas
largas tanto en el extremo amino como en el carboxilo (A"C, AN produjo 1a pérdida
funcional total, a pesar de conservar el AZBE, posiblemente debido a una importante

alteracion de la conformacion de la proteina.

Fara conocer cual es la mision especifica que cumple AZINZ2 en estructuras del
ERGIC v cis-Golgi seran necesarios estudios en mavor profundidad. Mo obstante, en
base a la bibliografia existente sobre las distintas funciones que pueden tener las A7s
Yo los AZIMs, v aspectos relacionados con las poliaminas en el testiculo podemos
plantear vanas posibilidades. En este sentido conviene recordar gue la expresion
fisioldgica de AZINZ es exclusiva de algunas regiones del SNC v, especialmente, de

testiculo. En prmer lugar, el trabajo de Quian vy col. resulta de especial interes, va que

179



Discusion general

mediante el uso de anticuerpos policlonales frente a ODC describe una intensa senal
en el acrosoma de espermatidas v espematozoides (Guian et al., 1985). Sin embargo,
en base a nuestras resultados ODC no se expresa en estas células, mientras gue
AZINZ s5i lo hace v con una gran intensidad. Asi gue podemos especular que el
anticuerpo utilizado por Quian v col, podria estar detectando en realidad la expraesion
AZIMNZ en el acrosoma. Este hecho podria tener relacion con la localizacion subcelular
de AZIMZ detectada en nuestro sistema de expresion heterdlogo, va que el acrosoma
g5 Una estructura derivada del aparato de Golgi. La funcidon de AZIN2 en el acrosoma
podria estar relacionada con la redistribucion de las poliaminas en este organulo de las
células haploides germinales, lo que cobra mayvor relevancia si tenemos en clenta que
se ha descrito gue espermina es importante para la reaccion acrosémica (Rubinstein &
Ereitbart, 1991). Por otro lado, se han deschnto procesos de degradacion proteica
necesanos durante la reaccidon acrosomica, asi como la presencia de proteasomas en
el acrosoma (Morales et al., 2007). Este hecho unido a estudios previos que afirman
que las AZs v los AZINS pueden regular la degradacion de diversas proteinas por el
proteasoma, nos sugiers que AZINZ podria estar requlando procesos de degradacidn

de determinadas proteinas durante la reaccion acrosémica.

Otra posibilidad es que la presencia de AZINZ en ERGIC constituya una
especie de reserva funcional, que estaria lista para interaccionar con una eventual
elevacion de AZ3 durante el proceso de espermiogénesis, regulando la actividad ODC,
el transporte de paliaminas v los flujos de poliaminas en las células haploides

germinales.

En cualguier caso, resulta interesante comprobar gue tanto ODC, como AZ N1
y AZINZ poseen localizaciones subcelulares diferentes, al igual que ocume con las A7s.
¥ wa gue hemos demostrado que AZIMNZ puede interaccionar con cualguiera de las
AZs, al igual que AZINT, la localizacion subcelular diferencial puede ser una de las

claves que justiigue la necesidad fisioldgica de las diversas isoformas.

For otro lado, los estudios de expresion de estos genes mediante PCR
cuantitativa presentados en este trabajo demuestran que AZ3 v AZIN2 se expresan
principalmente v con unos niveles muy altos (mas de 1000 copias de ARMNmM por célula)
en testiculo, lo que refuerza la idea de su posible relacion funcional en este tejido. Por
ello, nos propusimos un estudio mas detallado de la expresion de AZINZ
temporalmente {en relacion al proceso de espermatogénesis), v en los distintos tipos

de células testiculares.
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Ya era conocido gue AZ3 se expresa especificamente en células haploides v
que su expresion aumenta progresivamente durante el proceso de espermatogénsis
(Tosaka et al | 2000). Mosotros hemos encontrado un patron de expresion de AZINZ
practicamente paralelo al de A73. Se sabe gue el proceso de espermatogenssis en
ratén comienza el primer dia postnatal v dura aproximadamente 35 dias. MNuestros
resultados mediante hibridacidon in sity de ARM e inmunocitoguimica muestran
claramente gue AZINZ se expresa exclusivamente en células haploides (espermatidas
Y espermatozoides), no detectandose suU presencia en espermatogonias o celulas
intersticiales. Ademas el analisis de la expresion de AZINZ durante las primeras
semanas del desarrollo postnatal del testiculo de ratén confimma lo expuesto
anteriommente, va que reveld la existencia de unos niveles de expresion muy bajos
hasta el dia 20 (momento en el que empiezan a formarse células haploides), v Un
posterior aumento progresivo hasta alcanzar la madurez sexual, al cumplir el primer
ciclo de espermatogénesis. En definitiva, existe una expresion paralela v progresiva de
AZIN2 y AS3 desde el dia 20, que parece coincidir con el proceso de espermiogénesis,
sugiriendo gue estas proteinas estan funcionalmente relacionadas v tienen un papel
importante en  la regulacion de la homeostasis de  poliaminas  durante la
gspermiogénesis. Por otro lado, expenmentos en paralelo, demostraron gue en
testiculo la expresidon de AZIN1T es mucho inferior v no varia a lo largo del desarmollo
postnatal. Por su parte ODC aumenta ligeramente durante la primera ronda de
espermatogeénesis, aungue mediante hibridacion in situ hemos comprobado gque QDC

se expresa en las células precursoras, las espermatogonias v no en células haploides.

La importancia de las poliaminas en la fisiologia testicular v en el proceso de
gspermatogénesis es sustentada por moltiples trabajos. Curiosamente, va en el siglo
FNN, Leeuwenhoek detectd la presencia de cristales de espermina en semen humano,
y de ahi el origen de su nomenclatura. Concretamente se ha demostrado gue los
niveles de ODC vy poliaminas wvarian significativamente durante el proceso de
gspermatogénesis (Alcivar et al, 1989, Kaipia et al, 1990, Shubhada et al., 1989). Y
ademas, modelos de ratones que sobreexpresan ODC resultan ser infértiles
(Halmekyto et al, 1991, lo cual apova el hecho de que la comrecta homeostasis de las

poliaminas es fundamental para una correcta espermatogenesis.

