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RESUMEN

El camar6n blanco Litopenaeus vannamei es un organismo capaz de sobrevivir a periodos
de hipoxia a través de estrategias que incluyen cambios en el metabolismo energético.
Este trabajo se condujo para investigar si es la evasion apoptética, mediada por las
proteinas p53 y metalotioneina (MT), una estrategia mas de L. vannamei para tolerar la
hipoxia. Se caracterizé el gen MT de L. vannamei y se encontré que comparte con otros
organismos el arreglo de tres exones/dos intrones. Entre los elementos de respuesta
presentes en su region promotora se encuentra uno para p53. En condiciones de normoxia,
MT se expresa diferencialmente en hemocitos, intestino, branquias, pleépodos, misculo
y -con los niveles mas altos- en hepatopancreas y corazén. Se analizaron los transcritos
de MT en hepatopancreas y branquias después de 3 y 24 h de hipoxia (1.5 mg OD-L™),
encontrandose que aumentan a las 3 h, posiblemente para conferir mayor capacidad
antioxidante al organismo. Ademas, el silenciamiento de p53 con RNA de doble cadena
(dsRNA) induce un dramatico aumento en la expresion de MT tanto en condiciones de
hipoxia como de normoxia, sugiriendo que p53 participa en el control de la expresion de
MT mediante un mecanismo regulatorio de interferencia transcripcional. La apoptosis
evaluada por actividad de caspasa-3 y citometria de flujo, revela una alta actividad
apoptética en hemocitos de camarén ain en normoxia (5 mg OD-L™). Bajo condiciones
de hipoxia (1.5 mg OD-L?), la apoptosis en hemocitos aumenta significativamente. Al
silenciar p53 para evaluar su participacion en el proceso apoptotico, éste se disminuye
significativamente después de 24 h de hipoxia, efecto que no se observd a las 48 h. Lo
anterior sugiere que en hemocitos de camaron pudieran existir vias de apoptosis tanto
dependientes como independientes de p53. EIl silenciamiento de MT no tuvo efecto
significativo sobre la frecuencia apoptética frente a hipoxia en estos experimentos. El
silenciamiento de p53 y MT bajo condiciones de normoxia aumenta significativamente la
apoptosis, lo que sugiere que el estrés impuesto por el silenciamiento de estos genes,
desencadena vias apotéticas independientes de p53 y MT.

Palabras clave: Hipoxia, crustaceo, apoptosis, metalotioneina, p53, silenciamiento



ABSTRACT

The white shrimp Litopenaeus vannamei is an organism capable of surviving hypoxia
periods through strategies that include changes in the energetic metabolism. This work
was conducted to investigate the apoptotic evasion mediated by the proteins p53 and
metallothionein (MT), as an additional strategy of L. vannamei to tolerate hypoxia. The
MT gene from L. vannamei was characterized and it was found that shares the three
exons/two introns array with other organisms. Amongst the response elements in its
promoter region, one is found for p53. In normoxic conditions, it expresses differentially
in hemocytes, intestine, gills, pleopods, muscle and —with the highest levels- in
hepatopancreas and heart. The MT transcripts were analyzed after 3 and 24 h of hypoxia
(1.5 mg OD-L%), and an increase was found after 3 h, possibly to confer greater
antioxidant capacity to the organism. In addition, the silencing of p53 with double-
stranded RNA induces a dramatic increase in the MT expression both in hypoxic and
normoxic conditions, suggesting that p53 participates in the expression control of MT by
a regulatory mechanism of transcriptional interference. The apoptosis evaluated by
caspase-3 activity and flow cytometry, reveals a high apoptotic activity in shrimp
hemocytes even in normoxia (5 mg OD-L™). Under hypoxia conditions (1.5 mg OD-L™),
the apoptotic frequency in hemocytes significantly increases. Upon p53 silencing to
evaluate its participation in this apoptotic process, apoptosis decreases significantly after
24 h of hypoxia but not after 48 h. This indicates that in shrimp hemocytes there might be
p53-dependent and -independent apoptotic pathways. The MT silencing had no significant
effect on the apoptotic frequency upon hypoxia in these experiments. The silencing of p53
and MT under normoxia significantly magnifies apoptosis, suggesting that the stress
imposed by the silencing of these genes triggers apoptotic pathways independent of p53
and MT.

Keywords: Hypoxia, crustacean, apoptosis, metallothionein, p53, silencing
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INTRODUCCION

Los habitats de las distintas formas de vida en la Tierra estan definidos por la
disponibilidad de los recursos necesarios para garantizar su permanencia. Uno de los mas
importantes recursos para la mayor parte de las formas de vida eucariota es el oxigeno
ambiental, necesario para los procesos de respiracion celular y produccion de ATP. Las
fuentes de oxigeno ambiental son el aire y el agua, con concentraciones variables de
oxigeno disuelto, pero en agua son siempre menores a las del aire. Todos los seres vivos
estan expuestos a variaciones discretas en la concentracion de oxigeno en sus ambientes.
Sin embargo, estas variaciones son mas severas y prolongadas en ambientes acuaticos.
Mientras que la mayoria de los mamiferos terrestres requieren concentraciones de oxigeno
ambiental cercanas a 21%, hay otros organismos cuya permanencia en la Tierra ha
dependido de su habilidad para evolucionar y adaptarse a condiciones de escasez de
oxigeno. Tal es el caso del topo Spalax, en cuyas madrigueras se registran concentraciones
de oxigeno de 7% (Ashur-Fabian et al., 2004), del yak Bos grunniens que habita tierras a
3,500 ms. n. m. (Lan et al., 2016), la tortuga de orejas rojas Trachemys scripta elegans
que para soportar el invierno hiberna sumergida en aguas gélidas (Madsen et al., 2015) y
de insectos como Drosophila melanogaster (Lavista-Llanos et al., 2002), entre otros. Por
su parte, los organismos marinos también han desarrollado y fijado estrategias fisioldgicas
y de comportamiento que le permiten adaptarse a los constantes cambios de temperatura,
salinidad o presion de oxigeno que suceden en su habitat de manera natural o inducida.

Litopenaeus vannamei es una especie originaria del continente americano que actualmente
es explotada también en Asia. Sin embargo, a pesar de su peso econémico, hay aspectos
relevantes de su biologia ain no estudiados. Es importante conocer los elementos que
actlan para conferir a este organismo la notable resistencia a condiciones de otra forma

adversas para su subsistencia. Entre los aspectos de su biologia que alin no

12



estdn completamente investigados, figura su capacidad de adaptacion/tolerancia a
condiciones bajas de oxigeno sin que éstas resulten en detrimento de su integridad. En los
altimos afios, nuestro grupo de investigacion ha generado conocimiento concerniente a
los mecanismos moleculares en el metabolismo energético y a enzimas antioxidantes que
se activan para conferir esta tolerancia en Litopenaeus vannamei (Garcia-Triana et al.,
2010; Sofanez-Organis et al., 2010; Sofianez-Organis et al., 2012; Trasvifia-Arenas et al.,
2013; Cota-Ruiz et al., 2015). Sin embargo, un aspecto de la biologia del camarén en el
que aun existe vacio de informacion es la manera en que las células sometidas a bajas
concentraciones de oxigeno mantienen su integridad y sus funciones, en contraste con
animales no tolerantes a hipoxia, cuyas células son blanco inmediato de apoptosis —o
muerte celular programada— en respuesta a este estimulo. Consecuentemente, en
camarones peneidos el organismo completo es capaz de sobrevivir en condiciones en las
que otros animales sucumbirian. Un simil de esta situacion se encuentra en la patologia
del cancer, en la que las células tumorales en regiones con baja disponibilidad de oxigeno
logran sobrevivir y perpetuarse gracias a mecanismos de evasion apoptdtica. Dicha
evasion esta dada por un funcionamiento deficiente de la proteina p53 en
aproximadamente la mitad de los tipos de cancer. Ademas, se ha encontrado que las
metalotioneinas (MTs) contribuyen a esta resistencia a apoptosis, a traves de su
interaccién con p53 (Meplan et al., 2000; Ostrakhovitch et al., 2016).

Con base en lo anterior, el objetivo del presente estudio ha sido evaluar el efecto de la
hipoxia sobre apoptosis en L. vannamei e investigar un posible mecanismo de regulacion
mediado por p53 y metalotioneina.

Asi, esta investigacion se ha guiado bajo la hipdtesis de que en Litopenaeus vannamei
ocurre evasion de apoptosis mediada por p53 y MT en respuesta a hipoxia. Las
condiciones sine qua non para abordar esta hipétesis fueron: 1) la existencia en L.
vannamei de los genes p53 y MT, asi como su expresion en respuesta a hipoxia; en el
capitulo 11 se aborda lo concerniente a MT, y 2) la ocurrencia o evasion de apoptosis ante
hipoxia en células del camardn. Posteriormente se evalud el efecto que el silenciamiento
de MT o p53 tiene sobre la apoptosis en respuesta a hipoxia en este organismo, de acuerdo
a los resultados reportados en el capitulo I11. En el capitulo | se detalla el marco teorico

sobre el cual se formulé este trabajo y en los capitulos 11y 111
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se describe la consecucion de los objetivos perseguidos en la investigacion. Una de las
herramientas clave utilizadas fue la manipulacion de la expresion de p53 y MT,
explotando el mecanismo de RNA de interferencia (RNAI) propio de la célula. El capitulo
IV estd compuesto por una revision de literatura acerca de los mecanismos moleculares

que intervienen en el proceso de silenciamiento génico por RNAI en crustaceos.
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CAPITULO |

Apoptosis en respuesta a hipoxia:

el marco teorico para su estudio en crustaceos

15



ANTECEDENTES

Hipoxia

La concentracién de oxigeno disuelto (OD) en las masas de agua disminuye como
consecuencia de procesos naturales por si mismos o en combinacién con procesos
antropogénicos. Los procesos naturales que generan esta hipoxia son principalmente la
produccion fotosintética de carbono y la respiracion microbiana (Helly and Levin, 2009).
La hipoxia en los sistemas acuaticos se intensifica por eventos naturales de surgencia y
estratificacion, en los que ocurre alta movilizacion de carbono hacia las capas de agua
inferiores. Esta condicion se exacerba en los sistemas acuaticos con actividades humanas
—tanto de produccion acuicola como industrial y agricola con la eliminacion de desechos
sobre los cuerpos de agua— en los que la carga de nutrientes aumenta la produccion y
acumulacion de carbono orgénico, incrementando la demanda respiratoria de oxigeno
(Rabalais et al., 2010).

En términos amplios, un ambiente con 2.8 mg OD-L ! se considera en situacion de hipoxia
para organismos bentonicos (Diaz and Rosenberg, 1995), mientras que, en general,
concentraciones de entre 6 y 4.5 mg OD-L™ afectan los procesos de crecimiento para
organismos que habitan la columna de agua (Gray et al., 2002). En el caso de camarones
peneidos como Litopenaeus vannamei, niveles de 4.5 a 5.8 mg OD-L* corresponden al
nivel critico de oxigeno (Rosas et al., 1999; Villareal et al., 1994), siendo éste definido
como la concentracion minima de oxigeno en la que organismos oxi-reguladores pueden
sostener un consumo constante del mismo sin importar su disponibilidad (Hagerman and
Weber, 1981). Debajo de este nivel critico, los peneidos son oxi-conformadores pues su
consumo de oxigeno depende de la concentracidn de éste en el medio (Re and Diaz, 2011,
Rosas et al., 1999). Ademas de esta clasificacion para los organismos aerobios, los

organos y tejidos también responden como
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oxi-conformadores u oxi-reguladores teniendo diferentes sensibilidades a la hipoxia
(Stamati et al., 2011). La disminucion en la tension de oxigeno podria limitar la
supervivencia de los organismos en habitats con condiciones hipoxicas, de no ser porque
éstos han evolucionado desarrollando estrategias que les permiten tolerar tales cambios
en su ambiente (Gorr et al., 2010).

La tolerancia a hipoxia es una consecuencia importante de la presion de seleccion en
condiciones de baja disponibilidad de oxigeno, la cual es comun entre invertebrados,
vertebrados menores y tumores. Los organismos acuaticos evolucionaron con una mayor
habilidad para tomar oxigeno del ambiente, forzando grandes volimenes de agua a traves
de sus branquias. Esto dio lugar a su adaptacién a nuevas condiciones de oxigeno,
desarrollando sistemas respiratorios mas eficientes que les permitieran maximizar su
supervivencia (Berner et al., 2007). Asi, en condiciones de hipoxia, el langostino
Pacifastacus leniusculus muestra un comportamiento hipotérmico (Morris, 2004) y la
carpa Carassius carassius produce etanol en vez de &cido lactico (Nilsson, 1988). Por otro
lado, la angiogénesis tumoral, la glucolisis y la evasion apoptotica son consideradas por
muchos las principales adaptaciones de los tumores para resistir la hipoxia (Gorr et al.,
2010). La respuesta celular a hipoxia esta regulada en parte por el factor de transcripcion
inducido por hipoxia-1 (HIF-1), heterodimero compuesto por las subunidades HIF-1a y
HIF-1B que contienen el dominio basico hélice-vuelta-hélice y poseen dominios Per-
ARNT-SIM (PAS) que le permiten la union al DNA y heterodimerizacion (Wang et al.,
1995). HIF-1a tiene ademas un dominio de degradacion dependiente de oxigeno (ODD)

(Fig. 1).

<«—ODD—>

N-TAD C-TAD

Vo / N

Dimerization, DNA binding Transcriptional Modulation

LA\ \

Figura 1. Estructura del complejo HIF-1 tomada de Duffy et al. (2003).
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El dominio ODD de HIF-1a funciona por un lado como activador transcripcional que
estimula la expresion génica mediante interacciones entre proteina-proteina y por otro
lado como sensor de los cambios en niveles de oxigeno que conducen a degradacién de
HIF-1a (Jeong et al., 2002). Se sabe que bajo condiciones de hipoxia severa o anoxia, la
proteina p53 se acumula y se une al dominio ODD de HIF-1a. Esta union inhibe la
activacion de genes dependiente de HIF-1 o facilita la degradacién de la subunidad HIF-
lo (Sénchez-Puig et al., 2005).

El factor de transcripcion HIF-1 funciona protegiendo a las células de las consecuencias
de la hipoxia moderada promoviendo la activacion y aceleracion de rutas generadoras del
ATP necesario para el funcionamiento y supervivencia celular bajo estas condiciones. En
L. vannamei bajo condiciones de hipoxia, HIF-1 induce la transcripcion de enzimas
involucradas en el metabolismo energetico glucolitico y gluconeogénico (Sofianez-
Organis et al., 2011; Sofianez-Organis et al., 2012; Cota-Ruiz et al., 2016). Por otro lado,
en condiciones severas de hipoxia, p53 es activada para promover apoptosis y proteger las

funciones fisiologicas normales de tejidos y érganos (Zhao et al., 2009).

Apoptosis

Los metazoarios requieren mecanismos que aseguren el desecho seguro y econémico de
células superfluas o potencialmente dafiinas (Menze et al., 2010). Dichos mecanismos son
ejecutados por procesos de muerte celular programada entre los que se incluye la
apoptosis. Ademas de mantener la homeostasis de los tejidos y de ser clave durante el
desarrollo, la apoptosis es un mecanismo de proteccion ante insultos celulares ambientales
como radiacion, xenobioticos, proteinas virales o bacterianas, especies reactivas de
oxigeno (ROS, por sus siglas en inglés), hipoxia, etc. (Ferri and Kroemer, 2001). La
apoptosis, 0 muerte celular programada tipo | (PCD I, por sus siglas en inglés), fue descrita
inicialmente por Kerr et al. (1972) como “...un mecanismo de supresion celular
controlado... en la regulacion de poblaciones celulares animales”. Gracias a la gran

cantidad de informacién que se ha generado acerca de este proceso, a esta definicion
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inicial de apoptosis, se agrega que es un proceso coordinado, dependiente de energia, que
involucra una compleja cascada de eventos entre los que se incluye la activacion de
proteasas de cisteina llamadas “caspasas”, que conectan el estimulo inicial a la muerte
final de la célula a través de la protedlisis del citoesqueleto (Elmore, 2007; Elmore et al.,
2016). La apoptosis se caracteriza a nivel celular por eventos que incluyen —entre otros—
encogimiento celular, fragmentacion nuclear, condensacion de cromatina (picnosis) y
fragmentacion del DNA (cariorrexis) (Ferri and Kroemer, 2001; Kerr et al., 1972). Las
células apoptéticas no liberan su contenido celular, sino que mantienen la integridad de
sus membranas; son rapidamente fagocitadas por células circundantes sin produccién de
citocinas pro- o anti-inflamatorias y como consecuencia, no hay reaccion inflamatoria
asociada a este tipo de muerte (Kurosaka et al., 2003; Xu et al., 2009). Una gran variedad
de estimulos y condiciones pueden ocasionar apoptosis, aunque no todas las células

mueren en respuesta al mismo estimulo inductor (Elmore, 2007).

