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RESUMEN

Las proteinas MCTP, llamadas asi por su siglas en inglés “Multiple C2 and
transmembrane domain containing protein” presentan tres dominios C2 y dos pases
transmembranales que unen Ca?* en ausencia de fosfolipidos, y esto hace que sus
propiedades sean Unicas; sin embargo, su papel funcional no esta bien descrito. En
vertebrados, MCTP se expresa principalmente en cerebro, corazén y musculo
esquelético, aunque también en higado, rifion, testiculo y otros érganos. A nivel
subcelular, en motoneuronas de Drosophila melanogaster, se ha reportado que se
localiza en reticulo endoplasmico; ademas, se ha detectado en endosomas y en
vesiculas secretorias de neuronas de rata en cultivo primario. A nivel funcional,
también en D. melanogaster, se encontré que la delecion del gen Mctp afecta la
estabilidad homeostatica de la neurotransmision, sugiriendo que la proteina MCTP
funciona como un sensor de Ca?*. El pez cebra (Danio rerio) es un excelente modelo
biolégico para llevar a cabo estudios de biologia molecular, desarrollo y funcion del
sistema nervioso en vertebrados. Ofrece diversas ventajas y es relativamente facil
de manipularlo genéticamente utilizando sistemas tales.como el CRISPR/Cas9. En
este trabajo, determinamos el patron de expresion de los genes mctp del pez cebra
por RT-PCR, asi como su localizacién espaciotemporal en embriones en varias
etapas del desarrollo utilizando hibridacion in situ. Clonamos y secuenciamos los
cDNAs de los genes mctp, y finalmente evaluamos los efectos provocados por la
disrupcién del gen mctp2b utilizando el sistema CRISPR/Cas9. Determinamos que
en el genoma del pez cebra se encuentran cuatro genes mctp: mctpla, mctplb,
mctp2a y mctp2b. Los cuatro genes se expresan desde las primeras etapas del
desarrollo, asi como en todos los tejido analizados en pez adulto, aunque presentan
un patron de expresion diferencial, siendo mctp2b el mas abundante. Ademas,
encontramos una alta frecuencia de cambios de nucleétido, y también que tres de
los genes presentan eventos de empalme alternativo. Finalmente, hemos mostrado
que la disrupcion del gen mectp2b afecta el desarrollo normal del embrién, esto
sugiere que hay una importante participacion funcional durante las primeras etapas
del desarrollo.

Palabras clave:
mctp, dominios C2, pez cebra, CRISPR



ABSTRACT

Multiple C2 and transmembrane domain containing proteins (MCTP) contain three
C2 domains and two transmembrane domains that bind Ca?* in the absence of
phospholipids, and this makes their properties unique; However, its functional role
is not well described. In vertebrates, MCTP is expressed primarily in the brain, heart
and skeletal muscle, but also in the liver, kidney, testis and other organs. At the
subcellular level, in Drosophila melanogaster motor neurons, it has been reported
that it is located in the endoplasmic reticulum; in addition, it has been detected in
endosomes and in secretory vesicles of rat neurons in primary culture. At a functional
level, also in D. melanogaster, it was found that deletion of the Mctp gene affects the
homeostatic stability of neurotransmission, suggesting that the MCTP protein
functions as a Ca?* sensor. The zebrafish (Danio rerio) is an excellent biological
model for carrying out studies of molecular biology, development and function of the
nervous system in vertebrates. It offers several advantages and is relatively easy to
manipulate genetically using systems such as CRISPR/Cas9. In this work, we
determined the expression pattern of zebrafish mctp genes by RT-PCR, as well as
their spatial and temporal location in embryos at various stages of development
using in situ hybridization. We cloned and sequenced the cDNAs of the mctp genes,
and finally we evaluated the effects caused by the disruption of the mctp2b gene
using the CRISPR/Cas9 system. We determined that four mctp genes are found in
the zebrafish genome: mctpla, mctplb, mctp2a and mctp2b. The four genes are
expressed from the early stages of development, as well as in all the analyzed
tissues in the adult fish, although they have a differential expression pattern, with
mctp2b being the most-abundant. In addition, we found a high frequency of
nucleotide changes, and also that three of the genes present alternative splicing
events. Finally, we have shown that disruption of the mctp2b gene affects the normal
development of the embryo, this suggests that there is an important functional
participation during the early stages of development.

Key words:
MCTP, C2 domain, zebrafish, CRISPR



I. INTRODUCCION

Las proteinas transmembranales que contienen dominios C2, tales como las
sinaptotagminas, ferlinas y sinaptotagminas extendidas, estan involucradas en
procesos como el del trafico vesicular y la fusion de membrana. En estas proteinas,
cuando el Ca?* se une a los dominios C2, la afinidad de fosfolipidos aumenta
promoviendo la fusion de las vesiculas a la membrana (Cho and Stahelin 2006;
Shupliakov and Brodin 2010). Las proteinas MCTP son proteinas con tres dominios
C2 y dos pases transmembranales (TMRs) que tienen similitud a otras proteinas
involucradas en transmision sinaptica (Shin et al., 2005). ~Estas proteinas se han
encontrado localizadas en el reticulo endoplasmico (RE) y vesiculas intracelulares
en neuronas, las evidencias sugieren que estan-involucradas en la plasticidad
homeostatica presindptica en Drosophila melanogaster (Gen¢ et al.,, 2017).
Ademas, estas proteinas se han relacionado con enfermedades neuropsiquiatricas,
como desoérdenes bipolares y esquizofrenia, (Djurovic et al., 2009; Miklowitz and
Scott 2009) y con malformaciones de la aorta (Lalani et al., 2013). Sin embargo, hay
pocos estudios que proporcionan evidencia sobre la funcion de las proteinas MCTP.

El pez cebra es un excelente modelo biolégico para estudiar la funcién de
proteinas debido a las ventajas que ofrece sobre otros vertebrados para estudios
de biologia celular in vivo (Mushtaq, Verpoorte, y Kim, 2013). Su genoma tiene un
alto grado de conservacion evolutiva en comparacion con el humano, y ademas es
susceptible de una amplia gama de manipulaciones genéticas (Howe et al., 2013).

Para comprender mejor el papel de las proteinas MCTP, en este trabajo,
establecimos el patrén de expresion temporal y espacial de los genes mctp de pez

cebra 'y confirmamos la importancia funcional de las mismas.



II. ANTECEDENTES

2.1 Dominios C2

Los dominios C2 estan conformados por 120 a 140 residuos de aminoacidos que
se unen especificamente a Ca?* y/o fosfolipidos. Fueron originalmente identificados
como los segundos dominios mas conservados de proteinas quinasas C (PCK)
dependiente de Ca?* (Perin et al., 1990).

El dominio C2 también se identifico en la porcion citosdlica de la sinaptotagmina,
y funciona como un sensor de Ca?*, ademas se encontré en la membrana de las
vesiculas sindpticas y los granulos secretores de las células endocrinas, donde
regula la fusion de las vesiculas con neurotransmisores en la membrana
presinaptica (Perin et al., 1990). Posteriormente, se encontré que existe una gran
diversidad de proteinas con dominios C2, encontrandose en mas de 200 proteinas
codificadas en el genoma humano (Lander et al., 2001).

Las proteinas con dominios C2 estan implicadas en multiples cascadas de vias
de sefializacién intracelular relacionadas con proliferacion, crecimiento, regulacion
de expresion de genes, liberacion de vesiculas exociticas y apoptosis. Los dominios
C2 regulan la funcién de la proteina formando un complejo al interaccionar con Ca?*,
que es el segundo mensajero intracelular fundamental, este proceso de interacciéon
se sabe es también dependiente de fosfolipidos (Cho y Stahelin 2006).

La sefializacion de Ca?*, tanto en las neuronas como en otros tipos de células
puede conducir a diversos cambios en la funcién celular. Los procesos de
sefializacion neuronales de Ca?*también se han adaptado para modular la funcién
de vias especificas en una amplia variedad de dominios y estos pueden tener
efectos, por ejemplo, sobre la extension axonal, la supervivencia neuronal y los
cambios en la fuerza sinaptica. El Ca?* juega también un papel esencial en las
sinapsis desencadenando la liberacion rapida de las vesiculas sinapticas. Dada su
importancia fisiol6gica, las anormalidades en la sefializacién neuronal de Ca?* estan
implicadas en muchas enfermedades neuroldgicas y neurodegenerativas (Burgoyne
et al., 2019).



La familia de dominios C2 se une a fosfolipidos de membrana en un proceso
dependiente de Ca?* a través de dos mecanismos (Corbalan-Garcia y Gémez-
Fernandez 2014):

[) A través de una serie de residuos de aspartato ubicados en la parte inferior de la
regién de unién a Ca?*, que coordinan de 2 a 3 iones de Ca?* neutralizando la
hendidura electronegativa. Ademas, también sirven como un puente entre el
dominio y la membrana, ya que los grupos de oxigeno del fosfolipido sirven para
completar la esfera de coordinacién de Ca?*.

II) EI dominio interactia adicionalmente con la membrana mediante residuos
ubicados en su extremo. La variabilidad observada en estos residuos indica que
varias combinaciones de residuos cumplen los criterios para unirse a un fosfolipido
especifico y sugieren una adaptacion mas versatil. del dominio a los lipidos
disponibles en la membrana. Probablemente, estas diferencias podrian afectar la

penetracion y la orientacion de la union.