La idea general mas aceptada es gue un incremento de ODC v de los niveles
de poliaminas son necesaros en la primera fase de la espermatogenssis, v
posteriormente ocurre Un brusco descenso de la actividad ODC mediado por la gran
expresion de AZ3 durante la espermiogénesis (lvanov et al, 2000). En este contexto

la aparcion de AZIN2 con una expresion paralela a AZ2, pero una funcién molecular
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opuesta, parece ser paradgjica. Se puede argumentar que AZIN2Z es necesara para un
control mas nguroso de la actividad ODC durante la etapa de espermiogéneasis. Sin
embargo existen otras posibilidades. Asi por ejemplo, segin demuestran nuestros
resultados A7 N2 v AZ3 tambien pueden regular la captacion de poliaminas, y podrian
estar implicados en los flujos de poliaminas entre distintas células o el fluido seminal.
For gjemplo se ha descrto que las poliaminas pueden acumularse en los cUerpos
residuales de losg tdbulos seminiferos, cuando va no san necesarias para la sintesis

proteica.

Ademas existe la posibilidad de que AZINZ v AZ3 puedan afectar la fisiologia
testicular regulando procesos distintos a la homeostasis de poliaminas. De hecho, se
ha descrito que AZ3 puede interaccionar con una proteina de funcion desconocida v
localizacidn testicular, denominada gametogenina. Ademas se han descrito otras
posibles proteinas diana de A7s, 0 que al menos interaccionan con ellas, ampliando la
vision de las funciones fisiolégicas gque pueden tener las proteinas A7Zs v AZINs.
Dichas proteinas son Smad? (Gruendler et al., 20013, Snip1 (Lin et al., 2002}, ciclina
D (Mewman et al, 2004)y Aurora A kinasa (Lim et al 2007). Y por Ultimo, AZIN2 podria
tener funciones independientes de su interaccion con AZ 3, si tenemos en cuenta que
se ha demostrado previamente que AZ N1 puede ejercer dertas funciones sin mediar
su interaccion con AZs (Kim et al., 2008). En cualquier caso sera necesario Uun estudio
mas detallado para esclarecer la funcidn exacta v la relevancia de AZINZ en la
gametogénesis, para lo cual resultaria muy adecuado la generacion de animales
transgénicos que sobresxpresen o carezcan de AZ3 v o AZINZ . Por otro lado, un
estudio reciente en muestras de esperma de individuos controles e individuos que
presentan una fertilidad deficiente debido a malformaciones de los espermatozoides
(azoespermia), ha puesto de manifiesto que la expresion de AZINZ en estos dltimos
estd muy disminuida (datos de microarray disponibles en ArrayExpress database

(wnaned ebiac.uk/arravexpress), nimero de acceso BE-GEOD-B88Y2), resultado que

apoya la importancia de AZIN2Z para una comecta espemiogénesis.

En resumen, en el presente trabajo se describe la caracterizacion de una nueva
proteina inhibidora de AZs (AZINZ), descartando ademas la posibilidad de que dicha
proteina tenga actividad ADC, como se habia postulado previamente. Conviens
resaltar que diversos trabajos postenores han cormroborado este hallazgo (Kidron et al |
2007 Snapir et al., 2008; Kanerva et al., 2008). Esta proteina, AZINZ, es por tanto un
nuevo componente del complejo mecanismo molecular que requla la homeostasis de

poliaminas. Hemos demostrado que es capaz de interaccionar con cualguiera de las
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tres ASs, contramestando sus efectos inhibitorios sobre ODC v la captacion de
poliaminas. Por aitimo, destacar gue hemos caracterizado detalladamente la expresian
de AZINZ, tanto a nivel tisular o celular, como a nivel subcelular. Comprobando gue
A N2 se expresa fundamentalmente en las células haploides germinales de testiculo
y posee una localizacion caracteristica en el ERGIC vy la cara aig del Golgi. Estas
caracteristicas distinguen a AZINZ de su proteina homaloga AZINT, v pueden por tanto
explicar su relevancia fisioldgica en mamiferos, que muy probablemente  esté

relacionada con una adecuada espermatogénesis v, consecuentemente, con la
fertilidad masculina.
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CONCLUSICNES

1. Elgen ODCp, un gen altamente homologo a ODC y AZIN1 en mamiferos, cuya
expresion es especifica de testiculo y cerebro, codifica una proteina carente de

actividad descarboxilante de ornitina o arginina.

2. La funcion molecular de ODCp corresponde a la de una nueva pioteina
inhibidora de antizimas, por Io gue lo hemos denominado el inhibidor de antizimas 2
(AZIN2).

3. AZINZ es capaz de interaccionar con los tres miembros de la familia de
antizimas {AZ1, AZ2 y AZ3), revertiendo la accion inhibitoria de las AZs sohie la

actividad ODC, tan gficientemente como AZIN1.

4. AZZ2 y AZ3, aligual que AZ1, ademas de inhibir 1a actividad ODRC, disminuyen
sus niveles de proteina, aungue con menoy eficiencia que AZ1, posiblemente debido a
los menores niveles de expresion de AZ2 y AZ3 oblenidos al sobreexpresaros en

cultivos de células mamiferas.

5. Las tres AZs son capaces de bloguear completamente la captacion de

poliaminas en células de mamifero.

B. AZINZ activa la velocidad de captacion de las poliaminas {putiescina,
espermidina y espermina) en células de mamifero, mediante el bloqueo de la accidn
de las AZs endogenas. Ademas, AZINZ puede bloguear los efectos inhibitorios de la

sobreexpresion de cualquiera de las AZs sobre la captacion de poliaminas.

7. Tanto AZINZ murina y humana, como AZINT murina, mostraron una capacidad

similar para inducir la captacion de poliaminas en células de mamifero.
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8. El patron de expresion celular y temporal de AZINZ en testiculo es paralelo al
de AZ3. AZINZ y AZ3 se expiesan abundantemente y de forma muy especifica en las
células haploides germinales testiculares durante la espermiogénesis, Io que sugiere la
relacion fisiologica de estas dos proleinas para regular la homeostasis de las

poliaminas durante este proceso.