Existen dos vias apoptdticas principales: la extrinseca o “via de receptores de muerte
celular” y la intrinseca, o “via mitocondrial” (Fig. 2) (Eum and Lee, 2011). La via de
sefalizacion extrinseca se desencadena por la unién de receptores de muerte de la
superfamilia del factor de necrosis tumoral (TNF, por sus siglas en inglés), con sus
ligandos extracelulares, formando un complejo de muerte. Ejemplos de estos receptores y
sus ligandos son FasR/FasL, TNFR1/TNFa, DR3/Apo3L (Ouyang et al., 2012). Al recibir
el estimulo inductor, estos receptores/ligando reclutan proteinas adaptadoras con
dominios de muerte como FADD y TRADD (Fas-associated death domain y TNF-
associated death domain, respectivamente) que a su vez se asocian con la procaspasa-8
(Elmore, 2007). De esta manera se forma un complejo de sefializacion inductor de muerte
(DISC), en el que ocurre la activacion autocatalitica de la procaspasa-8, seguida de la fase
ejecutora de apoptosis (Kischkel et al., 1995). La regulacién de esta via esta mediada por
proteinas inhibidoras como c-FLIP y Toso que se unen e inactivan a los adaptadores
FADD vy a la caspasa-8 (Hitoshi et al., 1998; Scaffidi et al., 1999). La via de sefializacion
intrinseca desencadena apoptosis en respuesta a estimulos que perturban la homeostasis
celular (hipoxia, radiacion, radicales libres, etc.) y que no son mediados por receptores
sino por eventos que estan bajo el control de pro-enzimas mitocondriales. Estos estimulos

ocasionan la apertura del poro de transicion de permeabilidad mitocondrial (MPT, por sus
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siglas en inglés) y liberacion de proteinas pro-apoptdticas como citocromo c,
Smac/DIABLO, HtrA2/Omi. El citocromo c recluta y activa a las proteinas Apaf-1 'y
caspasa-9 formando un “apoptosoma”, que a su vez activa e inicia la cascada de
sefializacion de la caspasa 3, culminando —como en la via extrinseca-, en la fase ejecutora
de apoptosis (Ouyang et al., 2012). Las vias apoptdticas extrinseca, intrinseca y de
perforina/granzimas, convergen en una fase ejecutora comun que inicia con la activacion
de las caspasas efectoras 3, 6 y 7. Estas caspasas hidrolizan proteinas nucleares y del
citoesqueleto que finalmente causan los cambios bioquimicos y morfoldgicos que

caracterizan la apoptosis (Elmore, 2007).

Various cellular stresses
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Figura 2. Vias apoptéticas extrinseca e intrinseca. La via extrinseca se activa a través de la unién de un
ligando a su receptor, que a su vez recluta, dimeriza y activa a la caspasa-8, con la ayuda de proteinas
adaptadoras (FADD/TRADD). La caspasa-8 activa inicia apoptosis activando a las caspasas efectoras o
activando la via intrinseca por la hidrélisis de BID. La via intrinseca 0 mitocondrial puede activarse por
diferentes estreses que conducen a la liberacion de citocromo ¢, ATP y caspasa-9. La caspasa-9 activada
inicia apoptosis mediante la hidr6lisis y activacién de las caspasas efectoras. Tomado de Mcllwain et al.
(2013).

La regulacion de la via mitocondrial esta dada por proteinas pro- y anti-apoptéticas de la
familia Bcl-2, que regulan la liberaciéon de citocromo ¢ de la mitocondria alterando la

permeabilidad de su membrana (Elmore, 2007).
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En crustaceos se han encontrado —como ESTSs traducidos— ortdlogos de las principales
proteinas de las vias apoptoticas presentes en mamiferos, pero la integracion de esta
informacidn en la fisiologia y patofisiologia de los crustaceos esta lejos de estar completa
y debe ser validada por datos experimentales bioquimicos y moleculares. Algunos
estimulos pro-apopt6ticos descritos en crustdceos son la radiacion UV, toxinas
ambientales, calor e infecciones virales (Menze et al., 2010; Wu and Muroga, 2004), sin
embargo, los mecanismos de ejecucién de apoptosis no se han estudiado. No hay
evidencia experimental de la existencia de la via apoptética extrinseca en crustaceos. La
contribucion de las caspasas al proceso apoptético es evolutivamente conservada (Kumar,
2007). Para la via intrinseca se han clonado y caracterizado 14 diferentes caspasas y una
proteina inhibidora de apoptosis (IAP), pero ain no hay datos sobre la funcién que
confirmen la actividad de esta uUltima. La importancia del hallazgo de al menos siete
proteinas Bcl-2 sumamente diversas en crustaceos, también merece ser explorado, ya que
no hay evidencia de que en estos organismos ocurra activacion de caspasas por el
citocromo ¢ como en mamiferos; por el contrario, datos experimentales demuestran que
en Artemia franciscana la actividad de caspasa 9 aumenta a altas concentraciones de Ca®*
intracelular, pero este aumento es independiente de la liberacion de citocromo c, lo cual
sugiere un mecanismo de activacion de caspasas distinto al de vertebrados (Menze and
Hand, 2007). Sin embargo, el papel del citocromo ¢ podréa ser descartado solo hasta que

la estructura molecular del apoptosoma crustaceo sea resuelta (Menze et al., 2010).

Metalotioneina

Las metalotioneinas (MTs) son proteinas altamente conservadas de 6 a 7 kDa, ricas en
cisteina (Ostrakhovitch et al., 2007). Contienen hasta siete iones metalicos bivalentes por
molécula (Braun et al, 1992), mismos que puede obtener removiéndolos de
metaloenzimas y de factores de transcripcion para regular la funcion de los mismos (Cano-
Gauci and Sarkar, 1996; Roesijadi et al., 1998). Los genes que codifican MTs estan
presentes tanto en eucariotes como en algunos procariotes, usualmente en maltiples copias

(Palmiter, 1998). En animales se han encontrado MTs en la mayoria de los tejidos y su
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sobre-expresion se ha reportado en varios tipos de tumores humanos (Cherian et al., 2003).
En ratdén se conocen cuatro isoformas de metalotioneina (MT-1, MTII, MTIII, MTIV),
mientras que en humanos hay por lo menos 16 de ellas (Palmiter, 1998). En el capitulo 11
se describen metalotioneinas de crustdceos y se comparan con la encontrada en L.
vannamei en el marco de este trabajo. Las MTs estan involucradas en la homeostasis de
metales esenciales en virtud de sus propiedades de unién a los mismos (Ostrakhovitch et
al., 2007). Su primera funcién reconocida fue la detoxificacion de metales pesados como
cadmio, mercurio, zinc y cobre (Klaassen et al., 1999; Shestivska et al., 2011). Se sabe
también, que protegen contra la radiacion, el dafio oxidativo y contribuyen al control de
la proliferacion celular y de la apoptosis (Klaassen et al., 1999). Se ha comprobado un
incremento en la sintesis de MTs desencadenada por estrés oxidativo (Sato and Bremner,
1993) y se ha demostrado su alta actividad antioxidante contra la peroxidacion de
membranas lipidicas y del DNA (Fang et al., 1997; Kondoh et al., 2003). Esta cualidad de
las MTs estd dada por las cisteinas presentes en su estructura, que pueden atrapar
oxhidrilos libres en grupos —SH (tiol) y detener el dafio por oxidacion al DNA y proteinas
(Good et al., 1991). Las MTs pueden incluso revertir el dafio ocasionado por procesos
oxidativos, donando un atomo de hidrogeno al lugar dafiado por radicales libres, con lo
cual el DNA regresa a su estructura normal (Renan and Dowman, 1989). Las MTs pueden
también participar como co-factores en la activacién de la sintesis de la glutation
peroxidasa, contribuyendo a los mecanismos antioxidantes también de esta manera (Hayes
and McLellan, 1999; Matsubara, 1987).

Por otro lado, el incremento de la expresion de MT se ha correlacionado con la resistencia
a apoptosis en numerosos estudios, independientemente del tipo celular en el que se ha
estudiado (Shimoda et al., 2003; Wang et al., 2001). En otros estudios, la sub-expresion
de MT inhibe el crecimiento celular y activa apoptosis (Abedel-Mageed and Agrawal,
1997; Deng et al., 1998). La expresion de los genes de MT responde a varios elementos,
entre otros, esta regulada en cis por los elementos de respuesta a metales (MRE, siglas de
su nombre en inglés), cuya secuencia es altamente conservada y se encuentra en multiples
copias (Stuart et al., 1984). El factor de transcripcion 1 de respuesta a metales (MTF-1,
siglas de su nombre en inglés) regula la expresion basal de MT y la expresion estimulada

por metales uniéndose a los MREs (Ostrakhovitch et al., 2007). Ademas del zinc y otros
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metales pesados, la actividad transcripcional de MTF-1 es inducida por hipoxia, estrés
oxidativo, 6xido nitrico y altas temperaturas (Andrews, 2000; Dalton et al., 1994; Murphy,
2004). En respuesta a hipoxia, la induccion de la expresion de MTs depende también de
la interaccion MTF-1/MRE (Murphy et al., 1999). Sin embargo, en ausencia de HIF-1a,
MTF-1 es reclutado al promotor de MT-I pero no es suficiente para activar la expresion
del gen en respuesta a hipoxia. Adicionalmente, han demostrado que MTF-1 forma un
complejo transcripcional que incluye a HIF-1a y que ambas proteinas son reclutadas al
promotor de MT in vivo en respuesta a hipoxia (Murphy et al., 1999).

Ademas de las interacciones mencionadas, diversas investigaciones indican una fuerte
relacion entre p53 y MT. La alta expresion de MT en tumores de alto grado se asocia
consistentemente con la presencia de p53 mutante (Méplan et al., 2000). Elevadas
concentraciones de MT en ciertos tumores pueden bloquear apoptosis y relacionarse con
la progresion del tumor, en tanto que un papel central de p53 es actuar como supresor de
tumores mediante la induccion de apoptosis (Cherian et al., 2003). Esta relacién ha sido
investigada, encontrandose que la metalotioneina modula la actividad transcripcional de
p53 al actuar como un fuerte agente quelante que remueve el zinc de p53 a través de una
reaccion de transferencia; esto resulta en un plegamiento de p53 que da lugar a una
conformacion no permisiva para su union a DNA (Meplan et al., 2000). Sin embargo,
cuando MT es expresada experimentalmente a niveles bajos, cataliza las reacciones de
transferencia de metales regulando en p53 el plegamiento del dominio de unién a DNA e
incrementando asi su capacidad de union al DNA (Méplan et al., 2000).

Estudios realizados en L. vannamei, muestran una induccion de proteinas con
caracteristicas de MT desencadenada por altas concentraciones de cadmio y zinc (Wu and
Chen, 2005), por lo que se ha utilizado esta proteina como bio-indicador de exposicion a
metales pesados (Moksnes et al., 1995). La secuencia codificante de L. vannamei y su
expresion en respuesta a salinidad se reporté en 2014 por (Wang et al., 2014). El capitulo
Il detalla el articulo que nuestro grupo publico en el mismo afio (Felix-Portillo et al.,
2014) donde se reporta que la mayor expresion de transcritos de MT bajo condiciones
fisiologicas sucede en hepatopancreas, y que ésta aumenta significativamente después de
3 h de hipoxia, sugiriendo la contribucion de MT a la “preparacion para estrés oxidativo”

ocasionado por este estrés. Se presenta también la secuencia del gen MT, en cuya region
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promotora se encuentran elementos de respuesta para HIF-1, MTF-1 y p53. La
funcionalidad del elemento de repuesta para p53 se abord6 indirectamente en estudios
posteriores reportados en el capitulo I11. El exacerbado aumento de la expresion de MT
en hemocitos de animales en los que p53 fue silenciado, sugiere la participacion de p53
en el control de la expresion de MT a través de un mecanismo de interferencia

transcripcional.

p53, Nodo de Respuesta a Estrés

Numerosos estudios realizados a partir del descubrimiento de p53 en 1979, han
evidenciado el prominente papel que esta proteina juega en varias tareas celulares de tal
importancia que a menudo se le ha llamado “guardian del genoma” (Lane, 1992). Junto
con p63 y p73 forma una familia de proteinas estructural y funcionalmente relacionadas
(Bai and Zhu, 2006) (Fig. 3).
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Figura 3. Representacion esquemaética de la estructura modular de los miembros de la familia p53. La
estructura general de p53, p63 y p73 es conservada y consiste en un dominio de transactivacion (TA), un
dominio central de unién a DNA (DBD) y un dominio de oligomerizacion carboxi-terminal (OD). Las
isoformas mas largas de p63 y p73 contienen un motivo alfa estéril (SAM), que es un dominio putativo de
interaccion proteina-proteina presente en muchas proteinas de sefializacion y factores de transcripcién. En
porcentaje se indica la identidad de p63 y p73 con p53. Tomado de Dotsch et al. (2010).

Los analisis filogenéticos de la familia p53 muestran que en invertebrados, los miembros
de esta familia parecen tener una estructura mas parecida al dominio de p63 (p63-like) de
vertebrados que al de p53, lo que indica que p63 podria ser el ancestro evolutivo de estos
genes (Rutkowski et al., 2010). La estructura general de estas proteinas y la organizacion
de sus genes parecen estar conservadas desde la mosca D. melanogaster hasta mamiferos
(Zhou et al., 2000).
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En humanos, el gen p53 es de 19,000 pb y contiene 11 exones y tres promotores
alternativos (Fig. 4) (Bourdon et al., 2005). Hasta ahora se han identificado por lo menos
13 diferentes isoformas de la proteina que se expresan normalmente de manera tejido-
especifica (Garcia-Alai et al., 2008; Marcel et al., 2013; Marcel et al., 2011; Murray-
Zmijewski et al., 2006) Por su parte, en D. melanogaster p53 (Dmp53) codifica tres
proteinas de 385, 495 y 110 amino&cidos generadas por splicing alternativo y por el uso
diferencial de sus dos promotores (Bourdon et al., 2005).
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Figura 4. Esquema de la estructura del gen p53 en humanos. Se indican sitios de splicing alternativo (o, f,
y) y promotores alternativos (P1, P1" y P2). Tomado de Bourdon et al. (2005).

La proteina p53 ha sido ampliamente estudiada en diversos modelos animales y en
humanos (TP53) debido a las funciones que tiene en procesos oncogenicos. A partir de
estos estudios se sabe que p53 es un tetramero que funciona como factor de transcripcion
(Brosh and Rotter, 2009) y que el correcto plegamiento de p53 para su conformacion de
union a DNA requiere la incorporacion de zinc a su estructura (Hainaut and Milner, 1993;
Méplan et al., 2000).

Bajo condiciones normales, p53 se expresa a niveles bajos y tiene una vida media corta
(Zhao et al., 2009). Su activacion es desencadenada por estrés celular de varios tipos como
dafio al DNA, sefializacion oncogenica e hipoxia (Liu et al., 2007). Al ser activada, p53
es capaz de promover la transcripcion de mas de 150 genes involucrados en regulacion
del ciclo celular, induccién de apoptosis, supresion de tumores, senescencia celular,
diferenciacion celular, segregacion cromosémica, reparacion del DNA, regulacion de vias
metabolicas y de citocinas requeridas para la implantacion embrionica (Zhao and Keating,
2007) (Fig. 5).

Los mecanismos que regulan la activacién de p53 pueden ser de dos tipos: a) pre-
traduccionales, gue incluyen la inhibicion de la degradacion del p53 mRNA por una parte
y el incremento de su sintesis por otra (Takagi et al., 2005); y b) post-traduccionales, que

involucran la modificacién de p53 por reacciones de: i) fosforilacion y acetilacion que
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incrementan tanto su estabilidad como su concentracion en respuesta a estrés celular
proveniente de diversas fuentes, ii) ubiquitinacion, que contribuye a asegurar la latencia y
bajo nivel estable de p53 en homesotasis, iii) neddilacion, que inhibe la actividad
transcripcional de p53, iv) sumoilacion, que incrementa la actividad transcripcional de
p53, y v) metilacion, cuyas consecuencias funcionales pueden ser de represion o de
activacion de p53, dependiendo del sitio de la modificacion y del nimero de grupos metilo
unidos (Ostrakhovitch et al., 2007; Dai and Gu, 2010). Ademas de estas formas de control,
recientemente se han reportado un gran ndmero de microRNAs que regulan y son
regulados por p53 en complejas vias de retroalimentacion (Takwi and Li, 2009; Wade et
al., 2013).
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Figura 5. Esquema simplificado de la via p53. Tomado de Levine and Oren (2009).

Una vez activada, p53 reprime o activa los genes efectores de las distintas funciones que
controla. Los criterios exactos a los que p53 obedece para estimular arresto del ciclo
celular o apoptosis no se conocen con exactitud, pero incluyen el tipo de estrés que activa
a p53, la duracién y magnitud del estimulo estresante (Zhao et al., 2009), el tipo celular y
el contexto celular durante la exposicion a estrés (Balint and Vousden, 2001). Sin
embargo, en experimentos en los que la Unica variable es la abundancia de p53, se ha
encontrado que es un “mecanismo de umbral” el que decide el destino celular entre arresto

del ciclo celular o apoptosis. Siguiendo este mecanismo, para desencadenar apoptosis las
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células deben rebasar un umbral apoptético cuya altura esté determinada por la abundancia
de proteina p53, la duracion de su expresion y el contexto celular. Debajo de este umbral,
p53 y sus proteinas blanco son suficientes para inducir arresto pero no apoptosis. Por
arriba de este umbral, p53 y sus genes/proteinas blanco desencadenan apoptosis extensiva
(Kracikova et al., 2013).

Aungue hay vias apoptéticas independientes de p53, ésta es una de las proteinas mas
frecuentemente activadas en este proceso de muerte celular programada. En células de
mamifero sometidas a hipoxia, p53 promueve apoptosis pero no arresto del ciclo celular
(Koumenis et al., 2001). La hipoxia suprime la asociacion de HIF-1a a VHL (von Hippel-
Lindau) y de p53 a MDM2 (Murine Double Minute 2). Siendo VHL y MDM2
componentes de las ubiquitin-ligasas respectivas (Haupt et al., 1997; Yu et al., 2001), HIF-
la y p53 se estabilizan y se acumulan en sus formas transcripcionalmente activas. Asi,
p53 se acumula en el nicleo de la célula y participa en las vias apoptoticas intrinseca y
extrinseca (Pflaum et al., 2014). El control de la via apoptética intrinseca (también llamada
mitocondrial) ocurre a través de proteinas de la familia Bcl-2, que a su vez, estan
controladas por p53. Estas proteinas gobiernan la permeabilidad de la membrana
mitocondrial y pueden ser pro-apoptéticas (Bcl-10, Bax, Bak, Bid, Bad, Bid, Bik, BIk,
entre otras) o anti-apoptoticas (Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w, BAG, entre otras)
(Elmore, 2007). Ademas de actuar como represor de la expresion de la B-tubulina y la a-
tubulina, p53 inicia la transcripcién de genes como PUMA, Bax, Bid en la via apoptotica
intrinseca y de CD95 y TRAIL en la via apoptotica extrinseca (Beckerman and Prives,
2010; Koumenis et al., 2001).