2.2 Proteinas con dominios C2

Sin excepcion, todas las proteinas involucradas en transduccion de sefales
tienen un solo dominio C2 y son proteinas solubles que se encuentran en el citosol.
Por otro lado, la mayoria de las proteinas asociadas a trafico de membrana tienen
al menos 2 dominios C2 y son proteinas de membrana (Corbalan-Garcia y Gémez-
Fernandez 2014; Shin et al., 2005). Evolutivamente se dividen en 4 grupos

mostrados en-la Figura 1.
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Figura 1. Estructura general de las proteinas transmembranales que tienen
dominios C2 (Modificada de Corbalan-Garcia y Gomez-Fernandez, 2014). TM,
region transmembranal; C2, dominio C2; SMP, dominio de unién a lipidos

mitocondriales tipo sinaptotagmina.

2.2.1 Sinaptotagminas

Las sinaptotagminas (Syt) son proteinas con dos dominios C2 y con un TMR.
Existen mudltiples. isoformas de Syt-1, de las cuales la Syt-1 ha sido mas
ampliamente estudiada (Bornschein y Schmidt 2019). La Syt-1 es un elemento clave
para la ‘neurotransmision por estar embebida en las vesiculas exociticas que
contienen neurotransmisores y detona el proceso de exocitosis en respuesta a los
cambios en la concentracion de Ca?* intracelular (Park y Ryu 2018). Investigaciones
realizadas en esta familia de proteinas, han demostrado que el dominio C2A de
estas proteinas fija tres iones Ca?* (Shao et al., 1998) y el dominio C2B fija dos
iones de Ca?* (Fernandez et al., 2001). La afinidad para fijar Ca?* por los dominios
C2 es relativamente baja; sin embargo, se ha demostrado que la afinidad por el Ca?*

se incrementa considerablemente al unirse a los fosfolipidos de las membranas,
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debido a que las cabezas de los fosfolipidos presentan cargas negativas que
estabilizan la fijacion del Ca?*.

También se ha demostrado que los dominios C2 de la Syt-1 son sensores de
las concentraciones de este cation y que son fundamentales para la exocitosis
rapida de neurotransmisores, pero no para la fusion de la membrana de las
vesiculas con la membrana plasmatica de la neurona. Se mostré que realizando
mutaciones especificas en los dominios C2A de la Syt-1 se altera la afinidad para
fijar Ca?*, lo cual, resulta en el decremento de la tasa de exocitosis durante la
neurotransmision. Por otra parte, mutaciones generadas en el dominio C2 de la syn-
1 afectan la funcién de esta proteina como sensor de Ca?* en la liberacion de
neurotransmisores en el hipocampo (Bornschein y Schmidt 2019). Estos resultados
demuestran la importancia de los dominios C2 para detectar las concentraciones de

Ca?* en la regulacion de la neurotransmision.

2.2.2 Ferlinas

Las ferlinas (Fer) estan involucradas en la fusion y en la fision de
endomembranas, asi como en la'modulacién de sefiales de Ca?* (Lek et al., 2012).
Dentro de esta familia se encuentran las disferlinas, las ortoferlinas y las mioferlinas,
las cuales presentan de 6 a 7 dominios C2 en su estructura (Marty et al., 2013).
Varios estudios han reportado la importancia de esta familia de proteinas en
diversos procesos biologicos tales como la regulacion de fusién de vesiculas para
neurotransmision en el sistema auditivo, en el trafico de receptores y la reparaciéon
de membranas (Lek et al., 2012; Redpath et al., 2016). También se ha encontrado
gue estan involucradas en la espermatogénesis y en el proceso de reparacion
muscular en el nematodo Caenorhabditis elegans (Washington y Ward 2006).
Recientemente, se encontro que la deficiencia de otoferlinas en el pez cebra resulta
en defectos en el equilibrio y la audicién (Chatterjee et al., 2015). También en pez
cebra, se demostr6 que la Ferll6 colocaliza con la sintaxina 4 y vinculina, y que los

dominios C2 interactian con membranas. Ademas, se demostré que las Fers



desemperfian un papel esencial en el desarrollo del musculo cardiaco y esquelético

en el pez cebra (Bonventre et al., 2018).

2.2.3 Sinaptotagminas extendidas

Las sinaptotagminas extendidas (E-Syt) tienen una topologia que se asemeja
a la de las sinaptotagminas y contienen una regién transmembranal en el extremo
amino terminal y multiples dominios C2, ademas de un dominio SMP (por sus siglas
en inglés “synaptotagmin-like mitochondrial-lipid binding protein”). Son proteinas
residentes del RE, que lo unen a la membrana plasmatica a través de los dominios
C2, pero esta union no induce la fusion de las dos membranas. Transportan glicero-
lipidos entre las dos bicapas a través de sus dominios: SMP.que albergan lipidos y
Ca?* y esto regula su funcién de anclaje de membrana y transporte de lipidos
(Herdman y Moss 2016; Saheki y De Camilli 2017). El dominio C2C de las E-syt2 y
E-syt3 forman un contacto con la membrana-en el fosfolipido Ptdins(4,5)P2, que es
similar al mecanismo encontrado entre el RE 'y la membrana plasmatica mediada
por la proteina STIM1 (Pérez-Lara and Jahn 2015). Recientemente se demostrd que
los peroxisomas forman contactos de membrana con el RE a través de la interaccion
entre P1(4,5)P2 peroxisomal y las E-Syts 1, 2 y 3, y que la falta PI(4,5)P2 en los
peroxisomas o de las proteinas E-Syts disminuye notablemente los contactos de la
membrana peroxisoma-ER e induce la acumulacién de colesterol en los lisosomas
(Xiao et al., 2019).

2.2.4 MCTP (Proteinas transmembranales con multiples dominios C2)

En el 2005, Shiny colaboradores describieron una nueva familia de proteinas
evolutivamente conservadas con dominios C2 con propiedades inusuales en cuanto
a su dependencia de Ca?* llamadas MCTPs. En este trabajo, describen los genes
gue codifican para dichas proteinas con tres dominios C2 y dos TMR las cuales se

localizan en estructuras vesiculares intracelulares. Las MCTPs son diferentes a



otras proteinas que incluyen al dominio C2 ya que la unién de Ca?* es independiente
de fosfolipidos.

En el genoma de invertebrados como C. elegans y D. melanogaster, hay un
solo gen mctp, mientras que en vertebrados hay 2 genes (MCTP1 y MCTP2).
Ademas, los transcritos primarios presentan empalme alternativo. Adicionalmente,
se encontrd que dichos genes se expresan en musculo esquelético y cardiaco y en
el cerebro (Shin et al., 2005).

Mediante analisis bioinformaticos de asociacion génica en el genoma
humano, se encontrd asociacion de un polimorfismo de un solo nucleétido (SNP) en
MCTP1 con trastorno bipolar (Ashbrook et al., 2015; Scott et al., 2009). Otro estudio
relacion6 un SNP en MCTP2 con esquizofrenia (Djurovic et al.; 2009). Ademas,
Lalani y colaboradores (2013) encontraron que en humanos las mutaciones en uno
de los alelos de MCPT2 estan relacionadas con el estrechamiento de la aorta; en
este trabajo, los autores encontraron que, tanto el silenciamiento de la expresion de
MCTP2 utilizando morfolinos, como la sobreexpresion de dicho gen en embriones
de Xenopus laevis, resulta en problemas cardiacos, confirmando la importancia
funcional de este gen en la cardiogénesis.

En un estudio en ratas, se encontr6 que el gen MCTP1 se expresa
principalmente en cerebro, corazén y en musculo esquelético, y en menor medida,
en otros drganos tales como higado, rifidn y testiculo. A nivel subcelular, se detecté
la proteina MCTP1 de rata en vesiculas de neuronas primarias cultivadas y en
vesiculas secretoras y endosomas en la linea celular PC12 (neuronales de rata) en
cultivo (Qiu, Yu, and Liang 2015). Recientemente, se describié que la proteina
MCTP de D. melanogaster parece estar ubicado en el RE (reticulo endoplasmético)
y en vesiculas intracelulares en motoneuronas (Geng et al., 2017).

Hay pocos estudios que proporcionan evidencia de las funciones de las
proteinas MCTP. En C. elegans, un estudio de iRNA mostré que la supresién de la
expresion de mctp-1 es letal en el 25% de los gusanos durante el desarrollo
embrionario (Maeda et al., 2001). En D. melanogaster, se encontré que una linea
knockout de mctp es letal en homocigosis y concluyl que esta proteina tiene una
funcién esencial en el desarrollo de la mosca (Tunstall et al., 2012). Por otro lado,

en un estudio de genética reversa para detectar mutaciones que bloquean la
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plasticidad homeostatica presinaptica en D. melanogaster, se encontré que la
delecién de mctp afecta la retroalimentacion de la estabilizacion homeostatica de la
neurotransmision, lo que sugiere un papel de MCTP como sensor de Ca?*, pero a
diferencia del estudio anterior, las moscas son viables en homocigosis (Geng et al.,
2017). En otro estudio, la sobreexpresion de MCTP1 de rata en cultivos celulares,
inhibid significativamente la endocitosis de transferrina neuronal, la recuperacion de
vesiculas secretoras y la migracion celular. Esto sugiere que MCTP1 podria estar
involucrado en la regulacién del reciclado endocitico de neuronas -y sinapsis
especificas del SNC (Qiu et al., 2015).

Se sabe poco sobre la funcion de las MCTP, ademas, los hallazgos son
controvertidos. La mayor parte de estos estudios se han realizado in vitro y no han
sido detallados. Por lo tanto, el papel y las funciones de los MCTP no son todavia

claros ni estan bien definidas.