8. La localizacion subcelular de AZINZ es fundamentalmete en el compartimento
intermedic entre &l reticulo endoplasmico y el aparato de Golgi y en las cisternas del
cis-Golgi. Este pation de expresion difiere marcadamente del de sus proteinas

paralogas ODC y AZIN1, gue se localizan en citosol y nicleo respectivamente.

10. Fara la localizacion subcelular de AZIN? en estas estructuras es fundamental l1a

secuencia aminoacidica desde la posicion 40 a la 113 de la proteina.

11. La coexpresion de cualquiera de las AZs estabiliza la proleina AZINZ v,

ademas, induce suU translocacion desde su localizacion en ERGIC hasta el citosol.
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INTRODUCTION

The polyamines putrescine, spermidine and spermine are ubiguitous
polycations that participate in the regulation of growth, differentiation and death of
eukaryotic cells (lgarashi & Kashiwagi, 2000; Thomas & Thomas, 2001; Wallace et al,,
2003). Some functiohs of polyamines, related with the yregulation of piotein synthesis
and transcription, have been attiibuted to its interactions with nucleic acids, whereas
other effects are explained by their interaction with different proteins, including
enzymes of cell signalling pathways, membrane receptors and ionic channels {Williams,
1897). The content of the intracellular levels of polyamines is tightly regulated in
mammals by priocesses of biosynthesis, catabolism and transport (FPegg, 1986;
Wallace et al., 2003; Fegg, 2006).

Oinithine decarboxylase (ODC), enzyme that transforms L-ornithing into
putiescine, is the key enzyme in the biosynthetic pathway. ODC activity is generally
low in non proliterating cells but considerably increases in Wwmour cells and in normal
cells with high proliferative rate, and the forced overexpression of ODC can transtorm
mouse fibroblast cells (Fegg, 1988, Gerner & Meyskens, 2004, Auvinen et al.,, 1992;
Casero & Marton, 2007). This enzyme is subject to a complex regulation by
transcriptional, translational and post-transiational mechanisms (Bello-Fernandez et al.,
1893; Pegg, 2006). At the post-translational level ODC is finely regulated by a family of
inhibitory proteins called antizymes {AZs) {(Hayashi & Canellakis, 1989; Coffino, 2001a;
Mangold, 2005). AZs proteins are synthesized, when cellular polyamine levels increase,
by stimulation of an unusual translation trameshifting mechanism on the AZ messenger
RNA (Matsufuji et al., 1895). AZs bind to ODC monomers preventing the formation of
active ODC homodimers and promoting ODC degradation through the 26 5
proteasome without ubiquitination (Murakami et al., 1882; Coffino, 2001b). In addition,
AZ1 and AZZ2 not only decrease polyamine biosynthesis but also prevent the
accumulation of excess polyamines by inhibiting polyamine transport (Zhu et al., 1989).
AZ1 and AZ2 are widely expressed, whereas AZ3 expression is restricted to the testes
{lvanov et al., 2000, Tosaka et al., 2000). In this complex scene there is another piotein
called antizyme inhibitor {AZIN), with a sequence highly similar to that of ODC, but
lacking decarboxilating activity that can activate both ODC and polyamine uptake by
competing for AZs, because AZIN can bind efficiently to all members of the antizyme
family negating their action (Mangold, 2006). Recent repoits have revealed that AZs
and AZIN may alsc have functions other than those related to the regulation of
polyamine homeostasis, increasing the interest of these ODC-related proteins. In this

regard, it has been repoited that AZs may interact and regulate proteins such as the
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signalling protein Smad-1, cyclin 01, gametogenin or Aurora kinase A {Gruendler et al.,
2001; Newman et al., 2004; Zhang et al., 2005; Lim et al 2007).

On the other hand, the presence of agmatine in mammalian cells {Li et al., 15994,
Raasch et al., 1885, Lortie et al., 159396) and the identitication of the agmatinase gene in
the human genome (lyer et al., 2002; Mistry et al., 2002), coding for the enzyme that
transform agmatine into putiescine, raised the possibility that this altemnative pathway
to putiescine synthesis could be relevant in mammalian polyamine metabolism.
Although there is sound evidence supporting that agmating is present in mammalian
tissues, the existence of authentic arginine decarboxylase {ADC), enzyme catalyzing
the conversion of L-arginine into agmatine, in mammalian tissues is subject to some
controversy. Although it is clear that different iat tissues are able to produce “CO; from
*C labeled L-arginine {Li et al, 1594; Loitie et al, 19895; Sastre et al, 1998,
Regunathan & Reis, 2000, and that in some cases agmatine formation has been
reported {Lortie et al, 1886., 1885; Horyn et al 2005), in other studies agmatine
production from arginine was not detected either in mouse (Penafiel et al., 18988,
Huzafa et al., 2003) or in rat tissues (Coleman et al., 2004). Moreover, although it was
suggested that arginine decarboxylation reaction in the rodent brain may be catalyzed
by ODC (Gilad et al, 1896), later studies reported that yvat ADC was able to
decarboxylate both arginine and ornithing, this enzyme being distinct fiom ODC
{Hegunathan & Reis, 2000). Hecently, Hegunathan and co-workers {(Zhu et al., 2004
identified 2 human cDNA clone that exhibited ADC activity when expressed in COS5-7
cells. The deduced amino acid sequence of this protein was not related to bacterial or
plant ADC, but was identical to a previously identified human ODC-like piotein, a ODC
paralogue named ODCp, expressed in brain and testes (Fitkanen et al., 2001).
However, the facts that v wiro translated human ODCp did not decarboxylate L-
omithine {Fitkanen et al., 2001) and that extracts from Escherichia coli expressing
recombinant human ODCp lacked ODC or ADC activity (Coleman et al., 2004) raised
doubts on its possible ADC activity, but leave unsettled the authentic function of human
ODCp.