Ademas, p53 también tiene funciones apoptoticas que son independientes de su actividad
transcripcional. En el citosol, p53 induce muerte celular formando complejos inhibitorios
con las proteinas anti-apoptéticas Bcl-XL y Bcl-2, lo cual conduce a la permeabilizacion
de la membrana mitocondrial y a la liberacion de citocromo ¢ (Pflaum et al., 2014). En su
localizacion mitocondrial, p53 induce oligomerizacion de Bax y Bak, antagoniza el efecto
antiapoptdtico de Bcl-2 y Bcl-XL, y forma un complejo con la ciclofilina D en la
membrana mitocondrial interna (Fig. 6). Estos cambios ocasionan una acentuada

disrupcién de las membranas mitocondriales y la subsecuente liberacion de factores
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apoptogenicos activadores de caspasas o0 con actividad de endonucleasas como citocromo
¢, Smac/DIABLO o AIF/Endo G (Amaral et al., 2010).
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Figura 6. Vias apoptéticas dependientes de p53 en ndcleo, citosol y mitocondria.
Tomado de Amaral et al. (2010).

En todos los invertebrados en los que la funcion de la familia p53 se ha estudiado, se ha
encontrado que p53 induce a apoptosis en respuesta a dafio al DNA, en tanto que en el
caso de vertebrados, incluso habiendo varios miembros de esta familia, un papel comun
de p53 es la apoptosis en células germinales. Lo anterior indica que es probable que ésta

sea una de las funciones ancestralmente comunes de p53 (Rutkowski et al., 2010).

Apoptosis Mediada por p53 y MT en Invertebrados en Respuesta a Hipoxia

El conocimiento existente en cuanto a la regulacion de apoptosis en invertebrados se basa
principalmente en los hallazgos en D. melanogaster que probablemente disten mucho de
ser representativos de todos los mecanismos de muerte celular programada que siguen las

demas especies del phylum Arthropoda. El papel de p53 se ha estudiado en algunos
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invertebrados ademés de D. melanogaster y Caenorhabditis elegans y en todos ellos se
ha encontrado para esta proteina una funcién comun de induccion a apoptosis en respuesta
a dafio a DNA (Rutkowski et al., 2010). En el estudio de crustaceos especificamente, se
han encontrado un gran nimero de homdlogos de proteinas importantes en mecanismos
apoptéticos tanto de D. melanogaster como de humanos. Sin embargo, son pocos los
analisis bioquimicos y genéticos que se han hecho acerca de la funcion de estos genes en
organismos no modelo (Menze et al., 2010). Por ejemplo, en el sistema nervioso central
del cangrejo de manglar, Ucides cordatus, la radiacion UV induce un aumento de proteina
p53 y una disminucion de la proteina p21 -efectora del arresto del ciclo celular-, con la
consecuencia final de apoptosis (Hollmann et al., 2016). Sin embargo, al iniciar la presente
investigacion se desconocia si en respuesta a hipoxia esta funcion se mantiene.

En el caso de los camarones peneidos Penaeus monodon y Litopenaeus vannamei se sabe
que ocurre apoptosis en respuesta a infecciones virales, a hipertermia y a hipotermia
(Granja et al., 2003; Vousden and Ryan, 2009; Wongprasert et al., 2003). Recientemente
se ha reportado apoptosis inducida por cadmio en peneidos e incluso se ha evidenciado la
existencia de algunas proteinas involucradas en el proceso apoptotico en este organismo
(Yang et al., 2013). Hasta el inicio de este estudio, el papel de p53 como “gen maestro”
en dicho proceso, no habia sido aun investigado y tampoco su interaccion con MT de
manera analoga a la encontrada en células de mamifero (Cherian et al., 2003; Méplan et
al., 2000).

Mecanismo de Apoptosis Dependiente de p53 Inducida por Hipoxia

En vertebrados superiores, condiciones de hipoxia severa inducen una respuesta de dafio
al DNA (DDR) unica, ya que la hipoxia no genera dafio detectable al DNA. Dicha
respuesta incluye vias de sefializacion mediadas por ATR (Ataxia-telangiectasia Rad3-
related) y ATM (Ataxia-telangienctasia mutated) (Olcina and Hammond, 2014). Por otro
lado, la activacion de p53, es una de las principales consecuencias de la DDR inducida
por hipoxia (Green and Kroemer, 2009). Subsecuentemente, p53 induce apoptosis y no
arresto del ciclo celular en el punto de control G1/S, como sucede ante el dafio al DNA

por estrés genotdxico (Olcina and Hammond, 2014). La manera en la que la sefial de
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hipoxia es transducida a p53 ha sido estudiada en lineas celulares y cultivos primarios
embridnicos de mamiferos; asi, se ha demostrado que bajo condiciones de hipoxia severa
pero no moderada, ocurre una disminucién en los niveles de nucleotidos disponibles y
arresto de la replicacion de manera simultdnea. Estos eventos resultan de la actividad
disminuida de la ribonucle6tido reductasa en estas condiciones (Pires et al., 2010). Esta
enzima cataliza la conversion de ribonucledtidos a deoxirribonucledtidos de manera
oxigeno-dependiente, pues se requiere oxigeno molecular para regenerar un radical libre
en su sitio activo (Probst et al., 1989). Como consecuencia de la disminucién de
deoxirribonucle6tidos ocasionada por la hipoxia severa, disminuye la velocidad de la
horquilla de replicacion e incluso se detiene, ocasionando estrés replicativo (RS). EI RS
genera regiones con acumulacion de ssDNA a las que se recluta ATR. ATR es una cinasa
de serina/treonina que fosforila a MDMX, proteina inhibidora de p53. En consecuencia,
p53 se estabiliza y activa para inducir apoptosis. El papel de ATM en hipoxia severa no
es claro, sin embargo mutantes nulos de ATM son altamente sensibles a
hipoxia/reoxigenacion (Freiberg et al., 2006; Lee et al., 2012; Wade et al., 2013), pero es
posible que ATR activada por la hipoxia contribuya a la fosforilacion y activacion de
ATM (Olcina and Hammond, 2014).

En animales que viven en condiciones de hipoxia en ambientes acuaticos o lodosos se ha
encontrado una mutacién R174K en p53 (con respecto a TP53). Estas especies incluyen
Xenopus, Xiphophorus, Loligo forbesi y Mya arenaria (Zhao et al., 2009). La importancia
de esta mutacién ha sido investigada en el topo subterraneo israeli Spalax, cuyo habitat se
limita a madrigueras subterraneas con bajas tensiones de oxigeno. En la proteina p53 de
este organismo, los aminoacidos en los sitios 172 y 207 son lisina (K) en tanto que los
aminodacidos en los sitios correspondientes en humanos (174 y 209) son arginina (R)
(Ashur-Fabian et al., 2004 ). La R174, y en menor medida la R209, estan altamente
conservadas a lo largo de la evolucion. La mutacion R174K en p53 de Spalax reduce su
capacidad de union al DNA (Ashur-Fabian et al., 2004 ). Una consecuencia de esto es que
en este organismo p53 no se une al dominio ODD de HIF-1a en respuesta a hipoxia, hecho
gue conduce a la transactivacion dependiente de HIF-1 y que favorece la transactivacion

por p53 de efectores de arresto celular pero no de apoptosis evitando asi el dafio celular
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que en otros organismos es inducido por p53 en condiciones de hipoxia (Ashur-Fabian et
al., 2004 ; Zhao et al., 2009).

El camardn blanco, Litopenaeus vannamei, es un organismo capaz de sobrevivir en
condiciones de hipoxia prolongada. Se desconoce si en este animal la hipoxia induce
apoptosis mediada por p53, como sucede en las células sanas de otros organismos, o i,
por el contrario, la respuesta a hipoxia es reminiscente a aquella de células cancerigenas
0 de otros organismos tolerantes a hipoxia que aqui se han mencionado. Aunque p53 se
encuentra presente en todos los animales en los que se la ha buscado, al iniciar este trabajo
de investigacién, no habia informacién disponible acerca de la existencia de p53 en el
camarén blanco. El primer reporte de este gen en L. vannamei se publicé de manera
simultanea con nuestras propias investigaciones. Este reporte indica que p53 regula de
manera positiva la expresion y actividad de las enzimas antioxidantes superoxido
dismutasa manganosa MnSOD vy glutation peroxidasa GPx en camarones sometidos a
estrés por metales o pH (Qian et al., 2014); sin embargo, no hace alusién a apoptosis ni al
estrés oxidativo ocasionado por la hipoxia. La secuencia encontrada en nuestro laboratorio
se reporta en el articulo que compone el capitulo 111 de esta tesis, en el que se describe el
estudio de la participacion de p53 y MT en la ocurrencia de apoptosis en L. vannamei
frente a hipoxia. Ambos genes fueron silenciados de manera independiente en camarones
que posteriormente se sometieron a hipoxia. Mediante analisis de citometria de flujo y
actividad de caspasa-3, se encontrd que la apoptosis aumenta en los hemocitos de estos
camarones y que este aumento es parcialmente dependiente de la abundancia de transcritos

de p53 en tiempos cortos de estres por hipoxia.

RNA de Interferencia como Herramienta de Estudio de Genes en Crustaceos

Histéricamente, el estudio de la funcion de genes ha sido abordado de manera inicial en
organismos modelo, por las ventajas que éstos ofrecen: intervalos generacionales cortos,
alta fecundidad, bajos costos de mantenimiento, entre otros. Ademas, estos organismos
modelo poseen rutas bioquimicas o metabdlicas conservadas con respecto a otras especies,
de manera que pueden establecerse analogias a partir de las cuales se estudien estas otras

especies (Ankeny and Leonelli, 2011). A través del tiempo los organismos modelo han
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sido modificados, de manera que actualmente es posible manipular la expresion y
actividad de genes y proteinas para investigar su funcion. Otro soporte bioldgico
importante para estudiar funcionalidad de genes y procesos celulares, esta dado por las
lineas celulares estables que también son manipulables a nivel molecular. Una multitud
de lineas transgénicas de organismos modelo y de lineas celulares de diversos origenes
son utilizadas de manera rutinaria en los laboratorios de investigacion y sin duda han sido
cruciales para el avance del conocimiento de los sistemas bioldgicos. Sin embargo, a pesar
de los esfuerzos de numerosos grupos cientificos desde los afios noventa y de la
importancia econémica que los camarones peneidos representan, no ha sido posible
establecer aiin una linea celular estable proveniente de estos organismos (Ma et al., 2015).
El estudio de maltiples patologias de origen viral y bacteriano en peneidos se facilitaria
sustancialmente si pudieran analizarse directamente en lineas celulares de la propia
especie. También los estudios de ciencia basica de camaron, como el que se presenta en
esta tesis, se veran acelerados una vez que estas lineas estén disponibles. Mientras tanto,
en los estudios de funcién génica en organismos no modelo, es necesario hacer uso de
estrategias de manipulacion de genes que prescindan del uso de lineas celulares para
estudiar su funcion. Para este fin, en este trabajo de investigacion se aprovecho el
mecanismo de RNA de interferencia (RNAI) propio de las células eucariotas, utilizando
RNA de doble cadena (dsRNA) exogeno como desencadenante del mencionado
mecanismo. El capitulo 1V de esta tesis describe el mecanismo de silenciamiento o
“knock-down” de genes por RNAI Yy revisa los avances en la descripcion de las proteinas

clave para este proceso en crustaceos.
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CONCLUSIONES

Ante el vacio de informacion en cuanto a la regulacion de los procesos apoptéticos en el
camarén blanco, en este trabajo se propuso explorar la intervencién de metalotioneina
(MT) y de p53 en la ocurrencia de apoptosis ante el estimulo de hipoxia. A partir de los
resultados obtenidos se concluye que en hemocitos de camardn ocurre apoptosis basal
independiente de p53 o MT, mientras que en respuesta a hipoxia una via de apoptosis
dependiente de p53 contribuye a la tasa apoptoética total. Los analisis de apoptosis por
citometria de flujo y actividad de caspasas realizados, demuestran una respuesta
fisiologica que se contrapone a la hipdtesis de que en Litopenaeus vannamei ocurre
evasion de apoptosis mediada por p53 y MT en respuesta a hipoxia. En los dos tiempos
ensayados hay apoptosis en hemocitos de camarones sometidos a hipoxia ocasionada por
1.5 mg OD-L™. Aunque la interpretacion de estos resultados es directa: la hipoxia induce
apoptosis en hemocitos de camaron blanco, en la medida en que otros tejidos sean

analizados, una respuesta a nivel organismo podra ser entendida.
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PERSPECTIVAS

La respuesta observada en hemocitos solamente explica los efectos de dos
concentraciones de oxigeno (~5.0 y ~1.5 mg OD-L™) y de dos tiempos de exposicion a
estas concentraciones. Es importante explorar en futuros estudios cuales son las
condiciones de hipoxia que pueden considerarse moderadas o severas en términos de
supervivencia celular. Este conocimiento es de interés no s6lo en términos de fisiologia
comparada, sino que podria incorporarse a modelos de simulacion de cambio ecologico
en las zonas hipdxicas emergentes.

Por otro lado, el grado de estrés que se impuso en el bioensayo es méas severo que las
condiciones que ocurren en campo, tanto en términos de concentracion de oxigeno como
de duracion de la hipoxia.

Adicionalmente, se desprenden de esta investigacion resultados que sugieren que, ante
hipoxia MT tiene una funcién antioxidante protectora, contribuyendo a un mecanismo
fisiologico de “preparacion para estrés oxidativo™ ante las especies reactivas de oxigeno
generadas por la hipoxia. La confirmacion de esta hipotesis permitiria afadir MT al
repertorio de proteinas antioxidantes y de mecanismos importantes para la supervivencia
del camardn en ambientes hipoxicos.

Esta investigacion de tipo exploratorio exigia como prerrequisito obtener las secuencias
codificantes de MT y p53. Durante la estrategia para obtener estas secuencias solamente
un gen para cada una de estas proteinas fue encontrado. En otras especies, las
metalotioneinas estan codificadas por una familia multigénica. Aunque los hallazgos de
un solo gen MT aqui descritos fueron consistentes a lo largo de la experimentacion, es
posible que otros genes codificantes de metalotioneinas estén presentes en L. vannamei.
De ser asi, seria importante investigar la contribucidn de estas metalotioneinas al proceso

apoptotico desencadenado por la hipoxia.
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Estudios anteriores en este grupo de investigacion, demuestran que en el camardn blanco
la aceleracion de la ruta glucolitica anaerobia contribuye a sostener las funciones celulares
indispensables para resistir la hipoxia. La introduccion celular de glucosa -mediada por
transportadores - es un punto clave para alimentar dicha ruta metab6lica. Es bien conocido
que en mamiferos p53 regula la expresion de proteinas transportadoras de glucosa.
Hallazgos recientes en nuestro grupo de trabajo revelan la presencia de un elemento de
respuesta para p53 en la region promotora del transportador de glucosa GLUT1. El analisis
de la expresion de GLUT1 a nivel de transcritos y de proteina en camarones silenciados
con dsp53 en hipoxia, daria informacion acerca del papel regulador de p53, constituyendo
—junto con HIF1— un nodo medular de control que integra vias metabdlicas,

mecanismos antioxidantes y destino celular en crustaceos en ambientes hipoxicos.
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Los animales acuaticos se encuentran con variaciones en la tension de oxigeno que
conducen a la acumulacién de especies reactivas de oxigeno (ROS) que pueden dafiar a
los organismos. Bajo estas circunstancias algunos organismos han evolucionado para
tolerar la hipoxia. En mamiferos, las metalotioneinas (MTs) protegen contra ROS
generados por la hipoxia. Aqui reportamos el gen MT del camardn blanco Litopenaeus
vannamei (LvMT). LVMT se expresa diferencialmente en hemocitos, intestino, branquias,
pledpodos, corazdn, hepatopancreas y musculo, con los niveles mas altos en
hepatopancreas y corazon. EI mRNA de LvMT aumenta durante la hipoxia en
hepatopancreas y branquias después de 3 ha 1.5 mg OD-L™. La estructura de este gen se
asemeja a sus homologos en vertebrados e invertebrados, con tres exones, dos intrones y
en la region promotora tiene elementos de respuesta para el factor de transcripcion
inducido por metales (MTF-1), el factor de transcripcion inducido por hipoxia (HIF-1).
Durante la hipoxia, el complejo HIF-1/MTF-1 podria participar induciendo MT para
contribuir a la tolerancia a la toxicidad por ROS. La importancia de las MT en organismos

acuaticos podria también incluir procesos detoxificantes de ROS.

Palabras clave: metalotioneina, especies reactivas de oxigeno (ROS), mRNA, hipoxia,

camaron, elementos de respuesta, hepatopancreas, branquias
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Agquatic animals enceunter varlaton in cogygen tengon that leads to the accumul ation of reactive @opgen
species (ROS) that can harm the organdsms. Under these croumstances some organisms have evolved to
tolerate hypocia. In mammals, metallothioneins (MTs) protect against hypaoda-generated ROS. Here we
report the MT gene from the shrimp Lopengews vanmameal (LyMTL LeMT §s differentally expressed in
hemocytes, intestne, glls, pleopeds heart, hepatopancreas and muscle, with the highest levels in
he patopancreas and heart. LvMT mENA increases dunng hyposda in hepatopancoeas and gills after 3 h at
15 mg L~ dissolved mygen (DO) This gene sruchure resembies the homologs from imvertebrates and
vertebrates possessing three exons, two introns and response elements for metal response transcriptlon
factor 1 (MTF-1), hyposda-inducibe Gotor 1(HIF-1) and p53 in the promoter region. During hypoeda HIF-
1/MTF-1 might participate inducing MT to contribute towards the tolerance to ROS toxicine MT
Iimporance in aguatic organisms may include also ROS-detoxifying processes.