2.2.4.1 Mctp en el pez cebra

A la fecha no se han descrito las proteinas Mctp en el pez cebra, sin embargo,

de acuerdo con la base de datos Ensembl (http://www.ensembl.org), en el genoma

del pez cebra hay cuatro genes predichos, mctpla, mctplb, mctp2a, mctp2b,
ubicados en los cromosomas 5, 10, 18 y 7, respectivamente. Las proteinas
predichas, tienen tres dominios putativos C2 y dos TMR, al igual que las descritas

en otros organismos.

2.3 Pez cebra como modelo biolégico

El pez cebra, D. rerio, es un excelente modelo biol6gico. Una hembra puede
liberar de 100 a 200 huevos que son fertilizados externamente. Los embriones se
desarrollan rapidamente y la mayoria de los 6rganos son funcionales a los pocos
dias post-fertilizacion (Kimmel et al., 1995). Debido a que los embriones son
transparentes durante la embriogénesis temprana, las células y los procesos

individuales se pueden visualizar in vivo, lo que facilita el monitoreo de la dinamica


http://www.ensembl.org/

de la expresién génica en diversos tejidos y 6rganos sin la necesidad de sacrificar
a los sujetos experimentales. El tiempo de maduracion del pez cebra toma solo 2 a
3 meses. Los 6rganos de esta especie han sido bien caracterizados, lo que permite
abordar muchas preguntas fundamentales sobre la biologia de los vertebrados
(Varshney, Sood, y Burgess 2015). El cerebro del pez cebra y de los mamiferos
comparten varias caracteristicas anatomicas y funcionales, como la presencia y las
funciones principales del cerebelo, telencefalo, diencefalo, amigdala y médula
espinal (Cordero-maldonado et al., 2018; Hildebrand et al., 2017; Mueller,
Wullimann, y Guo 2008; Perathoner, Cordero-Maldonado, y Crawford 2016).
Ademas, la organogénesis en el pez cebra es notablemente similar a la de los
humanos (Blader and Strahle 2000). Todas estas similitudes hacen que el pez cebra
sea un excelente modelo para entender procesos y mecanismos biolégicos y
enfermedades humanas (Fontana et al., 2018; Ota and Kawahara 2014; Stewart
and Kalueff 2012).

El genoma del pez cebra (genoma de referencia GRCz11) tiene 25,592 genes
codificantes y 6,599 genes no codificantes, 10 que resulta en 59,876 transcritos
("ensamblaje del pez cebra 'y anotacion de genes" tomado de
http://mwww.ensembl.org/Danio_rerio/Info/Annotation, Gltima actualizacién en abril de
2018). Una comparacion con el genoma humano muestra que el 71.4% de los genes
humanos tienen al menos.un ortélogo de pez cebra (Howe et al., 2013). Del total de
genes humanos descritos en la “Online Mendelian Inheritance in Man database”
(https://www.omim.org/) con morbilidad, el 82% puede estar relacionado con al

menos un ortélogo de pez cebra.

2.4 Sistema CRISPR/Cas

El sistema CRISPR/Cas (Por sus siglas en inglés: Clustered Regularly
Interspaced Short Palindromic Repeats and CRISPR-associated protein) es una
herramienta molecular utilizada para editar el genoma de cualquier organismo. Ha
sido el desarrollo mas revolucionario en Biologia de los ultimos tiempos (Komor et

al., 2017). Originalmente se describié como parte del sistema inmune adaptativo de



algunas bacterias para defenderse contra las infecciones por virus (Marraffini y
Sontheimer 2010).

El sistema consiste en un RNA guia (QRNA) que incluye una secuencia corta
homéloga al DNA blanco, seguido de una secuencia especifica de unién a la enzima
Cas9 (Jinek et al., 2012). Esto es suficiente para que al unirse la enzima Cas9, que
es una endonucleasa, introduzca cortes de doble cadena (DBS) en el DNA blanco.
Estos cortes son reparados por recombinaciéon no homologa NHEJ (Por sus siglas
en inglés “Non-homologous end joining) induciendo la insercién o eliminacion de
nucleétidos (InDels) en el sitio de blanco, lo que da como resultado cambios de
marco de lectura abierto que tienen codones de paro prematuros. Idealmente, el
resultado final es una mutacién de pérdida de funcién dentro del gen editado. Hasta
la fecha, existen varias versiones de la enzima Cas9 de Streptococcus pyogenes,
la nucleasa mas comunmente utilizada (Di Donato et al., 2016; Kim et al., 2013;
Kleinstiver et al., 2015). Cas9 se ha modificado para perder actividad de
endonucleasa. Esta enzima modificada llamada dCas9 puede fusionarse con
diversos dominios efectores, como activadores, represores o metilasas, que pueden
usarse para modificar o controlar especificamente la expresion génica, o para
marcar el sitio blanco con proteinas fluorescentes, proporcionando asi una
herramienta para visualizar su localizacion (Xu y Qi 2018). Ademas, otras nucleasas
de diversos organismos con caracteristicas diversas estan siendo estudiadas para
utilizarlas en multiples aplicaciones (Cai et al., 2019; Wu, Yang, y Lei 2018).

2.4.1 Sistema CRISPR/Cas en el pez cebra

El primer uso de CRISPR/Cas9 para editar el genoma del pez cebra se llevd
a cabo hace algunos afios (Hwang et al., 2013). Desde entonces, se han publicado
diversos trabajos que describen el uso de CRISPR/Cas9 en el pez cebra como una
herramienta para estudiar procesos de desarrollo y modelos de enfermedades. Se
demostré que el sistema CRISPR/Cas9 es seis veces mas eficiente para generar
mutaciones en células germinales en el pez cebra en comparacion con otros
sistemas de edicion como ZFN (Por sus siglas en inglés “zinc-finger nucleases”) y
TALEN (por sus siglas en inglés “Transcription activator-like effector nuclease”)
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(Varshney, Pei, et al., 2015). También, se gener6 un pldsmido con una secuencia

de nucledtidos con codones que codifican para Cas9 optimizados para pez cebra

(Jao, Wente, and Chen 2013), lo que aumenta considerablemente la eficiencia de

mutagénesis (Liu et al., 2014).

El procedimiento general para editar de manera especifica el genoma del pez
cebra, usando el sistema CRISPR, se puede resumir como sigue (Rafferty y Quinn
2018; Vejnar et al., 2016):

- Se disefian las gRNA dirigidas al gen de interés o a cualquier otro-sitio en el
genoma que se desee editar. Hay multiples opciones disponibles para el disefio
de las gRNA, como la plataforma CHOPCHOP (Labun et al., 2016) o CRISPRscan.
Esta ultima se cre6 con base en un andlisis a gran escala de la actividad de
mutagénesis de gRNA especificamente en pez cebra (Moreno-Mateos et al.,
2015).

- Se sintetizan in vitro las gRNA y el mMRNA que codifica la proteina Cas9 o de la
endonucleasa que se requiera utilizar dependiendo del objetivo. Se puede utilizar
proteina Cas sintetizada in vitro en lugar del'mRNA (Gagnon et al., 2014).

- Las gRNA y el mRNA de Cas se inyectan en embriones recién fertilizados, en

etapa de una célula (Wuhong Pei'y Shawn M. Burgess 2019; Zhao et al., 2018).

Cada embrién inyectado crece como un pez fundador mosaico con varios
InDels (inserciones y/o deleciones) en las células somaticas generados a medida
gue las nucleasas cortan los sitios blanco durante el transcurso de multiples rondas
de division celular en los embriones en desarrollo (Hwang et al., 2013). El fenotipo
y el genotipo-se pueden analizar desde solo unas pocas horas después de la
inyeccién -hasta varios dias después. Se pueden usar varias técnicas para la
deteccion rapida de genotipos, como TIDE (seguimiento de InDels por
descomposicion), HMA (ensayo de movilidad heteroduplex) o digestion con
endonucleasa T7 (Brinkman et al., 2014; D’Agostino et al., 2015; Foster et al., 2019).
La mutacion se confirma posteriormente por PCR y secuenciacion.

Para generar lineas transgénicas de pez cebra, se han establecido con éxito
técnicas y protocolos para la integracion de DNA exdgeno en el genoma del pez

cebra utilizando el sistema CRISPR (Hisano et al., 2015; Jia Li, Baibing Zhang,
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Jiwen Bu 2015; Albadri, Del Bene, y Revenu, 2017; Simone et al.,, 2018). Esto
permite la integracion en fase del marco de lectura abierto de reporteros
fluorescentes, como GFP (proteina verde fluorescente), con un gen especifico; asi
como una integracion precisa de casetes de expresion en el genoma. Esto evita la
sobreexpresion debido a la integracion de muchas copias en el genoma o la
integracion en una zona donde la cromatina podria tener un patron diferente. En la
Figura 2 se observa el procedimiento general de las principales estrategias para la
ingenieria del genoma del pez cebra utilizando el sistema CRISPR (Espino-Saldafia
et al., 2019).