In previous studies from our lab, in spite that we did not detect agmatine
synthesis in mouse extracts using HPLC and electiophoretic technigues, we could not
rule out the possibility that a minor part of the “CO, released from mouse tissue
extracts incubated with *C-labeled arginine could be the result of the existence of ADC
in mammalian cells {Fenafiel et al., 1998; Ruzafa et al.,, 2003). In this work, we wanted
to elucidate whether the ODCp gene codes for an authentic ADC enzyme or, on the
contrary, ODCp could function as an antizyme inhibitor. For that purposes we firstly

cloned the ODCp gene and studied its cellular function by means of transient

223



English Stummary

transfection experiments of mammalian cells and, secondly, we analyzed its
expression pattern in the brain and testes of mice, looking for the plausible

physiclogical role in these tissues.

AIMS

1. To determine whether ODCp codes for an authentic mammalian ADC or has
intrinsic ODC activity.

2. To characterize the moleculay functions of ODCp in relation to the AZ
regulatory system on ODC activity.

3 To study the influence of ODCp on the polyamine uptake system, determining
its interaction with the different forms of AZs and the regions of ODCp implicated.

4. To study the tissue and cell distribution of ODCp and other ODCrelated genes,
in mice, especially in the testis.

&. To characterize the subcellular distribution and stability of ODCp in comparison
to its homologues ODC and AZIN, studying the influence of different domains of the

protein on these propeities.

RESULTS AND DISCUSSION

1- Murine ODCp lacks intrinsic decarboxylating activity both of arginine

and ornithine.

To test the possible ODC or ADRC activity of mouse ODC-like protein, ODCp
was cloned in the expression veclor pcDNA3 and used in functional assays with
transiently transfected HEK 283T cells. The capacity to decarboxylate oimithine or
arginine was measured in the cell homogenates, and cell fractions obtained from cells
transfected with the empty vector or with mouse ODCp or ODC cDNAs. As expected,
ODC activity in ODC-transfected cells was remarkably high when compared with
control cells, whereas in ODCp-transfected cells there was a moderate increase in the
decarboxylation of omithine with respect to control cells, but the activity was lower than
2% that of ODC-ransfected cells. In both cases, ODC activity was mainly found in the
post-mitochondrial fraction. This activity was inhibited more than 85% by 1 mM DFMO,
a specific inhibitor of mammalian ODC. To analyze whether the large differences
observed in the decarboxylating activities of the extracts of ODC and ODCp could be

due to gross variations in protein expression, HEK 293T cells were transfected with
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different constructs encoding ODC-FLAG, ODCp-FLAG, or AZIN-FLAG fusion proteins,
and expressed pioleins were detecled by an anti-FLAG antibody, showing similar
expression levels of fusion proteins. The decarboxylating activity of the fusion proteins

appeared not to be significantly altered.

To test whether the ornithine decarboxylating activity measuied in ODCp-
transfected cells is the result of authentic ODC activity of mouse ODCp protein or the
consequence of increased endogenous ODC activity of HEK 283T cells, as result of a
possible interaction of mouse ODCp protein with AZ, we examined ODC activity in
ODCp-transfected cells cotransfected with human ODC-siBNA, specific for inteifering
human ODRC mBNA but not for human or mouse ODCp mBNA. ODC activity was
markedly decreased in ODC-siBNA transfectants compared with control cells or
control-siAkNA. transfectants. The rise in ODC activity detected in the ODCp
transfectants was abrogated by 30 nM human ODC siBNA. These results suggested
that CDCp protein may function as an AZ inhibitory protein.

The arginine decarboxylating activity of ODCp- and ODRC-transtected cell
extracts was negligible in most experiments when recently purchased 1"'I[)—ar{;;inine was
used. However, in some cases, cell extracts from ODCp- and ODC-transfected cells
were able to release "CO; from "C-labeled L-arginine. Even in these cases, the
release of "CO; from arginine was remarkably lower than that obtained from ornithine,
when the same homogenate was assayed with these amino acids. Moreover, this
activity was much lower in ODCp- than in ODC-transfected cells, and in both cases it
was lower in the mitochondrial fraction than in the cytosolic fraction. In all these
homogenates, the decarboxylation of arginine was not significantly affected by 1 mM
difluoromethylarginine, an effective inhibitor of bacterial and plant ADC, but, however, it
was markedly reduced {moie than 85%) by 1 mM DFMO, whereas hﬁ—hydmxyarginine,
a potent inhibitor of arginase, also decreased the release of ”CDE from L-arginine,
about 50% inhibition at 1 mk. Although these results suggested that the “CO; release
from L-arginine by extracts from the transfected cells incubated with 1"'fCl—ar{_:]inine may
be the result of the concerted action of arginase and ODC activities that may be
present in these extracts, or from trace amounts of labeled ornithine tormed by
chemical decomposition of arginine, we also tested the formation of agmatine and
putrescine, the direct products of ADC and ODC, respectively, to check this possibility.
We analyzed by HPLC the radioactive polyamines that could be generated by
incubation of cell extracts with [U-"*CJ-arginine. Although in cells transfected with ODC
a peak with a retention time identical to that of putrescine was seen, evidence for

agmatine formation could not be found. In extracts fiom ODCp-ransfected cells, we
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could not detect the formation of agmatine. In contrast, a peak with the same retention
time as agmatine was clearly seen when incubates of bacterial ADC with labeled
arginine were analyzed. When the products were separated according to their positive
charge by means of paper electrophoresis at pH 6.1 and detected by Fhosphorimager,
the results were similar to those found by HPLC analysis. Similar results were obtained

when Chinese hamster ovary and COS-7 cells were transfected with ODCp.

2. ODCp is a novel antizyme inhibitor protein (AZIN2), according to its

capacity to interact with AZs abrogating their effects on ODC.