Shrimp

Promoter respanss =lements
Hepatopamreas

Gills
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1. Introdudion

Variatons in dissolved-mogegen levels ranging from anoxia to
hypemxiaooour in the diversity of environments where shrimpand
other crustacean live {Helly and Levin, 2009 ). Although episodes of
hypoxia are common in the aguatic environment, the frequency
and spatial extent of these low-oxygen regions have increased
considerably due to  anthropogenicalby-driven  increases of
contaminant and nutrient inputs into estuaries and coastal zones
(Rabalais et al, 2010} We are interested in understanding how
aquatic organisms cope with these variations in oxygen concen-
tration, and in using the white shrimp Litopengeus wonnome, a
native species from the Padfic Ocean as a non-model organism
because of the significant and growing importance of this spedesin
aquaculture in America and Asia (Bostock et al, 2010}, and also for
its potential use in the investigation of protective prooesses against
free radical cellular damage, tissue injury and the concomitant
physiological consequences leading to diseases ( Lushchalk, 2001 )

The generation of reactive ooygen spedes (ROS) in aguatic or-
ganisms as a conseguence of changing levels of morgen availability

* Comesponding authar.
E-muil addreses: gyepi alciad mx, glor ayepir@gmail om (G. Yepiz-Plascencia)l.

hettp: [ i org 106§ marenvres 200409005
41 =136/ 2014 Elsevier Lid_ All rights reserved.

has been extensively reported (Welker et al, 2013). Hypoxia in-
eases ROS levels in several aquatic speces (Abele et al, 2007)
provoking damage and detrimental effects on proteins, lipids and
DA If the cellular defense systems -such as the antioxidant
repermine to sustain a redox balance- are exceeded by the ROS
levds, the fate of the irreversibly injured cell may be death
(Kowaltowski et al., 2009). Cellular protection mechanisms against
ROS indude several antioxidant enzymes. Some of these enzymes
have been desribed in the white-leg shrimp, induding oy tosolic
manganese superoxide dismutase (cMnS0D) (Garcia-Triana et al.,
20M0a; Gomez-Anduro et al, 2006), selenopmtein M (SelM)
(Clavero-5alas et al, 2007; Garda-Triana et al., 2010b), catalase
(Trasvina-fArenas et al., 2013 ), glutathione S-transferase (Contreras-
Vergara et a., 2008), glutathione peroxidase and total superocide
dismutase (Parrilla-Taylor and Zenteno-Savin, 2011). Additionally,
non-erzyme proteins such as metallothioneins partidpate in this
protection (Lazo et al, 1995)

The importance of metallothioneins in mel-detoxifying pro-
oesses in aguatic invertebmtes is well known, but their relevance
extends to ROS-detoxifying mechanisms necessary for organisms
that are under oxidative stress during their life time. Metal-
lothioneins (MTs Jare highly conserved cysteine-rich small proteins
mnging from 6 to 7 kDa (Kagi and Kojima, 1987 ) that are widely
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distributed across kingdoms and phyla and contain up to seven
bivalent metallic ions per molecule (Braun et al, 1992} These
metals can be obtzined from other meilloenzymes and tran-
scription factors, thus regulating the activities of these proteins
{Cano-Gauci and Sarkar, 1996; Roesijadi et al, 1998). Due o their
metal binding properties, MTs are involved in the homeostasis of
essential metals, MTs first recognized function was the detoxifica-
ton of heavy metals such as cadmium, mercury, zinc and cooper.
MTs also protedt against radiation and oxidative damage and
contribute o the control of cellular probiferation and apoptosis
(Ruttkay-MNedecky et al., 2013). As shown in mammals, increased
MT synthesis is triggered in response to oxidative damage (Satoand
Bremner, 1993) and its high antioxidant activity counteracts per-
axidation of lipid membranes and DNA (Fang et al., 1997; Kondoh
et al, 2003}, In Coenorhabditls degans MTs have an in vivo protec-
tive mle against oxidatve stressors and in vifro scavenging of
hydrogen peroxide (Zeitoun-Ghandour et al., 2011} The regulation
of MT by free radicals and its involvement in the protection against
Hz 0z was also demonstrated in cell lines derived from aquatic or-
ganisms (Kling and Olsson, 2000}, The cysteine residues in MTs can
sequester free hydroxyl radicals by their thiol groups and stop
oxidative damage to DNA and proteins (Good et al., 1991 ). MTs can
even revert oxidative damage by donating a hydrogen atom to the
site damaged by the free radical, thus restoring DNA badk to its
normal struchire (Renan and Dowman, 1989). Additionally, MTs
partidpate as co-factors in the activation of synthesis of glutathione
peroxidase { Hayes and McLellan, 1999 ). Most healthy animal tissues
contain MTs, but are highly induced in several types of human
tumors (Cherian et al, 2003) There are at least 16 isoforms of MTs
in humans and four in mice {Palmiter, 1998} MT genes have been
found in eukaryotes as well as in some prokaryotes, usually n
multiple copies {Palmiter, 1998) and recently wemre identified in
several crustaceans (Mao et al, 2012) where there are reports of
more than one gene present, such asin the water flea Daphria pulex
and in the blue crab Collinectes sapidus with four and two MT genes
identified, respectively (Asselman et al, 2012; Syring et al, 2000}
MT eéxpression in crustaceans has been mainly studied in the
toxicological context for environmental monitoring (Amiard et al,
2006), revealing that its expression is contmolled by various ele-
ments, induding ds-regulated metal response elements {MRE)
with a highly conserved core sequence usually present in multiple
copies. The metal response transcription factor 1 (MTE- 1) regulates
the basal expression of MT as well as its expression in response to
heavy metals by binding to the MREs (Ostrakhovitch et al., 2007}
Besides zinc and other heavy metals, the transariptional activity of
MTFE-1 & also induced by oxidative stress {Andrews, 2000) and
hypaxia { Murphy et al, 2008).

In response to hypoxia, the induction of MT expression also
depends on the MTE-1]MRE binding Murphy et al. | 1999 ). However,
(Murphy et al, 2008) demonstrated that in the absenoe of the
hypoxia-inducible factor 1z (HIF-T2) MTF-1 isreouited to the MT-
1 promoter but this is not suffident to drive MT expression in
response o hypodia Additionally, they also showed that MTE-1
interacts in vivo in a transcriptional complex which includes HIF-
1z and that both proteins are recuited to the MT promoter n
response to hypoxia. In L wannamed, indudion of MT-like proteins
(MTLP) is triggened by high mncentrations of cadmium and ang
therefore MT has been proposed as a heavy metal exposure
biomarker (Moksnes et al, 1995; Wu and Chen, 2005)

The L vannamei MT cDNA sequence was recently reported and
its expression studied in response to salinity stress (Wang et al,
2014), however, the MT mmplete gene sequence was not
included nor was its involvement as a hypoxia-generated ROS
scavenger. Herein we report the structure and sequence of the MT
gene from the shimp L vannamei (LvMt), its promoter pegion

sequence, and the mRNA tissue-expression under normoxia and in
response o hypoxia in gills and hepatopancreas.

2 Materials and methods
21 LvMT cDINA doning

Spedfic primers were designed based on the sequence of an EST
from a muscle cOMNA library previously generated in our group and
fromother L wannamei ESTsequen ces found in GenBank. One of the
ESTs corresponded to hepatopancreas (GenBank accession no.
BRO23848.1) and the other to WSSV infected hemocytes (GenBank
accession no. EES72310.1). Total RNA was obtained from hepato-
pancreas of adult shrimp using TRI REAGENT® (Sigma—Aldrich, St.
Louis, MO, USA). Total RNA quantity and quality was assessed by
absorbance at 230, 260 and 280 am using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Only RMNA samples with 260{280 ratio between 1.9 and 21 and 260/
230 ratio greater than 2.0 were used for the analysis. RNA integrity
was analyzed in agarose gels and 1 pg was used for reverse tran-
scription using the QuantiTedt™ system {Qiagen, Valencia, CA, USA)L
The MT-cDMNA fragment was first obtained by PCR using the primers
pair MTF1/MTE2rv (Table 1) To determine the 5 and 3’ ends of the
LvMT transcripts, rapid amplification of cDNA ends (RACE) was
performed on a dDMA SMART™ library generated from hepato-
pancreas of an adult intermolt shrimp (SMART™ cDNA Library
Construction Clontech, Palo Alto, CA, USA) using the primer pairs
SPCRIMTFIrv for the SUTR and MTE2/CDSILE (Table 1) for the
FUTR All the primers used in this report were synthesized by In-
tegrated DNA Technologies (Coralville, 1A, USA) (Table 1). The PCR
reactions were carried out in a final volume of 25 pl containing
Matinum PCR SuperMix (Invitrogen Inc., Carlsbad, CA, USA)L 25 pM
of each primer and 1 pl of eDNA (synthesized from 50 ng of total
RNA). The PCR reactions were carried out in a DNA Dyad Thermal
Cycler (BioRad Laboratories, Hercules, CA, USA). An initial dena-
turing stepof94 =C for 4 min was followed by 35 cycles of 94 °C for
30 5, 585 °C for 405, 72 °C for 1 min, and a final extension at 72 °C
for 10 min. The amplicons obtained were cloned in a pGEM®-T Easy
Vector System (Promega, Madison, W1, USA) using Top 10 Escher-
chia coli cells. Two dones of each amplicon were thoroughly
sequenced on both sense and anti-sense strands at the Laboratory
of Genomic Analysis and Technology Core of the University of
Arizona. Based on the obtained cDNA sequences, the primers
MTSIF and MTSTiv as well as the primers mentioned below

Table 1
Primers used Lo oblain the LyMT nuclotide sequendc: and 1o evaluale expression.

Primer Sequend (5°-37)

Frem

SPCR AACCACTCCTATCAACGOAGACT

MTF1 OGCAGOLTTACTTICAGAGT

MTF2 CACTCTCTICTGCTCCTTG

MTF1rv GOTCTCAAACTAACCCTGOD

MIF2re  CAACCAGCAGAACACACTOC

COENY  ATTCTAGAGGOCGACGOIGGOICGACATG-(ThaN— N (N=A G . Caor T;
Wy = AG ar €)

MTS1F ATCCCTCATCCATGOTCGTAALC

MTSlre  TCOCCAGCACTTOCATGR

MTSP1 TCOGCAAAGGACTGCAAGTGOGCCAG
MTSP2 CTTGCAAATOIC OCCCT TG TCAGAAG
MTEP2rv  TCOOGCACTTOCACTOCTTTOOGCAG

APl CTAATACGACTCACTATAGGGC
AP2 ACTATAGGGCACCOGTORT
MTRTF CTGATCCATOOTCTAACCAG
MTETRy  CATCTTCTTGCACACTOCTC
LaF2 TAGGCAATGTCATOCCCATT
LaR2 TOCTGAAGGCAGCTTTACACG
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(Table 1), were designed using the Primer3web V.400 suite
(Untergasser et al, 2012) o amplify the entire coding sequence
fromm thee start to the stop codons, The resultant amplicons were also
doned and sequenced as described previously.

22, LvM gene doning

The pair of primers MTSTFMTS1rv was used to amplify the
sequence corresponding to the coding region using genomic DNA
(gDNA) as template to investigate the presence of introns. Genomic
DMNA was prepared from 300 mg of musde of an adult shrimp using
the DMAzal™ Reagent (Life Technologies™, Gaithersburg, MD, UDA)
acording o the manufacturer’s protocol. The full-length LvMT
gene sequence was obtained using the Genome Walker™ kit
(Clontech, Palo Alto, CA, USA). Briefly, Genome Walker™ libraries
(GW DMA libraries) representing the genome of L wannamei
digested with Dral, EcoRV, Pvull, Stul, Smal, Sspl, Sacl were used as
templates for the following PCR amplifications: a) to obtain the 5'-
Mlanking region, adaptor primers AP1 and AP2 along with specific
primer MTSP2rv were used in seminested PCR reactions (inital
denaturation for 5 minat 95 <C followed by 7 cycles of 25 s at 94 <C
and 3 min at 72 <C, 35 cycles each of 25 5 at 94 <C and 3 min at 67 <C
and a final extension of 7 min at 67 “C) and; b) to obtain the 3-
flanking region, specific primer MTSP1 and adaptor primer AP1
were used ina primary PCR reaction with the same conditions asin
a) and the resulting product served as template for the nested
secondary PCR reaction using the speafic primer MTSP2 and
adaptor primer AP2 with the same PCR conditions as in a) with only
5oydesof the first exte nsion round. The PCR reactions wene carried
out in a final volume of 25 pl containing HotStart Taq 2= master
mix (Mew England BioLabs®Ine, Ipswich, MA, USA) 1 pL of each
primer (5 pM), 8 ng of GW library DNA and nuclease-free water
(Integrated DMA Technologies, Coralville, 1A, USA) All primer se-
quences are shown in Table 1. The amplicons obtained were doned
and sequenced as previously described. The LeMT gene sequence
was deposited in GenBank (Accession no. KJ701600).

23, Shrimp maintenance and hypoxia challenge

Juvenile shrimp were obtained from a sheimp farm and rased in
a 150 L tank at laboratory conditions until reaching an average
weight of 114 + 08 g acclimated to a salinity of 35 ppm, temper-
ature of 28 “C and constant aeration to main@in normoxic condi-
tons (50-60 mg DO L pH 8.0L Water was exchanged to
maintain total ammonia concentrations within the safety levels
=3.0 mg L (Lin and Chen, 2001) throughout the experiment,
monitored by flow-injedion/gas-diffusion analysis (Hunter and
Uglow, 1993) Twenty-cight healthy shrimp at intermolt stage
were selected for the bioassay. Seven animals were assigned to the
normaxic group and twenty-one to the hypoxic groups. The two
groups were kept separately in 80 L tanks and acclimated for 72 h
before lowering dissolved oxygen oncentrations. Hypoxia was
induced by injecing nitrogen gas and air at fixed ratios to maintain
145 + 0.2 mg DO L~ Five shrimp from the hypoxic tank were
collected after 3, 24 and 48 h. The control normoxic group was Kept
at 528 + 03 mg DO L' and the animals were collected at 48 b

24, LvMT mRNA expression by RT-qPCR

MT mRENA relative expression was evaluated under normoxic
and hypoxic conditions using at least four biological replicates with
four technical replicates from each treatmen t group. To study tssue
expression, total RNA from samples in normoxic cmnditions was
isolated separately from hemocoytes, muscle, he patopancreas, gills,
intestine, pleopods and heart of five juvenie shrimp using TRI

REAGENT® (Sigma-Aldrich, St Louis, MO, USAYL To analyze
expression under by poxia regimes, total RNA from gills and hepa-
topancreas was extracted. Removal of residual genomic DMNA was
done by treating with DNase | (Roche Diagnostics, Indianapolis, 1N,
USA) and 1 pg of this RNA was used for reverse transcription using
the QuantTed™ Reverse Transcription [Qiagen™ Valencia, CA, USA)
system. Real-time PCR primers MTRTF and MTRTRW for the MT gene
were designed to amplify a fragment of 145 bp (Table 1) The ri-
bosomal protein L8 gene (GenBank accession no. DO316258.1) was
chosen as a reference gene and amplified using the primers LEF2
and LBRZ ( Trasvina-Arenas et al, 2013). To construct the calibration
curves for MT and L8, serial dilutions from 5 107 to 128 = 10 ng/
ul of cDMNA (equivalent of total RNA) from hepatopancreas and gills
were made, respectively. Two cDMNAs were synthesized from each
total RNA sample and two qPCR reactions for each cDNA were
carried out on a final volume of 20 pl containing 10 plL of 2= iQ
SYBR Green Supermix (BioRad Laboratories, Hercules, CA, USA),
both L8 primers toa final concentration of 1 uM or both MT primers
to a final concentraton of 100 aM, 1 pL of template cDNA (equiv-
alent to 25 ngof total RNA) and molecular grade water. In each run,
positve and non-template controls were included. All reactions
wiere performed on an iQ5 Real-Time PCR Detection System (BioRad
Laboratories, Hercules, CA, USA) after optimizing the parameters to
the following program: 94 “C for 3 min followed by 40 cycles of
95 =C for 30 s, 57 °C for 35 5, 72 °C for 55 s taking the fluorescence
reading at the extension step. A melting curve was generated from
60 =C to 95 =Cby increasing 0.3 =Ceach 20 s. Efficiency and linearity
of the dynamic range for both LB and MT genes were determined
with the software Q5 (BioRad, USA) from each alibration curve.
Relative quantification of the MT mENA levels was calculated using
the cmmparative Ct method (Schmittgen and Livak, 2008).

25, Stadstical analysis

For tissue and hypoxia expressions, the data were statistically
analyzed by one-way ANOVA and a Tukey —Kramer test was used.
Differences were considered when p < 0,05 The analysis was per-
formed in NCSS and PASS, 2007,

2. Bioinformatic analysis

Database homology searches were done using the Natonal
Center for Biotechnology Infor mation BLAST 2228 (Altschul et al,
1997) server. In siico wanslation and search for open reading
frames were done using proteomic tools available from ExPASY
{Artimo et al., 20012). The multiple sequence alignments Were per-
formed using the CLUSTAL Omega program (Sievers et al, 2011
The phylogenetic tree was generated with the MEGAS.05 software
using the Maximum Likelihood method supported on the Jones-
Taylo-Thornton matrix-based model. Bootstrap analyses were
performed using 1000 replicates (Tamura et al, 2011} Deduced
protein domains family/motifs were predicted using the Inter-
ProScan plaform (Zdobnov and Apweiler, 2001 ). The presence of
consensus sequences of response elements was identified using the
NSITE V.2.2004 program [ Softberry, Inc) and the Patch program of
the TRAMSFAC database V.70 available at hrep:) www.gene-
regulationcom fcgi-bin/ pubprogra ms/ patch/bin/patchcgl.

3. Results and discussion
3.1 IvMT dDNA and deduced amino add sequence
The full LvMT cDNA sequence from the 5'UTR to the 3'UTR was

obtained and submitted to GenBank with the accession number
KJ701600 (Fig. 1A). The SUTE is 69 bp long and the FUTR is 117 bp
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long. The ORF is 177 bp and in sdico translation generates a protein
of 58 amino acid residues. A cDNA of MT from L varmamei (Gen-
Bank accession no. JN 707684 ) was recently reported by Wang et al,
2004, and its expression was analyzed in response to stress salinity.
Though, there are some differences of that sequence compared to
the one herein reported, most of them located in the untranslated
regions and only one synonym substitution at position +45 from
the start codon,

Clustal Omega analysis revealed the conserved distribution and
position of the cysteine residues in the shiimp MTcompared o the
MTs in Homao sapiens, Drosophila melanogaster, 0 pulex, C sapidus
MT—la and MT-1la, Bythograea thermmpdron, Cyanagraea proedator,
Dromia personata, Homarus americanus and Pacfastocus lendusoulus
(Fig. 181 A further InterProScan analysis classifies this sequence asa
family 3 crustacean metallothionein organized inthe characteristic
manner P-[GD]-P-C-C-X-4{34)-C-X-C (where X is an amino acid
other than cysteine). The deduced protein mntains seven lysine
residues in vicinity to cysteine residues, Other invertebrate MTs
such as D pulex and D melanogaster ntain only five lysines
whereas H. americanus has nine. These lysine residues are thought

to stabilize the interaction between MTs and metal ons due to
electrostatic interactions that bridge the protonated basic residues
and the negatively charged metal-thiolate complex (Cody and
Huang, 1994). When analyzed in PSI Blastp, the deduced amino
add sequence has the highest identity (72%) with the lobster H.
americanus MT (GenBank accession no. CAC42504.1), and with
other MTs from crustace ans with identities ranging from 62 % to 69
% that were then used to construct the phylogenetic tree (Fig. 2),
where Decapoda clusters together in a monophyletic group.