Los antecedentes indican la relevancia de las proteinas MCTP. Sin embargo,
se sabe muy poco del patrén de expresion, de la ubicacién intracelular y de su
funcién. El obtener esta informacién nos permitira sugerir cual podria ser su funcion
dentro de las células que lo expresan. El uso del pez cebra, podria permitir estudiar

la funcién de estas proteinas, debido a las diversas ventajas que ofrece.
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Figura 2. Resumen de las principales estrategias paralaingenieriadel genoma
del pez cebra utilizando el sistema CRISPR/Cas. El tiempo tipico consumido en
cada procedimiento se indica en rojo. A) disefio de sgRNAs utilizando cualquiera de
las herramientas disponibles. Sintesis in vitro de los sgRNAs y mRNA (o proteina)
de la eleccién de Cas. Microinyeccion de embriones recién fertilizados (1-célula) con
una mezcla de sgRNA individuales o multiples mas los siguientes de acuerdo con
el proposito: Para knockout, mRNA que codifica par la nucleasa mas conveniente;
para knockin, mMRNA que codifica para la nucleasa (o proteina Cas) mas DNA
donante; para regulacion de genes, Cas9 inactivo (dCas9) fusionado a un efector,
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dentro de la célula, se forma un complejo entre la proteina Cas, el SgRNA y el DNA
genomico. B) La endonucleasa genera una ruptura de doble cadena del DNA
gendmico, que es reparada por la maquinaria de reparacion de DNA enddgena
mediante uniones finales no homédlogas (NHEJ), que causan inserciones o
deleciones (InDels) que podrian perturbar el marco de lectura abierto (knockout) o
incorporar DNA del donante exdgeno en un proceso independiente de homologia
en un locus gendémico elegido (knockin). C) dCas9 se puede usar fusionado a un
efector tal como represores transcripcionales, activadores, metilasas o proteinas
fluorescentes. En este caso, el complejo, en lugar de romper el DNA gendémico,
permitira la regulacion génica o la visualizacion del sitio blanco. D) Se observan el
fenotipo en los embriones inyectados después de 1 a 5 dias.-La deteccion del
genotipo podria realizarse en la FO mediante un procedimiento rapido como TIDE
(Seguimiento de los InDels por descomposicion), HMA (ensayo de movilidad de
heteroduplex) o digestién con endonucleasa T7, y luego confirmarse mediante PCR
y secuenciacion. E) Para evitar el mosaicismo, el pez fundador (FO) se crece hasta
la edad adulta, se entrecruzan y se genotipifica la F1 como se describid
anteriormente. Para producir una linea transgénica, los peces fundadores se cruzan
con el tipo silvestre y luego se conservan en F1 hasta que se encuentran
homocigotos. La genotipificacidbn se hace de una muestra de la aleta posterior
(finclip). Si la homocigosis es letal, se puede mantener una linea heterocigotica
(Espino-Saldana et al., 2019).
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. HIPOTESIS

Los genes mctp se expresan en el sistema nervioso y en el sistema muscular

del pez cebra y su expresion es esencial para el desarrollo.

IV. OBJETIVO GENERAL

Determinar el patrén temporal y espacial de expresion de los genes mctp y

los efectos de su disrupcion en embriones de pez cebra.

OBJETIVOS PARTICULARES

- Determinar el patron de expresion temporal de los genes mctp en los

periodos embrionario y larvario del pez cebra.

- Definir el patrén de distribucion de la expresion de los mRNA de los mctp, en

los periodos embrionario y larvario del pez cebra.

- Evaluar el efecto de la disrupciéon del gen mctp2b durante el desarrollo del

pez cebra.
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V. MATERIALES Y METODOS

5.1 Modelo animal y condiciones de mantenimiento y manipulacion

Se utilizaron peces cebra cepa AB, del bioterio del laboratorio de Biologia
Molecular y Celular del Instituto de Neurobiologia de la UNAM. La manipulacion,
apareamiento y microinyeccion se llevaron a cabo en dichas instalaciones.

Proyecto aprobado por el Comité de Bioética de la Universidad Autbnoma de
Querétaro con el nimero 26FCN2016; y aprobado por el Comité de Bioética del
Instituto de Neurobiologia de la UNAM (Protocolo no. 067 para el uso de animales
en la investigacion cientifica).

Las condiciones de mantenimiento, cuidado y manipulacién y eutanasia se
llevaron a cabo de acuerdo a las normas del bioterio de pez cebra del laboratorio de
Biologia Molecular y Celular del Instituto de Neurobiologia de la UNAM, siguiendo
los procedimientos y protocolo del “Manual de usuario del bioterio” del INB, los
“Lineamientos para el desempefio de las labores de investigacién y la integridad
cientifica en el Instituto de Neurobiologia de la UNAM” y los procedimientos de
“Guidelines for use of zebrafish in the National Institute of Health (NIH)”, tal como se

indica en el protocolo aprobado por el comité de bioética del INB antes mencionado.

5.1.1 Tanques

- Para peces adultos, se utilizd un sistema de tanques de vidrio de 5 litros con
sistema de filtracion y control de temperatura a 28°C. A una densidad de maximo
5 adultos/litro (25 adultos por tanque).

- Para las larvas, se utilizaron tanques de vidrio de 250 ml mantenidos en una
incubadora a 28°C, haciendo recambio del 50% de agua diariamente. A una
densidad de maximo 100 larvas por 100 ml. A los 30 dias post-fertilizacion (dpf) se

cambiaron al sistema.

5.1.2 Agua para los tanques
pH 7.0-7.5
Conductividad 500-1000 pS
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Temperatura 25-28°C.

Cloro, nitritos y amonio no detectable.

5.1.3 Medio E3 60 X (para mantenimiento de embriones de pez cebra)
NacCl 34.8¢g

KCI 16g¢g
CaCl2-2H20 58¢
MgCl2:6H20 9.78 ¢

Se disolvieron las sales en agua desionizada, se llevé a un volumen final de 2 litros.
Se ajustd el pH a 7.2 con NaOH. Se esterilizd en autoclave.

Para preparar E3 1 X, se diluyeron 16.5 ml del stock 60 X a 1 litro.

5.1.4 Alimento
2 veces al dia (9 amy 6 pm)
Adultos: Adult Zebrafish Diet, cat. 388763912416 marca Zeigler™

Larvas: Larval Cat. AP100 Diet marca Zeigler™

5.1.5 Anestésico MESAB (MS-222) para peces cebra

Tricaina (3-amino benzoica acid ethyl ester) SIGMA cat. A5040 (0.4 % W/V)
Se mezclo:

400 mg de tricaina

800 mg Na2HPO4 anhidro

100 ml de agua destilada.

Se ajustd el pH a 7 con NaOH 1 N 6 HCI 1N (solo en caso de ser necesario).
Se hicieron alicuotas de 25 mly se guardaron a 4°C.

Uso en alevines: 10 gotas en una caja Petri 35 mm (40-50 ml de E3).

Se dejaron hasta que se anestesiaban (1-2 min).

Para despertar, se sustituy6 el E3 con anestésico por E3 sin anestésico.

Uso en adultos: 4.2 ml de 100 ml de agua en un vaso de precipitado (1-2 min).
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5.1.6 Apareamiento y obtencion de embriones recién fertilizados

- La noche anterior, se dejaban dos hembras y un macho separados por una division
en una pecera de apareamiento.

- La mafana siguiente, se quitaba la separacion para que los peces llevaran a cabo
Su proceso normal de apareamiento.

- Los peces se regresaron a su tanque utilizando una red, se colectaron los

embriones y se colocaron en una caja Petri con medio E3.

5.2 Criterios para la determinacion de tamafio de muestra y analisis
estadistico

En cada experimento se utilizé la camada completa de embriones obtenida
de un apareamiento (se obtenian aproximadamente 100-a 200 embriones por
apareamiento de una pareja). Cada experimento se realizé por cuadruplicado. Esto
permitid obtener al menos un duplicado para los analisis moleculares subsiguientes.
Este criterio fue el que utiliza los estudios-con corte semejante al previamente
reportado (Ma y Liu, 2015), y que permite tener un poder estadistico aceptable

(0.80) ante variaciones experimentales.

Los datos de los experimentos de disrupcién génica se analizaron mediante
la construccion de una tabla de contingencia con el nimero de embriones con los
fenotipos obtenidos entre los embriones inyectados con las gRNA especificas de
cada gen mctp y los embriones seleccionados como control positivo y aquellos
seleccionados.como control negativo. A estos datos se les aplicé una prueba de
Chi-cuadrada con calculo de significancia mediante una prueba exacta de Fisher
con un alfa=5% (Crawley, 2012). Esto permiti6 determinar si la disrupcion de los
genes fue efectiva, y controlar asi los efectos potenciales provocados por la
inyeccion en si misma. Los controles positivos fueron embriones inyectados con
gRNAs especificas para el gen de la tirosinasa o para el gen albino, que son utilizado
como controles positivos en trabajos similares con el fin de observar un fenotipo
conocido (falta de pigmentacion). Los controles negativos fueron embriones a los

que no se les realiz6 ningun procedimiento.
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5.3 Procedimiento para determinar el patron de expresion de los cuatro genes
mctp del pez cebra por RT-PCR

5.3.1 Coleccion de embriones
Se colectaron embriones y larvas en los estadios mostrados en la Figura 3 en tubos
de 1.5 ml y se anestesiaron colocando los tubos con los embriones en hielo por 2

1 célula (0.5 hpf) Gastrula (6.5 hfp) 18 somita (18 hfp)

»
. - '

Prim 5 (24 hpf)  Periodo de eclosion Larva (5 dpf)
(48 hpf)

minutos.

Figura 3. Estadios de desarrollo de embriones y larvas de pez cebra analizados.
dpf, dias post fertilizacion.

5.3.2 Extracciéon de RNA total
- Se colocaron 3 larvas o embriones por cada estadio, o0 100 mg de tejido en un
microtubo de 1.5 ml.
- Se adiciond 1 ml de trizol (invitrogen).
- Se disgrego utilizando un micro-homogenizador.
- Se incub6 5 min a temperatura ambiente.
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- Se adicionaron 200 pl de cloroformo y mezclar en vortex por 20 seg.