To investigate the possibility that ODCp protein may function as an antizyme
inhibitor we also cloned cDNA corresponding to mouse ODC, AZ1, AZ2, AZ3, and
AZIN in the expression vector pcDNA3, and HEK 293T cells were transiently co-
transfected with several combinations of the different recombinant plasmids. ODC
activity was measured in the cytosolic fraction of the co-transfected cells and compared
with the values of QDC-transfected cells. The thiee AZ tested down-regulated ODC
activity, with AZ1 having an apparently stionger effect than AZZ or AZ3. We also
determined that both AZIN and ODCp were able to rescue ODC from the inhibitory
effect produced by AZ These results suggest that the levels in polyamine
concentiation reached by the ODC-ransfected cells seem to be sufficient 1o induce
ribosomal frameshifting of AZ mANA in the co-transfected cells, and they indicate that
the product of the ODCp gene behaves similarly to that of AZIN. Moreover, 1o assess
the role of ODCp protein on ODC degradation in HEK cells, we studied the effect of AZ,
AZIN, and ODRCp on the levels of ODC-tagged protein with the FLAG epitope, using a
specific antibody directed to this sequence and Westein blot analysis. There was a
parallelism between the changes in ODC activity and ODC protein, with AZ decreasing
ODC activity and promoting the degradation of QDC, and ODCp and AZIN preventing
this effect. It must be noted that AZZ2 and AZ3 also appear to piomote ODC
degradation as repoited previously for AZ1. However, the apparently higher effect
observed for AZ1 could be related with the higher expression of AZ1 protein in the
transfected cells, presumably as a conseqguence of a higher stability of AZ1 protein.
Moreover, the fact that in the double transfectants {ODC+0DCp) ODCp increased the
amount of ODC-tagged protein confirms the view that the rise in ODC activity induced
by ODCp is related to its antizyme inhibitory action rather than to an intrinsic putative
ODC activity. To assess a direct interaction of ODCp with AZs, immunoprecipitation
experiments were carried out with AZ-HA fusion proteins and ODCp tagged with FLAG.

Interactions between AZs and ODCp were observed in the homogenates of the double
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transfectants. Again, the higher intensity of ODCp found in AZ1 co-transfectant could
be related to a higher level of expression of AZ1. This interaction was also deteclable
when AZ1 and ODCp extracts were incubated in witro. Owerall, these results clearly
indicate that ODCp counteracts AZ as effectively as AZIN, and they consequently
suggest that ODCp should be considered as a novel antizyme inhibitor (AZIN2).

3. AZINZ2 stimulates polyamine uptake in mammalian cells by

reverting the inhibitory actions of the AZs.

To study the influence of the antizymes and antizyme inhibitors on polyamine
uptake, COS7 cells were transiently transfected with plasmids containing the cDNA
corresponding to mouse AZ1, AZ2, AZ3, AZINT and AZINZ, and human AZINZ, under
the CMY promoter. In the case of the antizymes, mutated versions lacking the stop
codon of the ORF1 that synthesize antizymes without frameshift were used. These
constiucts were named as MAZ1, MAZ2 and MAZ3. We determined that the uptake of
putrescine, spermidine and spermine was maikedly reduced in the cells transfected
with any of the three mutated antizymes. On the contrary, in the cells ransfected with
the murine AZINZ, polyamine uptake was significantly enhanced (~2-3 fokds). Similar
effect was observed in transtections with human AZINZ2 or mouse AZIN1. If one takes
into consideration that the transfection efficiency of COS7 cells was around 50%, as
estimated by measuring by laser confocal microscopy, the peicentage of positively
transfected cells expressing the green fluorescent piotein {GFP) under the control of
the CMY promoter, we could conclude that the overexpression of any of the three
antizymes in COS7 cells almost abolished polyamine uptake. On the other hand, the
coirected values in the case of the antizyme inhibitors clearly indicate that these
proteins markedly enhanced polyamine uptake, reaching levels similar to those
obtained in non-transtected cells treated with cycloheximide {drug that blocks protein
synthesis producing a rapid deciease of the shoit life proteinsg AZs). This result
suggests that antizyme inhibitors overexpression totally block the endogenous levels of
antizymes existing in COS7 cells. Similar results to those described above weie

obtained when other mammalian cell lines such as HEK233T or NIH 3T3 were used.

To contirm that AZINZ is a positive regulator of the uptake of putrescine,
spermidine and spermine by negating the inhibitory effect of antizymes on polyamine
transport, COS7 cells were co-transfected with equimeolar mixtures of plasmids coding
for AZINZ2 and each one of the antizymes, and polyamine uptake was compared with

cells transfected with an equivalent amount of antizymes. As expecled, AZINZ
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prevented the negative effect of antizymes on polyamine uptake. However, in this case,
the stimulation of polyamine uptake with respect 1o control cells was not as high as in
the case of the single transtectants of AZINZ. Moreover, the capacity to counteract the
action of the three antizymes appeared to be different, with lower effect on AZ1. The
apparent lower effect of AZINZ on polyamine uptake in the double transfectants, in
comparison with the single transfectants, can be explained, taking into consideration
than in the double transfectants the amount of each antizyme should be much higher

than in the single transfectants, where there is no forced expression of the antizymes.

4 Expression of AZIN2 and other CDC-related genes in different

mouse tissues by semiquantitative and quantitative RT-PCR.

The expression of AZINZ in different mouse tissues was studied by HT-FCH.
We found that among the different tissues studied, mouse AZINZ expression was
restricted to brain and testes, in contrast to ODC, AZ1, and AZ2 that were expressed in
all tissues tested (kidney, liver, hean, lung, adrenal glands, ovary, placenta, testis and
brain). AZINZ expression appears 1o be conserved because previous studies revealed
that human AZINZ {or ODCp) expression was found in the central nervous system and
testes (Pitkanen et al., 2001). In agreement with previous findings, AZ3 was mainly
expressed in testes {lvanov et al,, 2000; Tosaka et al., 2000), although we also found

expression of this antizyme isoform in the brain.

In order to compare the expression levels of the two antizyme inhibitors and
ODC in different mouse tissues, total HNA was extracted from these tissues and
mANA levels were guantified by using real time BT-PCR. We found that in all tissues
studied the levels of ODC transciipts were higher than those of antizyme inhibitors,
especially in the Kidney of males. AZINZ was most expressed in the testes, followed by
the brain. In these two tissues the expression of AZIN2 was about 23-fold higher than
AZIN1 in the testes and 64old in the brain. However, in kidney, heart and liver AZIN1

was more expressed than AZINZ.

Since AZIN1 and AZIN2 show similar function at the molecular level, interacting
with any of the AZs, the specific tissue distribution can explain the physiclogical

relavance of the existence of thase different isoforms.
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5. AZIN2 has a cellular and temporal parallel expression pattern

1o AZ3, in the haploid germ cells, suggesting a role in spermiogenesis.