32, The shrimp MT gene contains introrns and pufative control
dements in the promaoter

From the start to the stop codons, the shrimp MT gene was
757 bp long and includes three exons interrupted by two introns,
similar to other MT orthologues, The MT gene family appears to
mnserve exon number and length, where exon | is considerably
shorter than exons Il and 11 and have split codons. Addidonally,
exon lo@ton and length are similar amongst the crustacean
revisied in this study as shown in Fig. 34,

A

1 AtCgataasa Caadasnana gggtittolt grasacccaa agaaaggtga aatcaggtgc toataaggbo
71 rattaatbga cactggoaga gotatobabg tgtagagaca ataaacagaa cagtaacasa ataataatba
141 AgaaaAnAdd aabcooggga Cgatatatat atatgtatos asatagatag atagacagag atatacatat

211 ataasacaga gagagagaga gasagacaga gagtagagra gagagagaga gagagagags gagagagaga
2B1 gagagagata gagagagags dagjagagaga gagagagass gagagagaga Asgagagaga Cagasgagaa
351 agagagagag agaasagaga attgotecga aattocogaaa ctagoaactg tgactgetge acacgacacg
421 gagoggaaat Logratoaat Cgoolatata AgCgLgoanc gogLgoitgbce gUitGOASGT TACTTTTAGA
481 GCOTTAAGTTS CAAGTATCTT AGTGTGCAGT GTTOCTGTTA AAACTACTAC AAAATACCTG ATCCATGCOTS

M B DO F C C

561 TRACGgLaag aaactottga tatgootttt attaghbtogt gttttgocga tgatatttta aagttgttta
N

631 taagttogot ttaggaaatt goitggtasaa ATTtactgoa tgatactoga goTtigttaa Coactactac
TOL tattbtagaga ttatagttog tcacttbgea atttactgbt atbbtgatta acttaatteg tgaatactaa
TTL ttagtgttta CLLLLCCToaa ACTITOYLLL Casatttioa aatgattagt aacacaatgh Attgtoctat

841 tttatbtotta coattbatot tbtcaghGRA ATGCGTOTAT OCCGAGOOTE GCTACGCARR GORCTGCOARG

E K

c v €

A E G G € A KE D C K

921 TOCGOCAGTT GCARATECGC CCOTTGTGRE AAGTgtaagt aaaacgooog tatctttgga aaggatatgt

C A S5 € K CA P CE K
991 aagtbtagta gaatatcitt AcAactgost gattbtbcott tagagogagyg gggtaaaghba actagatatt
1061  AatLgateoClbl ggcacaltilh AUCLLLgagt atoLbabbog casgactilba aatcoLlLaslg CLUaagatta
1131  atgtctbaga attagattgt agatctacga gTictbaatc Cttacagatt atgtatttat cataagtcca
1201 ecgetccctaa ccatbttatt ttbtatcacg ttttagGOEC ATCTGGETGC GOTTGCCCAT CCARGGAGGR
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1271  GTGTGCAACA AGATGCACCA ACCCATGCOAA GTGCTGOCCA TAGACGAACS CAACTORACT GTCTTCOTGET
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1341 GOTTETTGCA TEATTOGGHGC AACAGAATTG ATCTGTGCAT ATTTTTTCAT GRATGACGTA TTAGAATGGT

AAAATARACT TAAAAGGETS

-
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I, melancassler KR _0801053k4.1
I, pulex HTI ABTIf#LD

L. vannanel EIT0L404

. papidus WT-Ia ARBISE3?.1
. sapidis WT-IIa AAB3S43E.1
B, thermydron CAFSSSE5.1

. presdator CAREEETD.1

I, parsonsta CAHBESEE.]

H. americanus CACE258.1

F. leninsceluos AMPBTELS.L
NT motifs

:
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Fg L (A) Bucleatide and deduced amino acid sequendes al LWMT gene The start and stop aodons are indicated in bokl Deduced aming adds sequence is indicated a5 capital letters
undar eschoodon af the cading sequande alio indicsted i capital letters. The 18 qyateine residues charsderistic ol MTs are shown in bald. The italic ketters indicate UTRs presentin
ithe mPNA and gIA sequences abixined_ The introns and upstream saquence fram the stant avdan are in lowercrge letters. The polyadenylation signal it indicated by the sserisk,
and; (B) Clustal alignment ol metallothionein amino a0 sequences from vari ous organi sms. Cyseine residues are shaded in green. Crustacean MT N-tenminus mo 6 ves P jCD|-P-C-
X (3,4)-C-X-C are shown in the red box. Amino add residues conserved in at least seven of the included spedes are shaded in blue Cyskine residues charaderistic of metal-
lothioneing are indicated in the last line (For interpretation al the referendes o colour in this figure legend, the resder is referred 1o the web version af this antide )
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Saccharomyces corpviside AAAEE067.1

46 Salicomnia brachiata AEFII4921
1 Drosophils melanagaster NTe ADVITI4S.1]
B0 Dragaphita mefancgaster MTa AGEISE20.1
Daphnle pulex MT1a EFXTERSL]
4m|:mm puiex MT3 EFX85803.1
71 | Calinactes sapidus MT1s AABISITY
9| | Callinectas sapidus MT1h P55840.1
) Portunus tritubercalatus MT2 AGY 15438 1
# Litop i JT0 1600
QEE Bythograss thermydran CANBESGT.1 lavertebrates
aals Cyanagrasa praedator CANBGSER T
1ol Homarus americanus CACE0ES9.7
Pacifastacus leniusculus AAFOTIIST
23 Dromia personata CANAGIEE.T
] 58 Penacus don ADGEEITE.1
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o) Salmo salar ACIGES84.1
Salmo sals MTa NP_001947140.1
ﬁ‘_ﬁm salar MTE NP_00T147941.1
51 Oncorhynchus mykiss gairdnen AAAJO56E.1
- Mus musculus WT1h EDLTTT13.7  Vertchrates
o Rattus norvegices MT1 AA441641.1
“ EBaiasna mysticetus MT1 AABTI061
1 Hema MT1 AAPTEET.A
x Rattus rattus MT3 CAAE04.1
! Zoctocs vivipars CAJ3215.1
n Mus fus MT4 EDL1T71E1
X lwevis NP 0010810421 ]

L

Fig. 2 Malecula phylogenetic anahysis by masimum likelihood. The penentages of replicate trees in which the rsocisted taxa clusterad together in the bootstrap et (1000
replicaes ) are shown next o the branches The tree i drawm o scale, with branch lengths measured in the number of sulstindions per site. GenBank acoession mumbers ane

provided néxt o each Species name

The Genome Walker strategy yielded a sequence of 543 bp up-
stream the translation initiation codon. Analyses of this region by
MSITE and TRANSFAC revealed the presence of 198 motfs repre-
senting 64 different response elements (Fig, 3B) This proximal
promoter region mntains more than 50 GAGA response elements
that may be bound by GAGA factors (GAF) that regulate up to 28
cellular pathways by activating or pausing transcaiption (Kwak
et al., 2013; van Steensel et al, 2003 ) during chromatin remodiel-
ing (Berger and Dubrewm, 2012), four TATA-binding-protein ( TBP)
elements and twio cAM P-response element binding protein (CREB)-
responsive elements. Three different metal response elements

(MRE) were found: MREe ctgTGCACACtggcg and MREEa on the
coding strand, and a metal response element for binding factor-1
({MBF-1) on the antisense strand (Dalton et al., 1996; Imbert et al.,
1989; Labbe et al, 1991} Remarkably, a HIF-1 response element
(HRE) RCGTG was also found on the mding strand. Two p53-
response elements were also found in this egion (Bourdon et al,
2005: Tamir and Bengal, 1998) Metllothionein promoters in
higher eukaryotes contain multiple, yet imperfect, repeats of metal
response elements (MRE) (Karin et al., 1987). The differences in
MEE sequences also reflect their variable strength to drbve tran-
seription (Culotta and Hamer, 1989). The highly onserved core
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sequence TGOPLCNC (Culotta and Hamer, 1989) is essential for the
induction of MTs by metals. Howewver, the overall expression levels
are given by the additive effect of MRE and non-MRE upstream
elements (Imbert et al, 1989}, Moreover, as shown in mammalian
systems, MT expression does not only respond to heavy metals but
also to other environmental stresses such as redox Mluctuations
{Andrews, 2000; Palmiter, 1998) and hypoxia, where the duo
hypoxia-inducible transcription factor-l1z (HIF-12)/metal-tran-
scription factor-1 (MTE-1) is essential to induce MT expression by
hypoxia (Mur phy et al., 2008). The presenc: of a HRE in the LvMT
gene promoter region may reflect its involvement in the response/
adaptation to hypoxia in shrimp and the RT-qPCR results herein
obtained indicate that there is indeed an effect of hypoxia
increasing MT mRNA levels rapidly (Section 3.4} Like in other
species, n L ovannamet HIF-1z is regulated by hypoxia and its
expression levels varies in different tssues in both normoxic and
hypoxic conditions (Sonanez-Organis et al, 2009), although the
protein has not been quantitated. MT highest mENA expressions
are found in hepatopancreas, where HIF-1a mBNA is lower
Conversely, gills have the highest HIF-12 and the lowest MT
expression levels. Whereas the response to hypoxia is the primary
roke of HIF-1, MT is generally considered to fundion in metal ho-
meostasis and detoxificaion processes. Nevertheless, if the MT

activation by hypoxia occurs by means of the HIF-12/MTFE-1 duo, it
is sensible to think that HIF-12 could be imposing a sort of tissue
limitation. If MT constitutive levels are already high in hepato-
pancreas because of its metal-related processes, then probably low
HIF-12 levels will suffice to increase MT expression to the required
levels under hypoxic condiions. Conversely, in gills high HIF-12
mnsttutive levels could quickly drive expression of the sarce MT
transcripts. Thus, the differences in HIF-12 tissue expression levels
uld possibly account for a HIF-1 role not only in glycolysis
regulation as reported by Sonanez-Organis et al. (2010) but also in
the activation of antioxidantdefenses of the sort of MTs. Cearly, the
contribution of MTF-1 is also expected to be of paramount impoes-
tanice in this mechanism and needs to be nvestigated in shrimp.
Additionally, whether the mRNA levels of MT and of 2 and f sub-
units of HIF-1 are parallebed by the protein levels is yet to be tested.

33, Tissue distribution of LeMT mRNA

The LvMT mRNA transcripts were quantified by real-dime RT-
gPCR and detected in all seven tssues studied from normoxic
shrimp (Fig 4) The gPCR reaction effidendes of the dynamic
ranges were 94 2%—100.5% for L8 and 93%-1003% for MT. In all
gPCR runs, B2 values were =05987. The lowest relative expression
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Fig- 4. Relative expression of LvMT mRNA in different Gssues. Statistical analysis was
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was found in gills, followed by hemooytes (1.3 fold-change
mmpaned to glls), muscle (6.9 fold-change), intestine (164 fold-
change) and the highest expressions were in pleopods (1724
fold-change), heart (211 fold -change) and hepatopancreas (3222
fold-change) (Fig. 4). Statistically significant differences (p < 0.05)
weer e found between tisues.

MT is widely expressed in adults of aquatic invertebrates after
meetal treatments in various tssues including gills, hepatopanoreas,
muscle, heart and gonads and the highest expressions were often
found in hepatopanoeas and gills {Maoet al, 20012}, In L vannamei,
the highest expression of the MT mRENA was detected in hepato-
pancreas, which appears to be the major organ that sequesters and
detoxifies metals in invertebrates (Ahearn et al, 2004). The ridge-
tail white praawn, Exopaloemon corinicoudn expresses a copper-
induced metallothionein only in hepatopancreas even without a
copper challenge (Zhang et al., 2004} A similar rend was found in
the shrimp Rimicaris exoculata, where the higher abundance of MT
proteins (determined by differential pulse polarography, DFF) in
hepatopandr zas rather than in gills and abdomen was explained by
the higher ratio of soluble metals in the former tsswe (Geret et al,
2002). Nevertheless, studies on nter-organ MT expression differ-
ences in several other crustaceans, have shown remarkable higher
levels of the protein in hepatopanceas than in gills, even when
similar metal mncentrations were found in both tssues (Amiard
et al, 2006).

Although physiological and cellular studies are needed in
L vannarnei, the tssue-specific expression of MT in non-stress
conditions, could indicate its involvement in normal physiological
processes of Cu and Zn regulation at the cellular level that conatrol
growth and reproduction (Engel, 19871 Also, it is plausible that
different metallothioneins are expressed o different dssues in
response o different challenges.

34. Expression profile of MT under hypoxia challenge

Despite the tissue expression profile in this study showed
relative low levels of MT mENA in gils, an increased MT tran-
scription in response to lypoxia should not be ruled out in this

organ, espeaally knowing that in aquatic organisms hepatopan-
creas and gills are the main tssues involved in metal uptake,
storage and excretion, having a high capacity to synthesize MTs
{Amiard et al, 2006). Moreover, gills are key for oxygen uptake, and
hence, are primary tissues to sense hypoxia. Therefore, the LvMT
mEMNA relative expression was quantified in gills and hepatopan-
creas under differe nt hypoxia times (Fig. 5). In both tissues tested,
there was an increase of MT transcripts after 3 h in hypoxia fol-
lowed by a decrease after 24 and 48 hin by poxia. In hepatopanco eas
there was a L5-fold increase of MT levels at 3 hof hy poxia and after
24 and 48 hthe levels had deaeased approximately 1.5-fold below
the normoxic levels, A similar response was found in gills, where a
more dramatic 4.0-fold increase in LvMT was found after 3 h of
hypoxia and by 24 and 48 h of hypoxia MT transcaipts returned to
pre-exposure levels. However, it should be noted that LvMT mRNA
expressions are much higher in hepatopancreas than in gills and
this remains true also for the expression after 24 and 48 h of
hypoxia. These results reflect the status of LvMT mRNA at only
three time points and one oxygen level {145 £ 02 mg DO L), but
the effects of hypoxia might be dose and time dependent. Never-
theless, the changes here deteded in MT transcipts are reminis-
centto those found in the intertidal snail Lictoring litorea where MT
expression s miggered after only 1 h of anoxia and rises to
maximum values after 12 h (English and Storey, 2003} This might
mirror the transcriptional response of MT in mammals, where a
high rate of transaiption occurs after 1-2 h, although the rate and
extent to which these transcripts accumulate vary acoording to the
indudng metal (Miles et al, 2000). As for aquatic vertebrates, a
signifi@nt increase on MT mBENA occurs in the gills of the rainbow
trout Oncarhynchus mykiss in mesponse to 4 h of wpper-induced
hypaxia (van Heerden et al, 2004). An early incement of MT
protein is also seen in the copepod Tigriopus brevicornis after 1 day
of cadmium exposure (Barka et al, 2001) and in the marine cab
Charybdis japonica, where an induction of MT is first observed in
gills and hepatopancreas after 3 days of cadmium exposure (Pan
and Zhang, 2006). In both cases, no measurements were taken
before the stated time points, thus, an even earlier rise in MT
concentration could have occurred without being detected. More
studies have reported an inorease of MT proteins or MTLP in aquatic
invertebrates, however, the course of exposure to the riggering
agent (mostly metals) is usually in the range of days, weeks or
months mther than hours. In L vannamel the indudion of MT
proteins (measured by DPP) upon cadmium exposure was tested
after 0, 1, 3, 5 and 9 days, detecting elevated levels after three days
in hepatopamreas (Moksnes et al, 1995). Similarly, Wu and Chen,
(2005) quantfied MTs (by silver-saturation method) in response
to cadmium and zinc after 4, 7, 14, 21, 28, 56 and 84 days, finding an
increase of the protein only after 28 days in both hepatopanco eas
and gills of the white shrimp.

Given the long half-lives of MTs (reviewed by Amiard et al,
2006), the increase of MT transaripts after 1 h of hypaxia might
be sufficient to sustain MT proteins levels necessary under more
restricive oxygen availlability or recxygenation. In the scallop
Chiarnys nobilis upon metal stress there was rapid MTLP synthesis
and relatively slow degradation of the newly synthesized proteins
(Liv and Wang, 2011. Some hypoxia-tolerant animals mesist
oxidative stress by increasing the expression andfor activity of
antoxidants (Welker et al., 2013 ). Even more, the effects of metals
or lwpoxia on metallothioneins and antoxidant enzymes are
signifianty different to the effect upon exposure to the combined
stresses, as Garcia-Sampaio et al. (2008) found in the pacu
neotropical fish Paroogus mesopofomicus. Antioxidant enzymes
studied in L vannamei in response o hypoxia indude catalase, that
is induced in expression and adivity in gills after only 6 h of hyp-
oxia (1.5 mg DO L") and these increments are sustained through
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1 h reoxygenation, 24 h of hypoxia and 1 h reoxygenation,
consecutively (Trasvifa-Arenas et al, 2013). Similarly, total S0D
activily increases activity after 24 h of hypoxia (1.0 mg DO L") in
hepatopancreas and muscle (Parrilla-Taylor and Zenteno-Savin,
2011} GPx activity is triggered in muscle after 1 h reaxygenation
but decreases in hepatopancreas (Parrilla-Taylor and Zenteno-
Savin, 2011), and SOD activity is induced upon & h reoxyzenation
(Garda-Triana et al, 20010} Also, the mRMNA expression of cMnaSOD,
GPx and methionine sulfoxide reductase (MsrB) increased after 4 h
hypoxia (4.0 kPa) whe reas GST and thioredoxin (TRX-1) transcripts
decreased, suggesting a selective down-regulation of these latter
transcripts instead of a global decrease of protein synthesis as part
of the metabolic depression strategy in response to hypoxia (Kniffin
et al, 2014).