- Se incubd 2 minutos a temperatura ambiente.

- Se centrifugdé a 12000 rpm 10 minutos a 4°C.

- Se colectaron la fase acuosa en otro microtubo de 1.5 ml.

- Se precipitoé con 0.8 voliumenes de isopropanol.

- Se centrifugdé a 12000 rpm 15 minutos a 4°C.

- Se descarto el sobrenadante y se lavé con 500 pl de etanol al 70% en agua libre
de RNasas. Se mezcld en vortex.

- Se centrifugd a 12000 rpm 1 minuto a 4°C.

- Se eliminé el sobrenadante y dejo secar la pastilla a temperatura ambiente.

- Se resuspendio en 25 pl de agua libre de RNasas.

- Se corrié 1 pl de cada RNA extraido en un gel de agarosa al 0.8 % tefido con
bromuro de etidio.

- Se cuantific6 en un micro-espectrofotometro (nanodrop).

5.3.3 Amplificacién por RT-PCR

La reaccion de retrotranscripcion. y amplificacion por PCR, se llevo a cabo en un
solo paso utilizando el kit One-Step RT-PCR (Invitrogen). Se utilizaron los RNAs
totales extraidos de los diferentes estadios de desarrollo utilizando oligonucledétidos
disefiados entre intrones para evitar amplificacion por contaminacién de DNA

gendmico. Se enlistan en la tabla 1.

Mezcla de reaccioén:

H20 7.5 ul
Buffer 2X 10 pl
Oligo directo 10 puM 0.5 ul
Oligo reverso 10 uM 0.5 ul
RNA total 50 ng/ul 1.0

Mix RT/Taq platinum 0.5 pl
Volumen final 20 ul
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Condiciones de reaccion:

1 ciclo: [50°C 30 min

L94°C 2 min

40 ciclos: [94°C 15seg Desnaturalizacion

155°C 30seg Alineamiento de oligonucleotidos
[ 72°C 40 seg Extension

1 ciclo: {72°C 5 min.

Tabla 1. Oligonucleétidos especificos para determinar el patron de expresion de

los genes mctp de pez cebra.

Nombre Secuencia Amplicon
(5'-3") (pb)
mctpla-F  GCATCAGTCTCATCGAGGCA 400

mctpla-R CTCTCATGTGGGTCGTCCAG

mctplb-F AGCCAGAAAGCCAGAAAGTGTG 501
mctplb-R CTACGGAAAACCTCTITACCGGC

mctp2a-F CCTTGAGCTGGGTAACAGCA 348
mctp2a-R  TTGGGATTGTCCTCCGCAAA

mctp2b-F  TAACCTGGTCATCAGAGACCGC 688
mctp2b-R  ATTCAGCGGCAACTCAGACAAG

Zftub-F CCTGCTGGGAACTGTATTGTC 292
Zftub-R TCAATGAGCTCCTTGCCAATAG

5.4 Deteccion de mRNA de los genes mctp por hibridacion in situ

El procedimiento fue el siguiente:

- Se amplificaron fragmentos especificos para cada uno de los mRNA de los genes
mctp del pez cebra.

- Se clonaron en un plasmido de expresion pGEMT-Easy (Promega) que tiene el

promotor de T7 RNA polimerasa.
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- Cada plasmido se linealiz6 con la enzima de restriccion correspondiente indicada
en la Figura 4, se purificé y se cuantifico.

- Utilizando como molde el DNA linealizado, se sintetizaron in vitro las respectivas
sondas de RNA marcadas con digoxigenina.

- Utilizando las sondas de RNA sintetizadas, se hicieron hibridaciones in situ en
embriones y larvas de pez cebra en etapas 1-célula, gastrula, 18-somita, 21-

somita y prim-5.

5.4.1 Amplificaciéon por RT-PCR

Se extrajo RNA total de embriones 24 hpf y se amplificaron fragmentos de cada
MRNA de los genes mctp por RT-PCR utilizaron las mismas condiciones descritas
en los apartados 5.3.2 y 5.3.3, utilizando los oligonucledtidos de la tabla 2. Los
oligonucledtidos se disefiaron para amplificar fragmentos con que tuvieran baja
homologia entre los genes mctp, esto para evitar sefial cruzada en las hibridaciones

in situ.

Tabla 2. Oligonucleédtidos especificos. utilizados para amplificar un fragmento de
MRNA de cada mctp de pez cebra, que sirvieron como molde para sintetizar las
sondas para hibridacion in-situ.

Nombre Secuencia Amplicon
(5°-3) (pb)
MCTPlalSH-F TCATCCCCAGAGCCCTGAATAAC 497

MCTPlalSH-R. GTGGATTGTCTTGCTGCGAAAAAC

MCTP1bISH-F ATGGAAGCGAGTATGGACGTGG 694
MCTP1bISH-R CTTTAAGGTTGTCCACTATTAGGCAAA

MCTP2alSH-F  TAGGTGACATAGATGATACAGCTAGTG 636
MCTP2alSH-R  CAACTTTGCTCTTGTAGATGTGC

MCTP2bISH-F  ACTTGAAAAGACCACTGAGATGGTGC 623
MCTP2bISH-R TGTGGGTCTGTAGCCGGCTG
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5.4.2 Clonacioén de los amplicones especificos de cada mctp.

- Los amplicones, productos de RT-PCR, se corrieron en un gel de agarosa al 1 %
a 100 V por 40 minutos.

- Cada banda se corté y purificé utilizando el kit “QIAquick Gel Extraction” (Qiagen),
de acuerdo con las instrucciones del kit.

- Los amplicones purificados se cuantificaron en un micro-espectrofotometro
nanodrop.

- Cada amplicén se clon6 en el vector pGEM-T Easy en la siguiente mezcla de

reaccion:
Buffer 2X 5.0 ul
PGEMT 50 ng/pul 1.0l
DNA 100 ng/ul 1.0l
Ligasa 5 U/ pl 1.0l
Volumen final: 10.0 pl

- Las mezclas de reaccion se ligaron a 4°C por 18 horas.

- Se transformaron 100 pl de células competentes XL-Blue con 2 pl de ligacion. Para
esto, se incubaron en hielo por 30 min; se dio un choque térmico a 42°C por 90
seg y se regreso al hielo por 2'min; se adicionaron 500 pl de medio LB a cada tubo
y se incubaron con agitacién a 37°C por 1 h; se sembraron 100 pl en placas de LB
agar con ampicilina. a una concentracién de 20 ug/ml; las placas de agar se
incubaron a 30°C por 18 h.

- Se crecieron 10 clonas independientes de cada uno en 4 ml de medio liquido LB
con ampicilina a una concentracion de 20 pg/ml.

- Se extrajo el de DNA plasmidico a partir de 2 ml de cultivo con el kit QIAprep Spin
Miniprep Kit (Qiagen) utilizando el protocolo recomendado en el manual del kit.

- Los DNAs plasmidicos se caracterizaron por restriccion enzimatica utilizando las

enzimas correspondientes mostradas en la Figura 4.
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Figura 4. Mapa de los plasmidos con los fragmentos de cDNA correspondientes a
cada mctp clonados en anti sentido para usarse como moldes en la sintesis de las
sondas de hibridacion. Se muestran en negro las enzimas de restriccion usadas
para la caracterizacion y.en rojo las enzimas de restriccién con que se linealizaron

los plasmidos.

5.4.3 Sintesis de las sondas para hibridacion marcadas con digoxigenina

- Se escogid una clona con el fragmento de cDNA correspondiente a cada mctp
insertado en antisentido y otra en sentido.

- Cada plasmido se linealiz6 con la correspondiente enzima de restriccion.

- ElI DNA linealizado se purificé utilizando el kit “QIAquick® Spin“(Qiagen) utilizando
el protocolo del manual del kit.

- Para sintetizar cada una de las sondas, se llevdé a cabo la siguiente reaccion
usando el kit DIG RNA Labeling SP6/T7 (Invitrogen) utilizando como templado los

correspondientes plasmidos linealizados:
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Agua 1.5ul

DNA 100 ng/ pl 5.0 ul
10X NTP labeling mix 1.0 pl
10X buffer 1.0ul

Inhibidor de RNasa 0.5 pl
T7 RNA polimerasa 1.0 pl
Volumen final 10.0 pl

- Las mezclas de reaccion se incubaron 2 horas a 37°C.

- Se adiciond 1 yl de DNAsa | a cada una.

- Se incubaron 15 minutos a 37°C.

- Parar la reaccion se adicionaron 2 pl de EDTA pH 8.0 0.2 M.

- Las sondas de RNA sintetizadas se purificaron utilizando el kit “Mini Quich Spin
Colum” (Roché) de acuerdo con el protocolo del manual del kit.

- Se determind la concentracion de las sondas cuantificando en un micro-

espectrofotometro (nanodrop).

5.4.4 Hibridacién in situ en embriones de pez cebra

- Los embriones en etapa prim-5, a las 24 hpf, se decorionaron antes de fijar con
paraformaldehido (PFA).

- Los embriones se fijaron en PFA al 4% de 4 a 18 h.

- Se removi6 el PFA y se lavo 3 veces con PBST, incubando 10 minutos con
agitacion suave.

- Se'agrego proteinasa K a una concentracion final de 10 pg/mly se incub6 por 10
minutos a temperatura ambiente.

- Se removio la solucion de proteinasa K y se re-fij6 con PFA al 4% por 20 minutos
a temperatura ambiente.