The levels of AZINZ mRNA were studied by RT-PCR in the testes of mice of
different ages. Semiguantitative analysis showed that the expression of AZINZ in the
testis of prepuberal mice was very low, but increased markedly after puberty. To study
with more detail the piofile of AZINZ expression during the first wave of
spermatogenesis, ANA was isolated from the testes of mice of 4, 10, 15, 18, 20, 21, 22,
23, 24, 27, 31, 34 and 60 days of age, and the expression levels of AZINZ were
guantified by real-time RT-PCRH. We found that transcript levels were very low until day
24, and that they markedly increased after this day. The onset of AZINZ2 expression in
the testis corresponds with the appearance of round spermatids, and transcription
increased throughout the differentiation process from spermatids to spermatozoa. We
studied in parallel the expression of AZINZ with those of ODC and AZ3, genes related
to polyamine metabolism in the testis, and with AZIN1, the other antizyme inhibitor
protein. AZ3 showed an expression pattern similar to that of AZINZ, with extremely
reduced expression during the 3 first postnatal weeks, but increasing significantly
during the fourth week. On the other hand, the expiession of ODC rose steadily from
birth to adulthood, while AZIN1 expression incieased during the second and thivrd
weeks after birth, reaching at the end of this period values equivalent to those of
sexually mature males. It should be noted that the relative expression values of AZ3
and ODC in the testis of adult mice were about 5-6 fold higher than the expression of
AZINZ2. However, the expression of this gene was about 254old higher than that of
AZIN1. Transcripts comesponding to AZ1 and AZ2 were also detected in the adult

testis, with relative expression values of 40% and 14%, compared to AZ3.

In order to determine the regional expression of AZIN2 in the mouse testis, BNA
in situ hybridization was performed. The results indicated that AZIN2 transcripts were
mainly found in the inner part of the seminiferous tubules, where spermatids at different
stages of differentiation and spermatozoa are localized. The spatial localization of
AZIN2Z was similar to that found for AZ3. In contrast, ODC mRNA was largely localized
in the outer part of the seminiferous tubules, consistent with predominant expression in
speitagonia and sparmatocytes. It must be emphasized that the probes selected tor the
detection of AZINZ and ODC matched with the 3UTRH of their specific mBNA, since in
this region the sequence homology between the paralogues AZINZ and ODC is lowest.

We also conoborated the regional distribution of AZINZ, detecting AZINZ
protein in the testes of adult mice. Immunocytochemical analysis of sections of adult

testis was cariied out, using a rabbit anti-AZINZ polyclonal antibody generated against
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the synthetic peptide ALOQKKEADQPLY, corresponding to the residues 338 to 351 of
mouse AZINZ, purified by affinity chromatography. Previously, the antibody was
validated by western blotting, using both cell extracts from AZINZ transfected HEKZ2S93
cells and cell extracts from adult mouse testis. Anti-AZINZ immunoreactivity was mainly
Iocated in the inner part of the seminiferous tubules. At higher magnification the

staining was mainly found in spermatids and spermatozoa.

These results suggest that AZINZ may play an impoitant role in regulating

polyamine homeostasis during spermiogenesis.

6. AZIN2 is mainly located in the Endoplasmic Reticulum-Golgi

Intermediate Compartment (ERGIC) and cis-Golgi matrix.

In order to asses the different subcellular distribution of AZ binding proteins,
constiucts of ODC, AZIN1 and AZIN2 fused to the green flucrescence protein {(GFP) or
fused to FLAG were transfected in HEK 293 or COSY cells and analyzed by confocal
microscopy. GFP constiuctions and FLAG constructions of these proteins showed
similar results. As expected, ODC was predominantly found in the cylosol, whereas
AZINT was mainly localized in the nucleus. On the other hand, AZINZ showed 2
staining pattern with a strong accumulation in perinuclear structures, and a weaker
signal detected in cytosol and nucleus. We found similar subcellular patterns tor any of
these proteins in HEK 283 and COS7 cells.

In order to obtain a more precise information on the intracellular distiibution of
AZINZ, different organelles markers were used. We found that KDEL receplor fused to
GFF {KDELR-GFF), a cs-GolgVERGIC located integral membrane protein, co-localized
stiongly with AZINZ-FLAG in cotransfected HEK cells, indicating that the intense
staining pattern detected for AZINZ should correspond to its presence in some

stiuctures in the ERGIC and cis-Golgi matrix.

Moreover, we observed that the co-transfection of AZIN2 with any of the AZs
clearly switched its distribution from the ERGIC-related structures to the cytosol, giving
a similay pattein to ODC. We also determined that AZINZ can interact with AZs, and
that this interaction mutually stabilizes both proteins, apart from inducing a shift in the
subcellular location of AZINZ. These findings raise more complexity to the AZs/AZINs
regulatory system that could be related to functions other than regulating polyamine

homeostasis.
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We finally studied the importance of different domains of AZINZ protein on its
subcellular location by generating several deletions of AZINZ-FLAG. The deletion of 45
or 162 residues in the C terminus of AZINZ2-FLAG protein did not affect the subcellular
location. The mutant AZINZ, lacking the sequence corresponding to the putative
antizyme binding element {AZBE) of ODC, which lies between residues 117-140,
showed the same subcellular pattern as the wild type AZINZ. As expected, this AZINZ
form, lacking the AZBE, did not interact with AZs (as determined by
immunoprecipitation and functional assays) and accordingly, still remained in its
membranous location when co-transfected with AZs. Truncated AZINZ protein, lacking
the 3% residues at the N terminus, also presented a strong fluorescence signal in the
ERGIC related structures. Moreover, all these AZINZ-truncated proteins co-localized
with the KDELR protein in co-transfection experiments. On the contrary, the removal of
113 residues from the N terminus of AZINZ2 caused the Ioss of accumulation of the
protein in ERGIC related structures. This mutated form of AZINZ2 was mainly located in
the cytosol and, did not co-ocalize with KDELR. These results indicate that these 113
M-terminal residues of AZINZ are essential or responsible of its specific subcellular

location, different from that of the homologous proteins ODC and AZIN1.