The nceased LVMT mENA expression along with the rapid
increased expression or activity of catalase (Trasvina-Arenas et al,
2013), total SOD and GPx in response to hypoxia (Parrilla-Taylor
and Zenteno-Savin, 20011} and also the increased cMnSOD tran-
script levels and SOD activity in response to reoaxygenation (Garda-
Triana et al., 2000) is in line with the “preparation for oxidative
stress™ hypothesis proposed by Hermes-Lima et al. (1998), which
states that in organisms evolutionary adapted to transitions be-
pween normal and extreme oxygen concentrations, an exposure to
extreme situations induces the adaptive response that helps them
survive at recovery by attenuating the effecs of increased ROS
formation during hypoxiareoxygenation. MT antioxidant acivity
might indeed contribute to protect L wannamei from oxidative
damage, since it can remove Oz and-OH simultaneously and can
react with OH about 10000 times faster than 50D (Mao et al,
2012). These results should be complemented with studies on
abundance of the LvMT protein since it s well known that MT is
regulated both at the transaiptional and at the post-translation al
levels { McCormick et al., 1991).

In summary, LvMT expression was detected in several tissues
under physiological conditions with the highest expression in
hepatopancreas. A rapid increase in transcaript levels in hepato-
pancreas and gills is induced in response to hypoxia. This induction
could be mediated by HIF-1 and MTF-1 since their response ele-
ments are present in the LvMT promoter region. The MT protein
possibly has a protective effect against ROS generated during
hypoxia stmuli. Although these hypotheses remain o be tested,

the findings herein reported point towards the function of MT as
part of the strategy displayed by the shriimp to cope with stresses
other than metal-exposure, importantly to hypoxia. Hence, care
should be taken when considering shrimp MT mENA only as a
heavy metal-pollution biomarker.
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RESUMEN

Los mecanismos celulares utilizados por el camardn Litopenaeus vannamei para
responder a la hipoxia han sido estudiados desde los angulos del metabolismo energético
y de antioxidantes. Aqui investigamos la participacion de p53 y metalotioneina (MT) en
el proceso apoptdtico en respuesta a hipoxia en hemocitos de camardn. Los genes Lvp53
o LvMT fueron silenciados eficientemente por inyeccién de RNA de doble cadena
correspondiente a p53 o MT. El efecto del silenciamiento sobre apoptosis se midié por la
actividad de caspasa-3 y por citometria de flujo en hemocitos después de 24 y 48 h de
hipoxia (1.5 mg OD-L™). Los hemocitos de los animales sin silenciar tuvieron niveles de
apoptosis significativamente mas altos en ambos tiempos de hipoxia. Los niveles
apoptoticos disminuyeron pero no se suprimieron en hemocitos de camarones silenciados
con dsp53 pero no con dsMT luego de 24 h de hipoxia, lo cual indica una contribucion de
Lvp53 a apoptosis. La apoptosis en normoxia fue significativamente mas alta en animales
silenciados con dsp53 y dsMT que en los controles sin silenciar, lo cual apunta hacia un
papel citoprotector de LvMT y Lvp53 durante el programa apoptotico basal en normoxia.
Estos resultados indican que la hipoxia aumenta la apoptosis en hemocitos de camarones

y altos niveles de transcritos de Lvp53 y LYMT no son necesarios para esta respuesta.

Palabras clave: Hipoxia, apoptosis, caspasas, silenciamiento con dsRNA, p53,

Litopenaeus vannamei
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Abstract

The cellular mechanisms used by the shrimp Litopenaeus vannamei to respond to
hypoxia have been studied from the energetic metabolism and antioxidant angles. We
herein investigated the participation of p53 and metallothionein (MT) in the apoptotic
process in response to hypoxia in shrimp hemocytes. The Lvp53 or LvMT genes were
efficiently silenced by injection of double stranded RNA for p53 or MT. The effects of
silencing on apoptosis were measured as caspase-3 activity and flow cytometry in
hemocytes after 24 and 48 h of hypoxia (1.5 mg DO L). Hemocytes from unsilenced
animals had significantly higher apoptosis levels upon both times of hypoxia. The
apoptotic levels were diminished but not suppressed in dsp53-silenced but not dsMT-
silenced hemocytes after 24 h of hypoxia, indicating a contribution of Lvp53 to apoptosis.
Apoptosis in normoxia was significantly higher in dsp53- and dsMT-silenced animals
compared to the unsilenced controls, pointing to a possible cytoprotective role of LvMT
and Lvp53 during the basal apoptotic program in normoxia. Overall, these results
indicate that hypoxia augments apoptosis in shrimp hemocytes and high mRNA levels of

Lvp53 and LvMT are not necessary for this response.

Keywords: Hypoxia, apoptosis, caspases, dsRNA silencing, p53, Litopenaeus vannamej
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1. Introduction

In the diversity of environments in which shrimp and other crustacean inhabit, either
naturally or in commercial farms, variations in the dissolved oxygen levels occur (Helly
and Levin, 2004). Broadly, oxygen concentrations below 3.0 mg DO L are considered
hypoxia for aquatic organisms (Diaz and Rosenberg, 1995; Gray et al., 2002), but since
these animals are continuously exposed to such oxygen drops, some of them have
developed strategies to tolerate such environmental changes.

The strategies used by invertebrates to handle oxygen changes include
hypometabolic/hypothermic behavior, production of ethanol instead of lactic acid
during low oxygen episodes, enhancement of the antioxidant system and bradycardia,
among others (Gorr et al., 2010; Joyce et al., 2016; Welker et al., 2013). For some other
hypoxia-tolerant organisms, like Artemia franciscana and Spalax spp, apoptosis evasion
is a potent strategy to cope with hypoxic challenges (Band et al., 2010; Menze and Hand,
2007). In the penaeid shrimp Penaeus monodon and Litopenaeus vannamei apoptosis is
triggered by viral infections, hyperthermia and hypothermia (Chang et al., 2009; Granja
et al., 2003; Wongprasert et al., 2003). Whether this apoptotic induction occurs in
response to hypoxia is unknown.

Knowledge regarding apoptosis regulation in invertebrates is mainly limited to
Drosophila melanogaster and Caenorhabditis elegans and these models might not reflect
the apoptotic mechanisms in other species within the Arthropoda phylum (Menze et al.,
2010). Nevertheless, apoptosis induction in response to DNA damage, occurs in all

invertebrates in which the p53 superfamily function has been studied so far (Rutkowski

58



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

et al., 2010). The p53 protein has been widely investigated in human and in several
animal models due to its determinant role in oncogenic processes. Functional p53 is a
tetrameric transcription factor that requires the incorporation of zinc into its structure
for the proper folding needed for DNA binding (Brosh and Rotter, 2009; Meplan et al.,
2000). Activation of p53 is triggered by different cellular stresses such as DNA damage,
oncogenic signaling and hypoxia. Once activated, p53 promotes the transcription of over
150 genes involved in cell cycle regulation, induction of apoptosis, tumor suppression,
regulation of metabolic pathways, cell senescence, and DNA repair, among others
(Levine and Oren, 2009). Besides its transcription-dependent apoptotic role, p53 also
exerts transcription-independent apoptosis by accumulating in the cytosol or in the
mitochondria where it induces oligomerization of pro-apoptotic Bax and Bak proteins
and antagonizes Bcl-2 and Bcl-X. anti-apoptotic effect (Amaral et al., 2010; Speidel,
2010). Studies in mammalian cell lines indicate that, specifically in response to hypoxia,
p53 induces apoptosis but not cell cycle arrest (Koumenis et al., 2001). Hypoxia
suppresses the association of p53 to its ubiquitin-ligase, MDM2 (Murine Double Minute
2), therefore, p53 stabilizes and accumulates in its transcriptionally active form (Haupt
et al., 1997). On the other hand, numerous studies have correlated high metallothionein
(MT) levels with apoptosis resistance. It appears that independently of the cell type, MT
protects cells from apoptosis induced by oxidative stress, metals and anti-cancer drugs
and it has been proposed to have a role in regulating the apoptotic process (Shimoda et
al., 2003; Wang et al., 2001). MTs are small cysteine-rich proteins that can bind up to

seven bivalent metallic ions and are involved in the homeostasis of essential metals
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(Braun et al., 1992; Ostrakhovitch et al., 2007). The metallic ions can be obtained from
metalloenzymes and transcription factors, therefore contributing to the regulation of
their activity (Cano-Gauci and Sarkar, 1996; Roesijadi et al., 1998). In vitro, MT acts as a
strong chelator to remove zinc from p53, whereas in intact mammalian cell lines, it
modulates p53 transcriptional activity (Meplan et al., 2000).

The white shrimp, Litopenaeus vannamei is capable of surviving hypoxic conditions and
studies on the molecular mechanisms underlying the adaptation to oxygen deprivation
in this species in our group have been mainly focused on antioxidant defense and energy
metabolism pathways (Cota-Ruiz et al., 2015; Garcia-Triana et al., 2010b; Martinez-
Quintana et al., 2015; Martinez-Quintana et al., 2014; Martinez-Quintana et al., 2016;
Sonanez-Organis et al., 2010; Trasvifia-Arenas et al., 2013). However, cell fate
mechanisms under hypoxia in this organism are still unknown and although there is
evidence of some proteins involved in the apoptotic process in crustacean (Leu et al.,
2012), studies on their functionality in the physiological context are scarce (Menze et al.,
2010). Whether hypoxia triggers p53-dependent apoptosis in penaeid shrimp or if it
displays apoptotic resistance as in other hypoxia-tolerant organisms, is yet unknown.

In this study, the roles of p53 and MT in response to hypoxia in L. vannamei were
investigated. We herein report the occurrence of hemocyte apoptosis in response to
hypoxia. Furthermore, through dsRNA-driven silencing, we show a p53-dependent
caspase activity in these cells. These findings contribute to the understanding of how

homeostatic basic processes such apoptosis occur in crustacean.
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2. Materials and methods
2.1. Synthesis and injection of Lvp53 and LvMt dsRNA

A region of 696 bp of Lvp53 coding sequence (positions 451 to 1145, GenBank accession
no. KX179650) was selected to be targeted by the dsRNA. As for the LvMT silencing, a
331 bp fragment corresponding to the full coding sequence and UTRs was used (positions
489-565, 866-945 and 1227-1402 of the complete gene, GenBank accession no.
KJ701600.1) The Lvp53 and LvMT fragments obtained from cDNA by PCR were cloned
into pGEM®-T Easy Vector System (Promega, Madison, WI, USA) in both sense and
antisense directions. The fragments including the T7 promoter sequences from the
plasmid vector were used as templates to produce in vitro single stranded RNA (ssRNA)
using the T7 RiboMAX™ Large Scale RNA Production System (Promega, Madison, WI,
USA). Complementary hybridization to obtain double stranded RNA (dsRNA) for each
gene, was done by mixing together equal amounts of each ssRNA, heating the mixture
at 80 °C for 10 min and allowing slow cooling down at room temperature until reaching
28 °C. The resultant dsRNA were assessed by 2% agarose gel electrophoresis, by verifying
changes in migration compared to the ssRNAs (Garcia-Triana et al., 2010a). The dsRNAs
were quantified spectrophotometrically at 260 nm.

Shrimp were intramuscularly injected 25 pg of LvMT dsRNA (dsMT) or Lvp53 dsRNA
(dsp53) in a final volume of 100 uL of 150 mM NaCl sterile saline solution (SS). Unsilenced
control animals were injected 100 pL of saline solution. Shrimp were subjected to

hypoxia treatments 24 h after the dsRNA injection for silencing.

2.2. Experimental animals

61



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

Healthy juvenile whiteleg shrimp (L. vannamei) were obtained from a local shrimp farm
and maintained in the Laboratory of Marine Invertebrates Physiology of CIAD (Sonora,
Mexico) in 100 L fiberglass tanks with constant aeration through air-diffusing stones, in
preconditioned seawater at 28°C and salinity of 35 ppt. The seawater was previously
pumped through sand-filters, followed by 5 uM and 10 uM bag-filtration, ozone
treatment, ozone destruction and finally passed through 5 uM and 10 uM filters once
again. Dissolved oxygen, temperature and salinity were continuously monitored
throughout the experiment. Animals were fed a commercial 35% protein feed at a rate
of 3% body weight per day. Static-renewal system was used where water quality was
monitored daily and water exchange was done to maintain less than 3.0 mg-L* of total
ammonia levels. Groups of 12 intermolt animals weighting 12.5 + 0.59 g were assigned
to each of 12 tanks and were acclimatized for three days before being subjected to the
following treatments: 1) normoxia (5.13 * 0.11 mg of DO L™) injected with SS; 2)
normoxia (5.02 = 0.11 mg of DO L™) injected with 25 pg of dsMT; 3) normoxia (4.87 +
0.23 mg of DO L™) injected with 25 pg of dsp53; 4) hypoxia (1.54 + 0.28 mg of DO L)
injected with SS; 5) hypoxia (1.53 + 0.20 mg of DO L) injected with 25 pg of dsLvMT and,
6) hypoxia (1.64 + 0.25 mg of DO L) injected with 25 ug of dsp53. The DO concentration
in the hypoxia treatments was induced by mixing nitrogen gas and air. Dissolved oxygen
was measured every hour with an oximeter (YSI model 55, Yellow Spring, OH, USA) and
adjusted if necessary. The 25 pg doses for injection were determined in preliminary
experiments (data not shown). The dsRNA was resuspended in saline solution and the

shrimp were injected 24 h before the beginning of the hypoxia challenge. Nine shrimp
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from each of these groups were collected after 24 h of normoxia or hypoxia induction.
Nine animals from six identically treated groups were collected after 48 h of normoxia or

hypoxia induction. Animals were fasted for 12 h before the collections.

2.3. Hemolymph collection
Hemolymph (300 pL) from individual animals was extracted from the ventral sinus of the
cephalotorax using a 1 cc syringe containing pre-chilled shrimp salt solution (SSS, 450
mM NaCl, 10 mM KCI, 10 mM EDTA-Naz, 10 mM HEPES, pH 7.3). Pools with 100 uL and
150 pL of hemolymph from each of three shrimp were made for the caspase assay and
RT-gPCR quantification, respectively. Hemolymph from individual shrimp was used for

the flow cytometry analyses.

2.4. LvMt and Lvp53 mRNA quantification in hemocytes by RT-qgPCR

Total RNA from hemolymph (450 uL) of shrimp in normoxic and hypoxic regimes was
isolated using TRI Reagent® (Sigma-Aldrich, St. Louis, MO, USA) and treated with DNase
| (Roche Diagnostics, Indianapolis, IN, USA) to remove residual contaminant genomic
DNA. The cDNA synthesis was done using the QuantiTect® Reverse Transcription
(Qiagen® Valencia, CA, USA) system according to the manufacturer instructions using
500 ng of DNase-treated total RNA. Real time PCR primers Lvp53F3 (5'-
CCAAGCAGCAATGTGTCAG-3") and Lvp53F4rv (5°-CTTGTTGCGATCTTT GTTGC-3’) for the
Lvp53 gene were designed to amplify a fragment of 177 bp. For LvMT RT-qPCR,
previously reported primers MTRTF (5 -CTGATCCATGCTGTAACGAG-3") and MTRTRv (5'-

CATCTTGTTGCACACTCCTC-3") were used to amplify a 145 bp fragment (Felix-Portillo et
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al., 2014). The gene for the ribosomal protein L8 (GenBank accession no. DQ316258.1)
was used as reference and a 166 bp fragment was amplified using the primers L8F2 (5'-
TAGGCAATGTCATCCCCATT-3") and L8R2 (5-TCCTGAAGGGAGCTTTACACG-3’) (Trasvifia-
Arenas et al., 2013). Standard quantification curves were made with serial dilutions from
25 ng to 6.4 x 102 pg pL?! of cDNA (equivalent of total RNA) from gill (for L8
quantification) or hepatopancreas (for LvMT and Lvp53 quantification). For each
treatment group, four technical replicates for each of three pools of hemocytes were
analyzed by RT-gPCR to assess mRNA expression and the silencing efficiency. The RT-
gPCR reactions were carried out in a final volume of 20 pL containing nuclease-free
water, cDNA derived from 12.5 ng of total RNA, 2x iQ SYBR Green Supermix (BioRad
Laboratories, Hercules, CA, USA), L8 primers to a final concentration of 1 uM, or LvMT
primers to a final concentration of 125 nM, or Lvp53 primers to a final concentration of
200 nM. Non-template controls were included in each run. Reactions were done in a
CFX96™ Real-Time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA).
Amplification programs for L8 and LvMT were as previously reported (Felix-Portillo et al.,
2014). For the Lvp53 amplification the following program was used: 95 °C for 3 min
followed by 40 cycles of 95 °C for 30 s, 56 °C for 35 s, 72 °C for 55 s, taking the
fluorescence reading at the extension step. Efficiency and linearity of the dynamic range
for the three genes were determined and relative expression of Lvp53, LvMT and L8 were
calculated by the 272 method (Schmittgen and Livak, 2008). The silencing efficiency was
measured by the percentage of LvMT or Lvp53 transcripts reduction in the dsRNA-

injected animals relative to the saline solution injected animals.
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2.5. Caspase-3 activity
The activity of caspase-3 was determined using the colorimetric CaspACE™ Assay System
(Promega, Madison, WI, USA), in which the caspase substrate Ac-DEVD is labeled with p-
nitroaniline (pNA). Upon cleavage, free pNA produces a yellow color proportional to
DEVDase activity in the sample and is read spectrophotometrically at 405 nm as in
(Thornberry, 1994). Diluted hemolymph (300 ul) was centrifuged at 300 x g, 4 °C for 20
min and the pellet was resuspended in 50 pL of the provided cell lysis buffer. The cells
were lysed by two freeze/thaw cycles at -80 °C for 80 s / 37 °C for 20 s, then incubated
on ice for 15 min. The cell lysates were centrifuged at 17,400 x g, at 4 °C for 15 min and
the supernatant fractions were collected to measure caspase activity and protein
concentration. For the caspase assay, 10 ulL of the supernatant were added to 40 uL of
the caspase reaction mix containing 16 pL of caspase assay buffer, 1 uL of DMSQO, 5 ulL of
DTT (100 mM), 17 uL of deionized water and 1 puL of the Ac-DEVD-pNA (10 mM)
substrate. Duplicate reactions for each sample were incubated at room temperature for
20 h. The absorbance at 405 nm was measured using a Multiskan GO microplate reader
(Thermo Scientific, USA) at times 0 and 20 h after the incubation with the substrate. A
pNA standard curve was prepared according to the manufacturer and was used to
calculate caspase-specific activity. Protein concentrations were determined by the
Bradford method using a BSA standard curve and used to normalize caspase activity

(Bradford, 1976).