- Seremovio el PFA y lavo 4 veces con PBST, 5 minutos por lavado con agitacion

suave.
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Se retird la solucion PBST y agregd HYB- a temperatura ambiente y agito
suavemente por 10 minutos.

Se retird la solucién y agregoé HYB- precalentado a 65°C, se incubd a 65°C por
10 minutos con agitacion suave.

Se retird la solucion y agregé HYB+ precalentado e incubé 4 horas a 65°C.

Se retir0 la solucion y agrego la sonda marcada con digoxigenina precalentada e
incubar toda la noche a 65°C.

Se retird la sonda y agrego las siguientes soluciones:

75% HYB-/25% de SSC 2X a 65°C por 10 minutos.

750% HYB-/50% de SSC 2X a 65°C por 10 minutos.

25% HYB-/75% de SSC 2X a 65°C por 10 minutos.

SSCT 2X a 65°C por 10 minutos.

SSCT 0.2X a 65°C por 30 minutos.

Se lavé con PBST por 10 minutos 2 veces a temperatura ambiente.

Se agreg06 solucién blogueadora e incubar 4 horas a 4°C.

Se agreg0 el anticuerpo anti-digoxigenina acoplado a fosfatasa alcalina y se
incubo toda la noche a 4°C.

Se retird solucidén y se agregdé 2 ml. de PBST a temperatura ambiente y se mezclo
por inversion.

Se recambié el PBST y se dejé6 10 min con agitacion suave a temperatura
ambiente.

Se lavd 4 veces con PBST por 10 minutos con agitacién suave a temperatura
ambiente.

Se retird la solucion y se paso a un pozo excavado.

Se agreg6 0.8 ml de solucion de coloracién y se agité suavemente protegidos de
la'luz.

Se revis6 cada 30 minutos hasta que apareciera la sefial.

Para detener la reaccion de coloracion, se eliminé la solucion y e agregé 1 ml de
PBST y se agitd suavemente por 1 minuto a temperatura ambiente.

Se aclar6 con glicerol al 80% en PBST, se mont6 y fotografié en cambo claro.
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5.4.4.1 Paraformaldehido 4% en PBS

Se disolvieron 1.2 g de PFA (sigma cat. P6148) en 25 ml de agua desionizada. Se
adicionaron 3 ml de PBS 10X y se disolvio en agitacion. Se agregaron 90 pul de

NaOH 5 M. Se hicieron alicuotas y se guardaron a -20°C.

5.4.4.2 Paraformaldehido 4% en PBST

A 50 ml de PFA 4% en PBS, se agregaron 250 ul de Tween20 al 20%.

5.4.4.3 PBS 10X (buffer salino de fosfatos)

1.37 M de NaCl

27 mM de KCI

100 mM de Na2HPO4

20 mM de KH2POq4

Se disolvieron en agua desionizada y se ajusto el PH a 7.4 con HCI. Se esterilizo en

autoclave.

5.4.4.4 PBST

Para 50 ml, se adicionaron 5 ml de PBS 10Xy 250 ul de Tween20 al 20% mas 44.75

ml de agua.

5.4.4.5 HYB-

Formamida 50%
SSC 5X
Tween20 0.1 %
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5.4.4.6 HYB+

HYB- con 500 pg/ml de RNA de torula (roche cat. 109223), 50 pg/ml Heparina. Se
guardo a -20°C.

5.4.4.7 Solucion de pre-coloracion

100 mM de tris pH 9.5
100 mM NacCl

0.1% Tween20

Se ajusto el pH a 9.5.
Se guardo a -20°C

5.4.4.8 Solucion de coloracion

Solucién de pre-coloracion con 50 mM de MgCla.
1mM de tetramizole (levamizole)
4.5 ul de stock de NBT y 3.5 ul de BCIP por cada ml.

5.5 Clonacion de las secuencias codificantes completas de los genes mctp del

pez cebra

Se extrajo RNA total de embriones 24 hpf y se amplificaron las secuencias
codificantes completas de los genes mctp por RT-PCR. Se utilizaron las mismas
condiciones descritas en los apartados 5.3.2 y 5.3.3. Se usaron los oligonucle6tidos
de la tabla 3,y con un tiempo de extension de 3 min en lugar de 1 min.

Los cDNAs completos se clonaron y caracterizaron por restriccion utilizando
las mismas condiciones del apartado 5.4.2. Se secuenciaron 10 clonas completas

del cDNA de cada mctp.

Tabla 3. Oligonucleétidos especificos utilizados para amplificar el marco de lectura
abierto completo de cada mctp de pez cebra.
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Nombre Secuencia Amplicon
(5°-3)) (pb)

mctplaC-F ACTGAACAGCGTGTGGACACTTC 2346

mctplaC-R CCTAGGAGAGTGTCAGAGGAGGAC

mctplbC-F AGGGTGACTTCTGACTGGAAAGAC 2644

mctplbC-R ATTGCTGATTTAGACGGGTAATACG

mctp2aC-F ATTCATCTGAAGTGCAGTTTCATCC 2844

mctp2aC-R CTTTCATCCGACATGTCCGTC

mctp2bC-F TCTGCTTTATTTGGACTTAGTTTGTGG 2087

mctp2bC-R TCAGCAGCAGTTTCCCGTAGTG

5.6 Disrupcion del gen mctp2b en embriones de pez cebra utilizando el
sistema CRISPR/Cas9

5.6.1 Sintesis de mRNA de Cas9

- Elplasmido pT3TS-nCas9n (Figura 5) se linealiz6 con la enzima Xba |, incubando
16 h a 37°C.

- El plasmido linealizado se purificd con el kit QIAquick Gel Extraction, de acuerdo
con las instrucciones del kit y se cuantifico en un nanodrop.

- Se llevé a cabo la reaccion de transcripcion in vitro con las siguientes haciendo

la siguiente mezcla de reaccion:

H.O.DEPC 7.0l
2x NTP/CAP 10.0 ul
10X buffer 2.0 ul
DNA lineal 1 pg/pul 1.0 pl
Enzima Mix 2.0 pl
Volumen final 20 pl

- Seincubd 2 horas a 37°C.
- Se adicion6 1 ul de DNAsa .

- Se incub6 15 minutos a 37°C.
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- Se adicionaron 30 pl de agua y 30 pl de LiCl. Se mezclo e incubd toda la noche
a-20°C.

- Se centrifug6 a 13,000 rpm a 4°C por 15 minutos.

- Selavo con etanol al 70 % en agua libre de RNasas (agua DEPC).

- Se dejo secar y se resuspendio en 20 ul de agua DEPC.

- Para verificar la integridad del RNA sintetizado, se corrié en un gel de agarosa al
0.8 %.

- Se determind la concentracion en un nanodrop.

T3 promoter
ori_g |
EcoRI (1258)
AmpR /
pT3TS-nCas9n.gb
7330 bp / Cas9
R.$
X bal (4501) EcoRI (3163)

Figura 5. Mapa de restriccion del plasmido pT3TS-nCas9n que contiene la
secuencia del mMRNA de Cas9 optimizado para expresion en pez cebra dirigido por
el promotor para la T3 RNA polimerasa (Jao et al., 2013). En negro se muestra la
enzima Eco RI con la que se caracteriz6 por restriccion; y en rojo la enzima utilizada

para linealizar el plasmido.

5.6.2 Sintesis de las guias CRISPR
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Se disefiaron tres guias CRISPR especificas para el gen mctp2b del pez cebra
complementarias a secuencias correspondientes en los exones 2 0 4 (Figura 6-A)
gue interrumpen el marco de lectura abierto, generando ya sea un péptido pequefio
que carece de todos los dominios (guia 3) o un fragmento de la proteina que
contiene solo el dominio C2A y parte del dominio C2B (guias 1 y 2) (Figura 6-B).
Como control, se sintetiz6 una guia CRISPR especifica para gen slc45a2 que
genera un fenotipo albino o una guia para el gen de la tirosinasa. La secuencia
correspondiente a la secuencia blanco de los oligonucledtidos especificos para
sintetizar cada una de las guias se muestra en la tabla 4 (Lineas azules en la Figura
7).

?-zmm = EXON 4 S
# —
Guia 3 Guia2 Guial
— “— — «—
B N , L L 7% " C
e QA wm (28w (2C iV (T —
3 201

Figura 6. A) Diagrama del gen mctp2b de pez cebra que muestra la ubicaciéon de
los sitios de unién de las guias CRISPR. Las regiones amplificadas por PCR para
genotificar las ediciones CRISPR se muestran en lineas azules. B) Representacién
esquematica de la transcripcion de Mctp2b que indica la posicién de los dominios
funcionales relevantes y los sitios (lineas moradas) donde las ediciones CRISPR

interrumpieron la expresion de la proteina.

31



Tabla 4. Secuencia blanco de unién de la enzima Cas9 utilizada en los oligos 1 de

la Figura 7, para hacer las guias especificas indicadas en la Figura 6.

Guia Secuencia Exon
(5'-3") blanco
GuiaMctp2b-1 GGGGCTCCGGTGCAGGCTTT 4
GuiaMctp2b-2 GGTGACCTGGAGCCGGGCCG 4
GuiaMctp2b-3 GGTTTGCTCGTTGTCTTGTA 2
slc45a2(albino) GGGGAAGGTTGATTATGCAC 3
Tirosinasa TGTCCAGTCTGGCCCGGCGA 2

- Se mando sintetizar el oligonucledtido 2 (oligo universal) que tiene la secuencia
de unidén a la enzima Cas9 que se utilizara junto con el oligo 1 (oligonucléotido
especifico de cada guia) para sintetizar la-guia CRISPR de RNA que contiene el
sitio de unién a la regién blanco y el sitio de union a la enzima Cas9 (Figura 7).