These results show that highly homologous proteins may have different
subcellular location, due to differences in sequences not related to the well-known cell-
soiting sequences. The different location of AZINT and AZINZ may be one of the
reasons for the consarvation of these two isoforms in mammals. Moreover, it should be
noted that we found that AZINZ is specifically expressed in spermatids and
spermatozoa. One could speculate that the physiological subcellular location of AZINZ

could be the acrosome, since this crganelle is derived trom the Golgi system.

In summary, we have demonstrated the existence in mammalian cells of a
novel antizyme inhibitory protein that has been named AZINZ, that efficiently interacts
with all the members of the antizyme family, negating their effects on ODC activity and
polyamine uptake. Moreover, we have determined that AZINZ is expressed in the
haploid germinal cells, suggesting a physiological role during the spermiogenesis.
Finally we have found that in contrast to its homeologous proteins ODC and AZINT1,
AZINZ is mainly located in the ERGIC and cis-Golgi matrix. [t must be noted that our
finding that ODCp is a novel AZIN2 devoid of decarboxilating activity has been recently
confirmed by several relevant groups in the polyamine field {Kidion et al., 2007;
Kanerva et al., 2008 ;Snapir et al., 2008).
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CONCLUSIONS
1. CDCp gene encodes for a protein devoid of decarboxilating activity of omithine
o arginine.
2. The molecular function of ODCp coiesponds to a novel antizyme inhibitor

protein {AZINZ2). This protein is able to interact with any of the members of the
antizyme family in different types of mammalian cells, counteracting the inhibitory

actions of the antizymes on ODC activity, as efficiently as AZIN1.

3- The three antizymes {AZ1, AZ2 and AZ3) are able to inciease the degradation
of ODC protein and inhibit the polyamine uptake in mammalian cells. AZ1 showed a
higher efficiency for inhibiting ODC activity and inducing its degradation in HEK 293
transfected cells, probably due to a higher expression of this isoform compared to AZ2
and AZ3.

4, AZINZ up-regulates the uptake rate of the three polyamines {putrescine,
speimidine and sperming) in mammalian cells by blocking the actions of the
endogenous antizymes. Moreover, AZINZ is also able to counteract the inhibitory
action of any of the antizymes on the polyamine uptake, even when they are
overexpressed. Both murine and human AZINZ, as well as murine AZIN1T up+egulate

polyamine uptake with similar efficiency.

5. In the testis, the cellular and temporal expression pattemn of AZINZ is parallel to
that of AZ3. Whereas ODC, AZIN1, AZ1 and AZ2 are ubiquitously expressed among
mammalian tissues, AZINZ2 and AZ3 are highly and specifically expressed in haploid
germ cells {spermatids and spermatozoa), indicating that they are physiologically

related and suggesting a role for these proteins in the spermiogeneasis.

6. AZINZ is mainly located in the Endoplasmic Reticulum-Golgi Intermediate
Comparntment {(ERGIC) and cis-Golgi matiix, at least in transfected mammalian cells
(HEK 283 and COS7 cells). This expression pattern markedly differs from their
paralogues ODC and AZIN1, that are mainly located in the cytosol and the nucleus,
respectively. We have determined that residues lying in the region spanning positions

40-113 of AZINZ are related of its subcellular location.
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7. The co-expression of AZs decreases the degradation rate of AZINZ and induces a

shift from its membranous location to the cytosol.
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1. Tampones.

a) Generales.

PBS 1X (pH 7.2}
NaCl 137 mM
KCl 2.7 m
NaHPO, 10.0 mM
KHoPO, 1.0 mm

Tampon de solubilizacion celular:
Tris (pH 8.0} 50 mh
lgepal-CAB30 1%

EDTA 1T mM

Tampén de lavado para inmunoprecipitacion (TBS)

Tris HCI 10 mM (pH 7.5
KClI 500 m
NaCl 300 m
Triton X-100 0.05%
b) ADN.

Tampén de carga de muestras de ADN (5x):

Ficoll 400 20%
Azul de bromofenol 0.05%
Azul xileno 0.05%
EDTA 50 mh
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Tampon de recorrido TAE:
Tris 40 mta
EDTA, 1.0 mh

Acido acético 20 mM (0.175% viv)

c) Medidas de actividad enzimatica..

Tampon A (medida de ODC)

Tris 10 mM [pH 7,2}
SAcarnsa 0.25 M
Ditictreitol 1 mhd

Fosfato de pindoxal 0.1 mhd

EDTA 0.2 mha

Tampon B (medida de ADC)

Tris 10 mM [pH 8,2}
Sacarnsa 0.06 M
Ditiotreitol 0.2 mha
Fosfato de pindoxal 0.1 mhd

EDTA 0.2 mha

M50, T mhd

2. Medios de cultivo de células eucariotas.

Abajo se especifica la composicion del medio de cultive DMEM (Dulbecco’s Eagle
Mediumiempleado en mgf, tal v como aparece en el catalogo de medios de cultivo de
GIBCO (Invitrogen].

Salvo cuando se indigue o contraro, el medio se suplementd con un 10% de suerg

hovino fetal, 2 mh de glutamina, 100 Wml de penicilina v 100 pg/ml de estreptomicinag.

Fara tripsinizar las células se empled tripsina (0.1 mg/ml) vy EDTA (0.2 mg/mllen FES.
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Componantas DMEM Componantes DMEM
Sales inorganicas L-Nat 20,0

L-Phe 6.0
Call, 2H.0 264.0 L-Pro 46.0
FeNO,, .8H.0 0.1 L-Sar 42,0
KLl 401,00 L-Thr 95,0
a0, 7H.0 Pl A L-Trp 16.0
Ma Ll B0 0 L-Tyr T2.0
Ma HCO, 37000 L-¥al 4.0
MaH.PO, 2H.O 140.0 ¥itaminas
Amincacidos

Ar, pantoténico 4.0
L-Ala 35.6 Clorure da colina 4.0
L-Arg B4.0 Ac. Folice 4.0
L-Asn 60.0 i=Inositol 7.2
L-Asp 53.0 Nicotinamida 4.0
L-cisting 48.0 Piridexina 4.0
L-Glu 5.0 Ribollayina 0.4
Gly 0.0 Tiamina 4.0
L=His 42,0 Otros componantas
L-lle 105.0
L-Lau 105.0 D-gl ucosa 4 50000
L-Lys 146.0 Rojo tanaol 17.0

3. Reactivos SD5-PAGE y transferencia Western.

a) SD5-PAGE.