2.6. Analysis of apoptosis by flow cytometry
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Apoptosis of hemocytes collected at hypoxia 48 h was assessed by flow cytometry using
the Alexa Fluor®488 annexin V/Dead Cell Apoptosis kit with Alexa® (Invitrogen, USA)
according to the manufacturer’s protocol with slight modifications. Hemolymph was
centrifuged at 300 x g for 10 min at 4 °C and hemocytes were washed once in 2X SSS and
centrifuged at 300 x g for 10 min at 4 °C. Cell viability was verified by trypan blue
exclusion before centrifugation. Hemocytes were resuspended in 1X annexin-binding
buffer at 1 x 108 cells mL™?, followed by addition of 7.5 pL of Alexa Fluor®488 annexin V
and 1 pL of 100 pg puL? propidium iodide (Pl). Hemocytes were incubated 15 min in the
dark and were then added 400 ulL of 1X annexin-binding buffer. Cells were analyzed by
flow cytometry (BD FACSCanto Il, San Jose, CA) measuring fluorescence emission at 530
nm and 575 nm, using 488 nm excitation wavelength. Results are expressed as mean

percentage of apoptotic cells.

2.7. Statistical analyses
Statistical analyses were carried out in NCSS and PASS, 2007, and GraphPad Prism, 2007
programs. The effect of hypoxia on the relative expression of LvMt and Lvp53 was
analyzed by one way ANOVA and Tukey-Kramer means comparison test. The effect of
silencing on relative expression was analyzed with a Student t-test and the caspase-3
activity was analyzed by two-way ANOVA (hypoxia x silencing) and Fisher post hoc means

comparison test. Differences were considered significant when p<0.05.

3. Results and Discussion

3.1 Expression of LvMt in hemocytes increases after 48 h of hypoxia
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Our RT-gPCR results show that metallothionein mRNA transcripts in hemocytes are 9.8
fold-change higher after 48 h of hypoxia (1.44 + 0.26 mg DO L) compared to the
normoxic control (5.10 +0.11 mg DO L?) (Fig. 1). We previously reported normoxic LvMt
transcript profiles in different tissues, finding hemocytes among the lowest expressing
levels and were therefore not tested in the hypoxia challenge. In that study, expression
levels in hepatopancreas and gills increased in response to 3 h of hypoxia (1.45 £ 0.2 mg
DO L), but not after 24 or 48 h (Felix-Portillo et al., 2014). The 3 h hypoxia challenge was
not tested in the present study, so an increase of transcripts at this time point in
hemocytes cannot be ruled out. Although MTs are recognized as important metal
scavengers, their role as antioxidants against reactive oxygen and nitrogen species has
been vastly supported. Reactive oxygen species are generated during hypoxia (Azad et
al.,, 2011; Clanton, 2007; Chandel et al., 2000; Sun et al., 2016) and/or hypoxia-
reoxygenation events (Lawniczak et al., 2013; Zenteno-Savin et al., 2006) and must be
counteracted by antioxidant enzymatic and non-enzymatic proteins. Thus, the enhanced
expression of LvMt at 48 h of hypoxia probably reflects the contribution of the MT to the
redox cycle (Ruttkay-Nedecky et al., 2013) to maintain oxidative homeostasis in L.
vannamei during oxygen depletion/restitution episodes. The efficiency of dsMt silencing
was evaluated in both normoxia and hypoxia. In the case of normoxia 24 h, LvMt
transcripts in the dsMt-silenced animals were below the detection limit of our dynamic
range (25 ng to 6.4 x 10 pg/uL of cDNA). As for the hypoxia analysis at the same time

point, the silencing was 98% efficient compared to hemocytes from animals injected with
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242  saline solution only (Fig. 2A). The LvMt knockdown efficiencies at 48 h were 73.5% and

243 93% for normoxia and hypoxia, respectively (Fig. 2B).
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Figure 2. Effect of silencing on the expression level of LvMt in hemocytes. Animals were
injected with saline solution (SS) or 25 pg of dsMt and exposed to normoxia (5.0 mg DO
L) or to hypoxia (1.5 mg DO L?) for (A) 24 h or (B) 48 h. LvMt expression levels relative
to L8 are shown as 2°2%9 x 103, Bars represent means + SD from n>3 with four technical
replicates. Data were analyzed by Student t-test. Asterisks indicate significant differences
between means (p<0.05). Cumulative mortalities were 1.9% and 3.8% for SS and dsMt,

respectively.

3.2 Lvp53silencing results in enhanced expression of LvMt transcripts
The LvMt mRNA levels were also evaluated in hemocytes from the dsp53-injected
animals. LvMt transcript abundances were higher in the dsp53-injected animals than in
the SS-injected animals in all treatments (Fig. 3). Statistically significant higher levels
were found in normoxia 24 h (1,250 fold-change), normoxia 48 h (53 fold-change),
hypoxia 24 h (715 fold-change) and hypoxia 48 h (75 fold-change) compared to the
corresponding controls. These results suggest a regulatory activity of Lvp53 over LvMT
expression. The promoter region of the LvMt gene contains at least two p53 response
elements on the non-coding strand (Felix-Portillo et al., 2014). This could point towards
a mechanism of transcriptional interference (Shearwin et al., 2005), whereby the
transcription of LvMt on the coding strand is suppressed in cis by a transcriptional
process from the p53 response element on the non-coding strand. The presence of

overlapping convergent promoters may lead to collision of RNA polymerases on opposite
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strands, thus causing one of them to stall and backtrack (Palmer et al., 2011). This would
provide yet another mode of LvMT regulation at the transcriptional level during
physiologically related and opposing processes such as p53-dependent apoptosis and
apoptosis resistance aided by the MT protein. In a recent study, (Ostrakhovitch et al.,
2016) found that inactivation of the p53 protein in human liver carcinoma cells led to
higher expression levels of different MT isoforms, and that p53 might be negatively
regulating MT-3 in epithelial cancer cells. It has also been shown that MT is upregulated
by hypoxia and mediates stabilization of HIF-1a, therefore constituting a possible
mechanism of hypoxia tolerance (Kojima et al., 2009). In line with this, MT modulates
p53-mediated transcription possibly by chelating the zinc atom required for the DNA-
binding conformation of p53 (Meplan et al., 2000). In L. vannamei only one Mt gene
generating one transcript has been reported to date, its expression level is tissue-specific
and probably regulated in response to metals but also to other environmental cues.
Thus, the regulatory interplay of different transcription factors such as MTF-1 (Metal-
responsive Transcription Factor 1), p53 and HIF-1 might compensate the lack of several

tissue- and stimuli-specific isoforms of the protein in the shrimp.
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Figure 3. Effect of reciprocal silencing on relative expression of Lvp53 and LvMt in
hemocytes. A) Relative LvMt expression when silencing Lvp53 and B) Relative Lvp53
expression when silencing LvMt, in response to 24 h and 48 h of hypoxia and their
respective controls in normoxia. Statistical analysis was based on comparison of the

expression relative to L8 (2%9). Bars indicate means + SD. Different lowercase letters

indicate significant differences between means (p<0.05) to n > 3.
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3.3 Lvp53 expression drops in response to 48 h hypoxia
The Lvp53 mRNA expression levels in hemocytes in response to hypoxia were evaluated
through RT-gPCR. The Lvp53 transcripts were equally abundant at normoxia 24 h,
hypoxia 24 h and normoxia 48 h, but were significantly lower (3 fold-change) after 48 h
of hypoxia (Fig. 4). This change in expression is opposite to the reported in the
hepatopancreas of the river prawn Macrobracchium niponesse, in which the p53
transcripts peak after 48 h of hypoxia (2.0 mg of DO L™) (Sun et al., 2016). Nevertheless,
differences in p53 expression patterns along tissues (hemocyte and hepatopancreas in
this case) and species are not surprising. In the Mediterranean mussel Mytilus
galloprovincialis, p53 mMRNA levels raise 3 h after UV-irradiation and drop back at 6, 24
and 48 h post-irradiation (Estévez-Calvar et al., 2013). In our study, only two time points
were tested and it is possible that a rapid response in p53 mRNA levels was missed out
before the 24 h of hypoxia. The classical model of p53 regulation is greatly regarded as
post-translational, relying on several p53 protein modifications such as methylation,
acetylation, phosphorylation, glycosylation, ubiquitination, neddylation and
sumoylation. Ultimately, these modifications contribute to p53 stabilization, activation
and degradation (Dai and Gu, 2010; Kruse and Gu, 2009). However, recent studies show
that p53 regulation also occurs at the mRNA level via its 5’and 3"untranslated regions,
microRNAs activity and protein:p53 mRNA interactions (Devany et al., 2013; Jo et al.,
2014; Otsuka and Ochiya, 2014; Takwi and Li, 2009). Additionally, autoregulatory loops
exist at all levels of p53 regulation (Lu, 2010). The p53 expression and response depend

largely on the cellular type, thus, the change in expression levels that we found in
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hemocytes might not reflect the change in other tissues. It is possible that p53 is
responding to the hypoxia stimuli at the protein rather than at the mRNA level.
Moreover, in L. vannamei, only one p53-family member has been described, thus the
compensatory expression and effects of other members cannot be ruled out. Upon
dsp53-mediated silencing, Lvp53 transcripts were significantly less abundant than in the
unsilenced controls. In normoxia and hypoxia at 24 h, p53 mRNA levels were efficiently
silenced by 97.2% and 96.8%, respectively (Fig. 5). Similarly, at 48 h of normoxia and

hypoxia the silencing efficiencies were 91.6% and 99.1%, respectively (Fig. 5B).
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Figure 4. Effect of hypoxia on Lvp53 expression levels in hemocytes. Relative expression
of Lvp53, in response to 24 h and 48 h of hypoxia and their respective controls in
normoxia. Statistical analysis was based on comparison of the expression of Lvp53
relative to L8 (22¢9). Bars indicate means + SD. Different lowercase letters indicate

significant differences between means (p<0.05) to n > 3.
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Figure 5. Effect of silencing on the expression level of Lvp53 in hemocytes. Animals were
injected with saline solution (SS) or 25 pg of dsp53 and exposed to normoxia (5.0 mg DO
L) or to hypoxia (1.5 mg DO L) for (A) 24 h or (B) 48 h. Expression levels relative to L8
are shown as 2% x 1073. Bars represent means * SD from n>3 with four technical
replicates. Data were analyzed by Student t-test. Asterisks indicate significant differences
between means (p<0.05). Cumulative mortalities were 1.9% and 17.3% for SS and dsp53,

respectively.

3.4 Apoptosis increases in response to hypoxia
Apoptosis was assessed in terms of caspase-3 activity in hemocytes corresponding to all
given treatments (Fig.6) and additionally by flow cytometry for the 48 h treatments (Fig.
7). In hemocyte lysates from shrimp injected with saline solution, apoptosis significantly
raises after 24 and 48 h of hypoxia. Silencing with dsMt has no statistically significant
effect on apoptosis in response to 24 h of hypoxia in these cells; in contrast, when p53 is

silenced, caspase-3 activity decreases at 24 h of hypoxia, pointing towards a p53
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contribution to the apoptotic pathway triggered by this stress. Cell fate decisions
mediated by p53 (cell cycle arrest or apoptosis) rely on an apoptotic threshold
determined by p53 and p53-target protein levels and these, in turn, depend on the
cellular context (Kracikova et al., 2013). Thus, in p53-depleted cells the apoptotic
response is partially abolished. However, after 48 h of hypoxia, apoptotic levelsin dsp53-
silenced hemocytes are comparable to those in the unsilenced control and to normoxic
hemocytes. This could indicate that although p53 is the first line of response against
hypoxia, the severity imposed by 48 h of low DO might signal alternative apoptotic
pathways that come into play because such conditions are not permissive for cell
survival. In mammalian cell lines, p53 activation by hypoxia triggers apoptosis primarily
through the interaction with corepressors, -proteins that bind transcription factors to
prevent transcription- at the promoter regions of genes such as a-tubulin and B-tubulin,
thus forming complexes that repress transcription (transrepression), rather than
transcriptional activation (transactivation) of pro-apoptotic genes (Koumenis et al.,
2001). Indeed, although most classical p53 target genes (p21, MDM2, PUMA, and Bax)
are not induced by hypoxia, the death receptor Fas/CD95 is significantly up-regulated in
a p53-dependent manner, therefore triggering apoptosis through the extrinsic pathway
(Liu et al., 2007). Nevertheless, there is no evidence of the extrinsic apoptosis pathway
in crustacean (Menze et al., 2010) and although some of its important players such as
the tumor necrosis factor (TNF) and TNF receptor (TNFR) have been described for L.
vannamei (Wang et al., 2012), their involvement in apoptotic processes has not been

tested.
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Figure 6. Caspase-3 activity in cell lysates. Enzymatic caspase-3 activity was measured
in hemocyte lysates from shrimp injected with saline solution (SS), dsMT or dsp53 at (A)
24 h, and (B) 48 h of normoxia or hypoxia. Specific activities were normalized to total
protein content. Results are expressed as means * SE and statistically significant

differences (p<0.05) are indicated by the lowercase letters.
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Figure 7. Flow cytometry of hemocytes from L. vannamei. Panel (A) Distribution

histograms of Annexin V with Alexa Fluor® 488-H. Panel (B) Dot plot of FSC and SSC on L.

vannamei hemocytes. Three subpopulations are indicated as hyaline cells, (H); granular
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cells, (G) and semingranular cells (SG). Panel (C) Apoptotic percentage of hemocytes
under normoxia and hypoxia at 48 h. Results are expressed as means * SE and statistically

significant differences (p<0.05) are indicated by the lowercase letters.

Itis noteworthy that in our study, even without the low oxygen stress, at normoxic levels
(5.02 £ 0.11 and 4.87 + 0.23 mg of DO L for dsMt-treated and dsp53-treated shrimp,
respectively) dsp53 and dsMT hemocyte lysates had greater caspase-3 activity than SS
hemocyte lysates at both 24 and 48 h, indicating a possible p53-independent and/or Mt-
independent caspase activation which is in fact, exacerbated in the absence of these
mRNAs. This could point towards alternative p53-independent apoptosis pathways that
come into play when the cell is been depleted of LvMT and Lvp53 transcripts.
Mechanisms of p53-independent apoptosis include p19 (ARF) and mitogen-activated
protein kinases (MAPKs) such as p38, JNK and ERK, and they can also augment the
apoptotic activity of p53 (McNamee and Brodsky, 2009; Paliwal et al., 2006; Vousden
and Lu, 2002). The involvement of Cdc42 and MAPK in the cadmium-induced apoptotic
response has been demonstrated in L. vannamei (Peng et al., 2015), thus their role in
response to hypoxia deserves to be investigated. Apoptotic cell death via p53-dependent
and independent mechanisms has been observed in lymphocytes of an identical subtype
(CD8CD4*) but from different organs (thymus and spleen) and it is partially attributed to
differences in cell maturation stages (Hotchkiss et al., 2000). Thus, it is possible that
granular, semi-granular and hyaline hemocytes, each exerts different responses and

mechanisms that could contribute to apoptosis. Indeed, hypercapnic hypoxia appears to
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alter the normal function of hemocytes in response to pathogens (Holman et al., 2004).
Furthermore, events in hemocytes are not necessarily reminiscent of the cellular
processes in other cell types. In Drosophila, hemocytes —but not other cells -, are
protected against ROS generated during hypoxia (Azad et al., 2011). It is then important
to study the apoptosis involvement of MT and p53 in tissues where they are more
abundantly expressed, e.g. hepatopancreas. It is also important to investigate in L.
vannamei, the existence of other members of the p53 superfamily, namely p63 and p73,
which could be partially rescuing the p53-silencing effect, given that in mammals the
different p53-superfamily proteins interplay and have overlapping although distinct
functions (Belyi and Levine, 2009; Levrero et al., 2000).

This study provides an insight into the p53 role in the crustacean cell fate under hypoxia
by suggesting the existence of both p53-dependent and p53-independent apoptotic

pathways in crustacean.
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RESUMEN

Arthropoda es el més grande filo animal representando el 80% de las especies vivientes.
Como ocurren las vias de RNA de interferencia (RNAI) en este filo, se basa en gran
medida en estudios en la mosca de la fruta Drosophila melanogaster. La falta de lineas
celulares de crustéceos, disponibles para estudios genéticos ha llevado a los investigadores
a la blsqueda de formas alternativas de estudio de la funcidn de genes en estos
organismos. Con este fin, el RNA de interferencia ha proporcionado al area una poderosa
herramienta que ha permitido el estudio de varios genes de crustaceos in vivo que de otra
manera hubieran permanecido desconocidos. Durante los Gltimos diez afios, una
considerable cantidad de investigacion en el subfilo Crustacea ha hecho uso del RNAI
para elucidar mecanismos de defensa virales o para combatir patdogenos en especies de
crustaceos comercialmente relevantes. Se han encontrado ortologos crustaceos de la
mayoria de las proteinas involucradas con los mecanismos de RNAI identificados en
mamiferos, D. melanogaster u otros organismos modelo; pero la integracion de estas
proteinas en los contextos fisioldgico, patoldgico y bioquimico en crustaceos es aun
incipiente. La caracterizacion de los participantes moleculares y de las vias por las que
contribuyen a la maquinaria del RNAI en crustaceos proporcionard nuevo conocimiento

acerca de la regulacién génica en este grupo de organismos.