- Ensamble de los oligonucleétidos para cada guia CRISPR:

H20 DEPC 19.75.ul
Buffer 10X 2.5ul
dNTPs 10 mM 0.5 ul
Oligol 10 uM 1.0l
Oligo2 10 uM 1.0

Phusion polimerasa0.25 pl
Volumen final 25.0 ul
- Condiciones de ensamble:
Desnaturalizacion 98°C 2 min
Alineamiento 50°C 10 min
Extension 72°C 10 min
- Se verifico la integridad en un gel de agarosa al 2.5 % tefiido con bromuro de

etidio y se cuantificé en nanodrop.
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- Para llevar a cabo la transcripcion in vitro de cada guia CRISPR, se usé el kit
HiScribe T7 Quick High Yield RNA synthesis (NEB):

H20 DEPC 6.0 ul
NTP buffer mix 5.0 ul
DNA (oligos ensamblados) 3.0 ul
T7 RNA pol 1.0 pl
Volumen final 15 ul

- Seincubaron 16 h a 37°C.

- Se adicionaron 20 pl de agua DEPC y 1 ul de DNasa mix.

- Se incubaron 15 minutos a 37°C.

- Se verifico la integridad de los RNA en un gel de agarosa al-2.5 % tefiido con

bromuro de etidio y se cuantificd en nanodrop.

Oligo 1:
Promotor T7 Secugncia_blanco Secuencia de empalme
TAATACGACTCACTATAGGGNNNNNNNNNNNNNNNNNNNNGTTTTAGAG C TAGAAATAGC

Oligo 2:

5- AAAAGC ACC GACTCG GTG CCACTT TTT CAA GTT GAT AAC GGA CTAGCCTTATTT TAACTT GCTATT TCT AGCTCT AAA AC -3
Secuencia de empalme

Figura 7. Secuencia de los oligos 1 y 2 necesarios para sintetizar las guias CRISPR
de RNA. El oligo 1 tiene la secuencia del promotor T7 (rojo), la secuencia blanco-
especifica (azul), y una secuencia complementaria a un parte del oligo 2 (verde). El

oligo 2 (oligo universal) tiene la secuencia de unién a la enzima Cas9.

5.6.3 Mezcla de inyeccion

Se microinyectaron embriones recién fertilizados en estadio de 1-célula, usando un
microcapilar y una bomba de inyeccion (Pneumatic PicoPump modelo SYS-V820,
marca WPI).

Mezcla de reaccion:

H20 DEPC 5.0 pl
MRNA cas9 250 ng/ul 2.0 pl
Rojo de fenol 0.5 % 1.0 pl
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RNA guia CRISPR 500 ng/ ul 2.0 pl
Volumen final 10 pl
Los embriones se incubaron por 6 horas, se revisaron en el estereoscopio y se

eliminaron los embriones muertos. El resto se incubd hasta su analisis.

5.6.4 Genotipificacién por ensayo de heteroduplex (HMA)

5.6.4.1 TBE stock 10X

Se pesaron:

108.0 g Tris base

55.0 g acido bérico

7.44 g Na2EDTA « 2H20

Se ajusto el volumen a 1 litro con agua desionizada.
Se filtr6 utilizando un filtro de 0.45 pm.

5.6.4.2 TBE 5X

Tris-HCI pH 8 1.1 mM
HsBOs3 900 mM
EDTA pH 8 25 mM

5.6.4.3 Buffer de lisis

KCI 50 Mm

NacCl 200 Mm

Tris pH 8 10 mM

Gelatina 0.1%

NP-40 0.45 %
Tween20 045%

Se ajusté el pH a 8 con EDTA

5.6.4.4 Buffer de proteinasa K
Glicerol 50%
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CaCl2 1mM
Se preparo en Tris pH 8

5.6.4.5 Extraccion de DNA
- Se preparé el buffer de lisis completo:
980 ul buffer lisis
10 ul buffer proteinasa K.
10 ul proteinasa K 20 mg/ml.
- Se agregaron 20 pl del buffer completo a cada tubo.
- Seincubaron a 56°C por 4 h.
- Seinactivé la proteinasa K incubando las muestras a 95°C por 10 min.
- Se enfrio en hielo.

- Se agregaron a cada tubo 180 pl de agua desionizada.

5.6.4.6 Amplificacién por PCR
Se amplificé un fragmento de DNA gendmico utilizando el DNA extraido con el

protocolo del apartado 5.6.5.4, con los oligos de la tabla 5.

Mezcla de reaccion de PCR:
H20 18.8 ul
Buffer(+MgCl,) 10X 2.5 ul
dNTPs 10 mM 0.5 ul

OligoF 10 uM 1.0ul
OligoR 10 uM 1.0ul
DNA 1.0 pl
TaqPol 0.2 pl

Volumen final 25.0 ul
Condiciones de reaccién:
1 ciclo: 94°C 1 min
30 ciclos: [94°C 30 seg Desnaturalizacion

55°C 30 seg Alineamiento de oligonucleotidos
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72°C 40 seg Extension
1 ciclo: {72°C 5 min.

El producto de PCR se desnaturalizd y re-naturalizd lentamente utilizando el

programa de alineamiento.

Programa de alineamiento

10 min 95°C
1 min 85°C
1 min 75°C
1 min 65°C
1 min 55°C
1 min 45°C
1 min 35°C

Tabla 5. Secuencia de los oligonucleotidos utilizados para amplificar una region de
DNA genomico que flanquea el sitio de union de las guias CRISPR.

Nombre Secuencia Amplicon
(5°-3) (pb)

MCTP2bHMA-F CAAAGATCAAACAAATCAGTTATTAG 629

MCTP2bHMA-R ATCTCAACGACCCTCACTGGCAC

Tyr-F GAGTCTGCACCTCCCCAGAAGTC 104

Tyr-R CTGACAGAACCCTCGACCTGACTG

5.6.4.7 Gel de acrilamida

El DNA amplificado se separd en un gel de acrilamida al 14 %. Preparado de la
siguiente manera:

H20 2.8 ml

Acrilamida 30% 3.1 ml (Solucién de acrilamida y bisacrilamida, 29:1)

TBE 5X 1.16 mi

TMED 2.04
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PSA 10% 40.66

- Se cargaron 200 ng de DNA por carril utilizando buffer de carga.
- Se corrié a 100 V por 3.5 h.

- Se tifid 5 min con bromuro de etidio y se enjuag6 con agua corriente.

En los amplicones donde hubo edicion del DNA se forma un apareamiento erroneo

que retrasa la corrida del DNA, formandose los heteroduplex, como se muestra en

la Figura 8.
A
A e———  re— M
A — — Homoduplexes :¢
) — | e ———t e
PCR Hataroduple
annealing
g_
S — D N\ v and I T
e 3 1
Mut | e e : = PAGE
e b— -
c Homoduplexes Heteroduplexes
p— ——
e e

== B8 ||Homoduplexes

Figura 8. A) Esquema del principio de la genotipificacion por ensayo de movilidad
de heteroduplex. B) Esquema de un gel de poliacrilamida mostrando el patron de

corrida de los heteroduplex.

5.6.5 Genotipificacién por secuenciacion

Para confirmar que las muestras que resultaron positivas a la formacion de
heteroduplex tuvieran el DNA editado, y determinar el tipo de edicion, se extrajo
DNA gendmico de una parte de los embriones microinyectados utilizando el
protocolo del apartado 5.6.5.4 y se amplifico un fragmento corto flanqueando el sitio
blanco de la guia utilizando las condiciones del apartado 5.6.4.6 utilizando el par de

oligos PTguidesl1-2 para las guias 1y 2, y los oligos PTguides3 para la guia 3 (tabla
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6), cada fragmento se clond utilizando las condiciones del apartado 5.4.2 y se

mandaron secuenciar 10 clonas de cada uno.

Tabla 6. Oligonucledtidos especificos utilizados para amplificar un fragmento de
DNA genomico de los exones 2 y 4 del gen mctp2b (Figura 6-A).

Nombre Secuencia Amplicon
(5°-3) (pb)
PTguidesl1l-2-F GAAATCAACTTGTCTGAGTTGCC 169

PTguides1-2-R TGTTTTCTTTCTCCTCAGGGTC

PTguide3-F GTTTGTTTTATTTGTGTTTGGCA 180
PTguide3-R CTGTGGGCATTCAGGTTTAAGT

VI. RESULTADOS Y DISCUSION

6.1 Determinacion del patron de expresion de los genes mctp del pez cebra

6.1.1 Extraccion de RNA total de pez cebra

Se extrajo RNA total de mezclas de 3 peces de cada edad indicada en la
Figura 3. Se analizaron estas edades, debido a que son etapas del desarrollo
importantes: 1) El embrién recién fertilizado, cuando todavia no comienza a
sintetizar sus propios RNA mensajeros; 2) Gastrula, donde las células comienzan a
diferenciarse en las lineas celulares que daran lugar a los 6rganos y tejidos; 3) 18
somita, que es cuando el corazon ya esta desarrollado; 4) Prim 5 donde los érganos
estan completamente formados; 5) Periodo de eclosion; 6) Larva de 5 dpf, comienza
a alimentarse y sus o6rganos y sistemas principales estan desarrollados. La
integridad del RNA se verificoO en un gel de agarosa al 1% tefiido con bromuro de

etidio, como se muestra en la Figura 9.
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MPM 1 2 3 4 5 6

Figura 9. Gel de agarosa representativo con 1 pl de RNA total extraido de pez
cebra por carril. EI nUmero indica la etapa del desarrollo correspondiente a las

etapas mostradas en la Figura 3.