GELES de poliacrilamida la mezcla acrilamidabisacrilamida (AADAS) se ulilizd en la

proporcion 30:0.8. A continuacidn se detalla la composicion de los geles utilizados
habitualments en SD3-PAGE .

zel separador (10% acrilamida)

H,O

AbbAA,

Tris-HCI 15 M pH &8
505 10%

Fearsulf. amdnico 10%

TEMED

2.01 ml

1.67 ml

1.25 ml (375mM)

50 pl (0.1%)
20

2ul
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el hacinador (4% poliacrilamida)

H.0 1.20 ml
AADAL, 280 pl

Trs-HCI 05 MpH 6.3 05 ml{125 mha)
SDS 10% 20wl (0.1%)
Persulf. amonico 10% 20l

TEMED 2l

Tampén de muestra (3x):

Tris HCI 0.18 M [pH 6.8
Glicerol 15%

sDs 9%

Azul de bromaofenaol 0.075%
Fmercaptoetanal 7.5%

Tampon de recorrido:

Tris ibase) 25 mhd
zlicing 190 mh
sDs 0.1%

(pH aproximado 8.3)

b) Transferencia Western.

Tampon de transierencia:

Tris ibase) 48 mhd (pH 9.2)
Glicina 39 mha
sSDs 0.04%

ketanol 2004
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TES 10x:
Trig 250 mha
Glicina 1.9 M
5DS 1%
TTBS:
TBS 1x
Tween 20 0.05%

4. Protocolo Hibridacion in situ de ARN.
= Dia 1 (hibridacion).

Consiste en la permeabilizacidn del tejido para la entrada de la sonda. Los primeros

pasos se llevan a cabo a temperatura ambiente v en agitacion.
-Tres lavados en PES 0.1 M con 0.1% Tween-20 (FEST).

-Tratamiento con proteinasa K (10 pg/ul) en PEST (9 min). Sin agitacidon para evitar la

degradacién excesiva.

-Dos lavados rapidos con PEST.

-Postfijacion con glutaraldehido 0,25% en PFA 4% (20 min).
-Tres lavados PEST (10 min).

-Lavado contampdn de prehibridacion (Formamida 50%, NaCl 075 M, PIPES 10 mh,
EDTA 0.1 mh, Heparina 0.2 mg/ml, CHAFS 0,5%, Tween-200,1%)a 25 " C.

-Lavado con tampon de hibridacion (Formamida 50%, NaCl 0,75 M, PIFES 10 mM,
ARMNT 100 pg/ml, EDTA 0,1 mi, Heparina 0,5 mgdml, CHAPS 0,5%, Tween-20 0,1%)
al cual se le afladen 2 uiiml de la sonda especifica (concentracian final entre 0,2-2

Ha/mlly se deja hibridara 58 °C toda la noche.
»  Dia 2 (deteccidn de la sonda).

-Lavado contampdn 1 (NaCl 300 mh, PIFES 10 mi, EDTA 0,1 mh, Tween-20 0,1%)

dos veces 20 min a 58 "C.

-Lavado con tampon 1,5 (NaCl 50 mM, PIPES 10 mM, EDTA 0,1 mh, Tween-20 0,1%)

dos veces 30 mina 50 °C.
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-Lavado con tampon REMAsa (PIFES 10 mM, NaCl 500 mM, Tween-20 0,1%, pH 7,2)
con RMAsa A (100 pg/ml) 1 hora a 37 "C.

-Lavado con tampdn 2 (Formamida 50%, NaCl 300 mik, PIFES 10 mi, EDTA 0.1 mhd,
Tween-20 0 1%) 30 min a 20 °C.

-Lavado con tampon 3 (Formamida 50%, NaCl 150 mM, PIFES 10 mi, EDTA 0.1 mhd,
Tween-20 0 1%) 30 min a 20 °C.

-Lavado con tampdn 4 (NaZl 500 mi, FIFES 10 mi, ECTA 0,1 mi, Tween-20 0,1%)

dos veces 20 min a B85 .

-Lavado con MABT (Acido maléico 0,1 M, NaCl 0,75 M, Tween-10 0,1%, pH 7.5) 10

min. Dos veces a temperatura ambiente v en agitacion.

-Lavado con tampdn de blogueo (Suero de oveja inactivado 10%, Blocking Buffer
Feagent 2% en MABT) 1 hora a temperatura ambiente v en agitacién (bloguea las

uniones inespeciiicas del anticuerpo).

-Lavado con tampan de blogueo mas el anticuerpo anti-digoxigenina acoplado a la
fosfatasa alcalina (1:3500)a 4 °C durante toda la noche v en agitacion. El anticuerpo

se unira a la digoxigenina presente en los uracilos de nuestra sonda.
= Dia 3 (revelado).
-Lavado con MABT porlo menos cinco veces durante 30 min cada lavado.

-Lavado con NTMT (Trns pH 9.5 100 mk, NaCl 100 mi, MgCl, 50 mh!, Tween-20
0,1%) con Levamisole 2 mM para bloguear las fosfatasas alcalinas enddgenas

(afadido en el momento del uso).

-Se anade el revelador, NTMT, mas el sustrato de |la fosfatasa alcalina (BCIP, 3.5 pliml)

v un cromageno (MET, 045 pl/ml).

-Revelamos en oscuridad hasta gue el marcaje azul oscuro se visualiza distintamente

del tejido negativo.
-Paramos la reaccidn de revelado con PBT + ECTA 1 mM, 15 min.
-Se postfija con PFA 4% + glutaraldehido 0,1% en PES ({toda la noche ad °C).

-El tejido se lava en FEST v se monta en porta, se deshidrata en barfios sucesivos de
etanal 60%, 76%, 90%, 100% v xileno. Se cubren los portas con el medio de montaje

Eukitt. Las preparaciones estan listas para ocbservaciones al microscopio.
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5. Mapas v sitios de restriccion de vectores empleados.
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