Palabras clave: crustaceo, dicer, silenciamiento de genes, RISC, RNAI
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Abstract
Arthropoda is the largest animal phylum representing over 80% of the living species. How
the RNA interference (RNAI) pathways occur in this phylum is largely based on studies
in the fruit fly Drosophila melanogaster. The lack of readily available crustacean cell lines
for genetic studies has prompted researchers to the quest of alternative ways to study gene
function in these organisms. To this end, RNA interference has provided the field with a
powerful tool that has allowed the study of several crustacean genes in vivo that would
have otherwise remained in the unknown. During the last ten years a considerable amount
of research in the Crustacea subphylum has made use of the RNAi work to either elucidate
viral defense mechanisms or target pathogens in commercially relevant crustacean
species. Crustacean orthologues have been found for most of the proteins involved in the
RNAI mechanisms identified in mammals, D. melanogaster or other model organisms,
but integration of these proteins in the physiological, pathological and biochemical context
of crustaceans is still in its infancy. The characterization of the molecular players and
pathways and their contribution to the machinery of RNA. in crustaceans will provide new

insights about gene regulation in this group of organisms.

Keywords: crustacean, dicer, gene silencing, RISC, RNAI
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1. Introduction
The RNA-mediated gene silencing process was serendipitously encountered in petunia
flowers upon the introduction of a chimeric petunia chalcone synthase gene in an attempt
to create a darker color in the flower. Instead, a white and/or patterned color progeny was
obtained and this effect was called “co-suppression” (Napoli et al., 1990). The fungi
researchers also provided proof of gene silencing, referred to as “quelling” in Neurospora
crassa, a model in which they demonstrated the reversal of an albino phenotype after
transforming with al-1 or al-3 genes, a process shown to be progressively reversible and
monodirectional, in the sense that once relieved from inhibition, quelling does not happen
again (Romano and Macino, 1992). The term “RNA interference” (RNAi) was first used
by Rocheleau et al. (1997) and Fire et al. (1998) to refer to the then-unknown mechanism
that could interfere with the function of specific genes in Caenorhabditis elegans upon
injection of double-stranded RNA (dsRNA). From then on, not only has RNAI been used
in many organisms to molecularly explore the function of a great number of genes, but
has also had therapeutic applications against viral infections in a variety of species, and as

an anti-cancer therapy (Pushparaj and Melendez, 2006).

Non-model organisms portrait a much wider biochemical, ecological and physiological
richness than that represented by model organisms. However, the study of the fascinating
diversity of non-model organisms has been hindered by the lack of genetic tools that
would allow the manipulation of gene expression. In this context, the use of RNAI in non-
model species has enable the -otherwise impossible- knock-down of specific genes,

leading to a wealth of knowledge that keeps on being generated.

In crustaceans, several research groups have made use of the RNAi-mediated silencing to
study development, growth, immune system, metabolism and reproduction. Others have
made a biotechnological application of this gene-silencing approach. These aspects have
been masterfully addressed by Sagi et al. (2013). We, however, wish to give an overview

into the RNAI molecular players that have so far been studied in crustaceans.

2. The mechanism of RNAI
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The regulation of gene expression is pivotal for cell functioning and this regulation occurs
in several layers of control which include -but are not restricted to- transcription, mMRNA
degradation/stability and translation. The RNAI regulatory mechanism represents one
such layer of post-transcriptional control that encompasses two related but different
pathways: 1) micro RNAs (miRNAs), which are small non-coding RNAs mainly involved
in endogenous gene regulation, and 2) small- or short-interfering RNAs (SiRNAs), mostly
implicated in the defense against invasive nucleic acids (Valencia-Sanchez et al., 2006).

The RNAI mechanism involving siRNAs initiates with the presence of long dsSRNA in the
eukaryotic cell. The dsRNAs are then recognized by a dsRNA-binding protein RDE-4
(Wang and Barr, 2005). This binding enables the activity of the enzyme RNase 11 called
“Dicer”, cleaving the dsRNAs into 21-25 bp siRNAs (Bernstein et al., 2001; Ketting et
al., 2001). An ATP-dependent helicase unwounds the siRNAs generated by Dicer
(Nykanen et al., 2001), providing single-stranded siRNAs that —associated to a protein
complex called RNA-Induced silencing complex (RISC)— acts as a guide to base-pair to
target homologous transcripts and endonucleolytically cleave them (Hamilton and
Baulcombe, 1999; Hammond et al., 2000). This whole process allows for the target

MRNA to be degraded before translation into the cognate protein occurs in the cytoplasm.

miRNAs are hairpin-derived small RNAs which are processed in the nucleus by a
“Microprocessor” protein complex that includes the RNase III enzyme “Drosha” and a
double-stranded RNA binding protein called ‘“Pasha” in Drosophila (Denli et al., 2004;
Lee et al., 2003). After being processed into 65-75 nt-long precursor miRNAS, they are
exported to the cytoplasm where they are further cleaved into ~22 nt miRNAs by the RISC
which is composed of Dicer-TRBP-Argonaute 2 protein complex (Chendrimada et al.,
2005; Gregory et al., 2005). A single strand of this miRNAs is kept as a guide RNA that
has imperfect complementarity to the 3"untranslated regions of mRNA targets but is
highly complementary to the 2-8 nt “seed” region. This recognition may result in

deadenylation, translational repression and mRNA decay (Chen and Xie, 2012).

The source of dSRNA can be exogenous as it is the case of pathogen nucleic acids and
experimentally introduced dsRNA, but it is clear that the entire silencing machinery has

evolved and been maintained because it offers an intrinsic benefit to the cell. Indeed,
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naturally occurring RNAI is initiated by viral transcripts, or by endogenous miRNAs
(Grishok et al., 2000), repeat RNA transcripts originated from satellite repeats (Lippman
and Martienssen, 2004) and short-hairpin RNAs (shRNAs) resulting from single-stranded
MRNA products. These non-dsRNA silencing triggers are aided by members of the RNA-
dependent RNA polymerases (RdRPs) family, which has been extensively characterized
and is highly conserved in most eukaryotes (lyer et al., 2003). RdRPs recognize single-
stranded mMRNAs (either endogenous or transgenes) as abnormal and then engage in
primer-independent synthesis of complementary RNA, thus deriving dsRNA as an
intermediary, which is then processed by Dicer and follow the downstream events that are
the hallmark of RNA:i silencing (Baulcombe, 1996; Makeyev and Bamford, 2002).

3. Molecular players for RNAI in crustaceans
RNAI silencing in crustaceans has been successfully used during the last decade and
although the exact silencing mechanism in this subphylum has not been biochemically
elucidated just yet, it is thought to be evolutionarily conserved amongst eukaryotes.
Regarding the RNAI machinery, several crustacean orthologues have been found and

genetically characterized. The functionality of some of them has also been demonstrated
(Fig. 1).
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Figure 1. Known crustacean
RNAI players in a model of
dsRNA-guided post-
transcriptional regulation of
gene expression. Atrtificially
introduced long dsRNAs or
viral RNAs are processed by
Dicer into 21-23 nucleotide
dsRNA intermediates. The
RNA helicase Armitage assists
the formation of the single-
stranded  siRNA-containing
RISC. RISC cleaves the target
mMRNA in the middle of the
complementary region.

Dicer proteins cleave dsRNA into siRNAs or miRNAs, which are involved in viral

infections and endogenous gene regulation, respectively (Maroney et al., 2006;

Ramaswamy and Slack, 2002). Dicer is a member of the RNase |11 family of enzymes and
has several domains (Fig. 2) that include: ATP-dependent RNA helicase, DUF283
(domain of unknown function), PAZ (Piwi/Argonaute/Zwille), dsRNA binding and
RNase Il domains (Matsuda et al., 2000). This RNase Il cleaves dSRNAs associated to

other proteins like transactivating response RNA-binding protein (TRBP), whereas the
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PAZ domain binds to single-stranded RNA at the 3’end of the molecule (Hall, 2005).
Dicer proteins are a highly conserved family found in plants, fungi and the Metazoa,
having up to five representatives in some species (de Jong et al., 2009). As for crustaceans,
phylogenetic analysis of Dicer protein sequences available for some crustaceans, revealed
that the whiteleg shrimp Litopenaeus vannamei, the tiger shrimp Penaeus monodon, the
shrimp Marsupenaeus japonicus, the sea louse Lepeophtheirus salmonis and the water
flea Daphnia pulex have Dicer-1 and Dicer-2 genes, with D. pulex possessing three
paralogues of Dicer-2, probably derived from Dicer-2 duplications (Lozano et al., 2012).
A sequence alignment we made of the Dicer-1 proteins from M. japonicus, L. vannamei
and P. monodon reveals identities of 95-97% and the amino acid differences are mainly
found on the N-termini half, along the first inter-domain region and within the DUF283
domain (Fig. 3). The DUF283 domain has been suggested to have a functional role in
target selection during small RNA processing (Qin et al., 2010). The alignment of the
corresponding Dicer-2 proteins shows identities of 91-98% with the differences being
distributed along the whole sequence (Fig. 4). Regarding the Dicer-2 orthologue in L.
vannamei (LvDcr2), not only has it been cloned and characterized, but the heterologous
expressed protein has also been shown to interact in a complex with L. vannamei
Argonaute-2 and TRBP1 recombinant proteins in co-immunoprecipitation assays and
pull-down assays (Chen et al., 2011). In the Drosophila system, Dicer-2 has been mainly
related to siRNA-directed mRNA cleavage, whereas Dicer-1 has been found to be
essential for miRISC-directed translational repression (Lee et al., 2004), which suggests
that the multi-protein complex detected in the shrimp corresponds to the putative SIRNA-
induced silencing complex (siRISC). Nevertheless, Dicer-1 in L. vannamei also was up-
regulated after virus injection in adults, but its differential expression across the larval
stages, suggests a role for LvDcr1 in the early innate immunity during larval development
(Yao et al., 2010). For P. monodon, Dicer-1 (PmDcrl) appears to be indirectly involved
in antiviral defense in shrimp, since levels of the Dicer 1 messenger did not correlate with
viral loads in naturally infected shrimp, although its knock-down resulted in higher
mortalities in virally-infected animals (Su et al., 2008). Dicer-2 (PmDcr2) mRNAs are
upregulated in response to viral but not to bacterial infection (Li et al., 2013). In M.

japonicus, Dicer-1 was an important protein in the biogenesis of miR-7, which had a large
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impact on virus infection (Huang and Zhang, 2012b), with the caveat that the Dicer-1 and

Dicer-2 dsRNAs used in the study were based on the L. vannamei and P. monodon

sequences.
DUF
Hel Hel 283 PAZ RIB RIB DS
L I 1 1 1 ¥
1 1 1 1 1 1
Kbp 0 0.5 1 1.5 2 2.5

Fig. 2. Graphical representation of the five Dicer domains from shrimp. The boxes
represent each domain; the N and C terminal Helicase, the unknown DUF283, the Piwi-
Argonaute-Zwille, the bidentate ribonuclease Ill and the dsRNA binding. The spaces

between boxes are the inter-domain regions.
3.2 Argonaute protein family

Argonaute2 was genetically and biochemically identified in Drosophila as the effector
nuclease component of the RISC complex (Hammond et al., 2001). An RNA-Seq analysis
in the sea lice Caligusrogercres seyi identified several Argonaute variants which are
transcriptionally modulated along different developmental stages and the confirmation of
the presence of its functional domains, along with the finding of Pasha in the same study,
suggest a mechanism of mMIRNA processing in this organism during ontogeny
(Valenzuela-Miranda et al., 2015). P. monodon Argonaute (Pem-AGOQO) was the first
RNAI machinery component identified in crustacean. Its functionality was indirectly
tested precisely by dsRNA-mediated silencing in lymphoid organ primary cell culture
which showed defective RNAI in response to ds-RNA of P. monodon serotonin receptor
(Dechklar et al., 2008). Three Argonaute 1 (Agol) isoforms called AgolA, AgolB and
Agol1C were found in M. japonicus. AgolA and AgolB were up-regulated in lymphoid
organ and hemolymph in response to viral challenge. Moreover, when AgolB was
knocked-down with dsRNA, Ago1A was able to compensate for the silencing, both at the
MRNA level and at the apparent functional level, as the viral loads were maintained as

low as in the un-silenced control cells (Huang and Zhang, 2012a). Findings in L. vannamei
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suggested a possible shared pathway for antiviral immunity and induction of RNAI. These
findings included the presence of two Argonaute family members Lv-Agol and Lv-Ago2
as well as the orthologue of a membrane channel-forming protein Sid-1, Lv-sid1, involved
in the cellular import of dsSRNA. Transcript abundance of Lv-Ago2 but not Lv-Agol, was
strongly up-regulated in response to an exogenous-gene dsRNA injection, suggesting a
non-redundant activity of these proteins and that Lv-Ago2 is part of the RNAI pathway
machinery, although both Lv-Agol and Lv-Ago2 possess a conserved essential motif for
the catalytic activity of Argonaute proteins. Importantly, this study also shows that >50-
bp specific dsSRNAs, but not siRNAs, induced silencing of the corresponding mRNA
(Labreuche et al., 2010).

In Fig. 5 it can be seen that the proteins argonaute 1 from the three shrimp species are
highly identical, indeed P. monodon and M. japonicus sequences are 100 % identical to
each other while L. vannamei has 99 % of identity with them. On the other hand argonaute
2 from L. vannamei present 76 % and 47 % of identity with M. japonicus and P. monodon
respectively. Even though argonaute 1 and argonaute 2 from L. vannamei contain in the
primary structure the signature domains PAZ and Piwi of the argonaute subfamily
proteins, the identity between them is only of 39 % even in the PAZ domain however the

identity between the Piwi domains is 52 % as can be seen in Fig. 6.
3.3 RNA helicases

The RNA helicases are a group of enzymes implicated in several activities of RNA
processing in the cell, separating RNA-RNA or RNA-DNA duplexes in an ATP-
dependent manner (Fairman-Williams et al., 2010). Within the context of RNAI, the RNA
helicase Moloney leukemia virus 10 (mov-10) is an orthologue of the Drosophila
translational repressor Armitage and one of the RISC proteins essential for miRNA-
mediated silencing in humans, with orthologues found also in plants (Zheng et al., 2010).
A M. japonicus mov-10 (Mj-mov-10) was recently characterized. Its expression was
significantly up-regulated after dsRNA injection, and its silencing augmented shrimp
mortalities upon viral challenge, thus playing a crucial role in antiviral defense, probably

by hindering virally-induced RNAi machinery (Phentrungnapha et al., 2015).
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Figure 3. Clustal Omega multiple sequence alignments of the Dicer-1 proteins of M.
japonicus (MjDcrl, ADB44075), L. vannamei (LvDcrl, ACF96960) and P. monodon
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(PmDcrl1, ABR14013). MjDcrl was 95% identical to LvDcrl and PmDcrl. LvDcrl and
PmDcrl were 97% identical.
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Figure 4. Clustal Omega multiple sequence alignments of the Dicer-2 proteins of M.
japonicus (MjDcr2, AFB82635), L. vannamei (LvDcr2, AEB54796) and P. monodon
(PmDcr2, AGL08684). PmDcr2 was 91% identical to LvDcr2 and MjDcr2. LvDcr2 and
MjDcr2 were 98% identical.
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Figure 5. Clustal Omega multiple sequence alignments of the Argonaute 1 proteins of L.
vannamei (Lv Argo, ADK25180.1), P. monodon (Pm Argo 1, ABG66640.1) and M.
japonicus (Mj Argol ADB44074.1).
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Figure 6. Clustal Omega sequence alignments for PAZ domain (A) and Piwi domain (B)

of the Argonaute 1 and Argonaute 2 proteins from L. vannamei (Lv Argo 1, ADK25180.1
and Lv Argo 2, ADK25181.1).

3.4 TRBP and elF6

As mentioned before, transactivating response RNA-binding protein (TRBP) serves as a
bridge for the interaction between Dicer and the dsSRNA within the RISC complex. TRBPs

orthologues have been found in the Chinese white shrimp Fenneropenaeus chinensis and

in M. japonicus and in both cases they were proved to physically interact with the

eukaryotic initiation factor 6 (elF6), also a RISC component, which is a ribosome

inhibitory protein that prevents productive assembly of the 80S ribosome, therefore
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involved in miRNA translational repression (Chendrimada et al., 2007). When either Mj-
TRBP or Mj-elF6 were knocked down via dsSRNA injection, the mRNA levels of the ds-
RNA-targeted Mj-prophenoloxidase remained high, indicating that both Mj-TRBP and
Mj-elF6 were essential for eliciting RNA silencing (Wang et al., 2012; Wang et al., 2009).
LVTRBP was shown to interact with its RISC partners LVVDcr2 and LvAgo2 (Chen et al.,
2011). P. monodon TRBP (PmTRBP) is significantly regulated by bacterial and viral
injected challenges (Yang et al., 2013). Besides the crustacean TRBPs functionally or
genetically characterized, a BLAST search also identifies several other crustacean
sequences, namely for the sea lice Caligus rogercresseyi and Caligus clemensi and the
salmon louse Lepeophtheirus salmonis. All crustacean TRBPs here mentioned possess the
three double-stranded motifs that are the signature of the TRBP family.

4. Conclusions
Significant efforts have been directed towards the elucidation of the RNAi machinery in
crustaceans, mainly aiming to improve the suggested RNAIi-based methods for disease
control and to unveil gene function in basic research. Yet, unraveled matters in this vast
group of arthropods include the investigation of ds-RNA-mediated gene super-induction
of Dicer-2, as it has been demonstrated for the cockroach Blattella germanica (Lozano et
al., 2012).

It is clear that much work still remains to be done. In addition to the genetic approaches
to characterize the components of the RNAI machinery, more biochemical evidences need
to be generated to validate the function and contribution of each element to the silencing
mechanism. The new focus of the RNA world appears to be the microRNAs biosynthesis,
their wide-range of mechanisms to exert silencing and their intricate and overlapping
functions. The next years will undoubtedly see a continued use of the progressively

improved genetic and therapeutic toolbox of RNAI silencing.
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