6.1.2 Amplificacién por RT-PCR

Para determinar el patrén de expresion de los genes mctp en las diferentes
etapas del desarrollo, se amplificé un fragmento de cada gen utilizando un par de
oligonucledtidos especificos disefiados en regiones no-homdélogas y entre intrones,
de tal manera que no hubiera amplificacién cruzada o amplificacion a partir de
contaminacion de DNA gendmico. Como control positivo, se amplifico un fragmento
del gen ubicuo tubulina; y como control negativo, se usaron mezclas de reaccion sin
RNA (DNA gendmico de pez cebra 24 hpfy agua libre de RNasas). Como se puede
observar en la Figura 10-A, se encontré que los cuatro genes mctp se expresan a
través del desarrollo, desde que el embridn esta recién fertilizado, lo que indica que
hay RNA mensajero materno, ya que, en esta etapa, aun no comienzan a
expresarse los RNA mensajeros propios del embrién. Este hallazgo nos sugiere que
la funcion de las proteinas codificadas en estos genes puede ser esencial para el
desarrollo.

Ademas, como se observa en la Figura 10-B, también se determiné que habia
expresion de los cuatro genes mctp en todos los tejidos de pez cebra adulto
analizados. En un trabajo anterior, se detecté MCTPL1 en varios 6rganos, incluidos
cerebro, rifidn, higado, corazén, pulmdn, musculo esquelético, testiculo y bazo (Qiu
et al., 2015).
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Figura 10. Geles de agarosa al 1.5 % con 1 ul de amplificacion por RT-PCR de un

fragmento de cada gen mctp y de tubulina (control positivo) a partir de RNA de A)

embriones de pez cebra en las etapas de desarrollo mostradas en la Figura 3, B)

tejidos de pez cebra adulto macho.
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6.2 Caracterizacion molecular de la secuencia codificantes de los genes mctp

del pez cebra

6.2.1 Determinacion de la secuencia codificantes de los genes mctp del pez
cebra

Para determinar las secuencias codificantes de los genes mctp, se disefiaron
oligonucledtidos con base en los marcos de lectura abiertos putativos de los genes
mctp reportadas en el genoma del pez cebra, version GRCz11 (Tabla 3). Se
amplificaron por RT-PCR, los amplicones se clonaron en el vector pGEMT-Easy
(Promega) y se mandaron secuenciar 10 clonas completas de cada uno utilizando
oligonucledtidos del vector y oligonucledétidos internos. Las secuencias resultantes
se ensamblaron utilizando el programa ChromasPro 2.1.8 (Technelysium). En la
Figura 11 se muestra el gel de agarosa con la amplificacion de los cDNA completos
de cada gen mctp, el gel con los mismos cDNAS purificados, y un gel representativo

de clonas enviadas a secuenciar.

A MPM  mctpla mctp2a mctplb mctp2b B MPM  mctpla mctp2a mctplb mctp2b
3 kb
2 kb 3 kb
2 kb
amplicon (kb)© 2.3 2.6 2.8 2.1 amplicén (kb) 2.3 2.6 2.8 2.1
C
3 kb
2 kb

Figura 11. Geles de agarosa al 1.5 % con 1 ul de A) el cDNA amplificado por RT-
PCR, B) el cDNA de A purificado y C) clonas representativas mandas a secuenciar

(marcadas con asteriscos).
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Las secuencias ensambladas completas, mostradas en el anexo 1, se
tradujeron a secuencia aminoacidica utilizando el programa ExPASy (Artimo et al.,
2012) y se muestran en el anexo 2. Se hicieron alineamientos, tanto de las
secuencias nucleotidicas  obtenidas (anexo 3), como de las secuencias
aminoacidicas (anexo 4), esto utilizando el software Mega X (Kumar et al., 2018).
Se encontr6 que tres de los cuatro genes presentan eventos de empalme
alternativo, dando como resultado al menos nueve proteinas con diferencias en las
asas localizadas entre los dominios C2: tres variantes de mctpla, dos de mctplb,
una de mctp2a y dos de mctp2b. Ademas, se encontré una alta frecuencia de
cambios nucleotidicos en todas las variantes. En la Figura 12 se muestra un
esquema de las isoformas encontradas de cada gen indicando los sitios donde se
localiza las diferencias entre las isoformas generadas ‘por_eventos de empalme

alternativos.

N

2

N N
! . i i !
C . C

(RN AR AT

Solo predicha en
el GeneBank

MCTP1a MCTP1b MCTP2a MCTP2b

o9 ©
.'. @~

Figura 12. Esquema de las isoformas encontradas de las proteinas Mctp del pez
cebra. Los recuadros rojos y negros indican los sitios donde se encontraron

diferencias generadas por eventos de empalme alternativo.

42



6.2.2 Andlisis de las secuencias aminoacidicas de las proteinas Mctp del pez
cebra

Se hizo un alineamiento de las secuencias de la isoforma mas frecuente de
cada una de las proteinas con la secuencia de las proteinas de humano y de los
principales modelos de mamifero (rata y ratdn), los cuales tienen 2 proteinas
(MCTP1 Y MCTP2), y con los principales modelos de invertebrados (C. elegans y
D. melanogaster) los cuales tiene solo una proteina (MCTP). Como se puede
observar en la Figura 13, hay una alta homologia en las regiones correspondientes
a los dominios C2 y pases transmembranales; sin embargo, en la secuencia amino-
terminal hay una alta variabilidad. Las proteinas Mctpla y Mctplb de pez cebra
parecen estar evolutivamente mas cercanas a las proteinas MCTP1 de mamifero y
las proteinas Mctp2ay 2b de pez cebra a las MCTP2 de mamifero como se observa
en la Figura 14.

La identidad de secuencia entre el pez cebray las proteinas MCTP humanas
es 46-76% y es mayor en los dominios C2 predichos, particularmente el dominio
C2C (identidad de hasta 91.45%). Los sitios de unién de Ca?* también se conservan,
lo que sugiere una funcién conservada.

Ademas, utilizando el programa Chimera 1.13 (Pettersen et al., 2004), se cre6
un modelo de la posible estructura de cada una de las proteinas Mctp del pez cebra.
En las cuatro proteinas se predice la misma estructura. En la Figura 15 se muestra
la estructura de Mctp2b como Figura representativa. Se observd que en las cuatro
proteinas se predicenlos dos pases transmembranales; ademas, se observo que
los dominios C2A y C2B se localizan juntos. En los tres dominios C2, los sitios
putativos de union a Ca?* se localizan en la cara externa superior de cada dominio;
ademas, en los sitios C2A y C2B se localizan los clusters de posible union a

Ptdind(4,5)P2 viendo hacia la cara lateral externa del mismo lado.
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Figura 13. Alineacién de secuencias de aminoacidos de las proteinas Mctp de pez

cebra con otras proteinas MCTP animales. Los correspondientes dominios C2 y

regiones transmembrana (TM) se muestran sobre las secuencias. Cuadros rojos,

sitio de unién de Ca?* de cada dominio C2. Amarillo, residuos idénticos; azul,

residuos conservadores; verde, bloque de residuos similares. Las secuencias de
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MCTP utilizadas para la alineacion son de: C. elegans, nUmero de acceso de
GenBank CCD68502.1 (Ce-MCTP); D. melanogaster, nimero de acceso de
GenBank NP_611372.3 (Dm-MCTP); M. musculus, nimero de acceso de GenBank
XP_006517525.3 (Mm-MCTP1) y NP_001019874.1 (Mm-MCTP2); R. norvegicus,
namero de acceso de GenBank XP_017446641.1 (Rn-MCTP1) y NP_001178554.1
(Rn-MCTP2); H. sapiens, numero de acceso de GenBank AAT73058.1 (Hs-MCTP1)
y AAT73060.1 (Hs-MCTP2); D. rerio, niumero de acceso de GenBank MK532709
(Dr-Mctpla), MK532711 (Dr-Mctplb), MK532713 (Dr-Mctp2a) y MK532718 (Dr-
Mctp2b). La alineacion de secuencias se genero utilizando el programa Mega X con

edicién manual.

Rn-MCTP1
Mm-MCTP1
Hs-MCTP1

— Dr-Mctpia

Dr-Mctpib

Dr-Mctp2a

Dr-Mctp2b

Hs-MCTP2

Rn-MCTP2
Mm-MCTP2

Ce-MCTP

Dm-MCTP

 —
0.2

Figura 14. Arbol filogenético generado con MEGA-X utilizando el método de
probabilidad maxima (Kumar, Stecher, Li, Knyaz y Tamura, 2018) basado en la
alineacion mostrada en la Figura 13. Rn, rata; Mm, raton, Hs, humano, Dr, pez

cebra. La barra de escala representa la sustitucion de 0.2 aminoacidos.
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Figura 15. Modelo de la estructura de la proteina Mctp2b de pez cebra, en amarillo

se muestran los aminoacidos conservados de union a Ca?", en violeta los
aminoacidos del cluster de union a PtdIind(4,5)P2 y las regiones transmembranales

se muestran en cian.

6.3 Patrén de distribucion de la expresion de los genes mctp de pez cebra

Se determino el patron de distribucion de la expresion de los genes mctp en
el pez cebra a través del desarrollo. Esto se hizo por hibridacion in situ utilizando
sondas de RNA marcadas con digoxigenina. Para esto, se amplificaron por RT-PCR
fragmentos del RNA mensajero de cada gen en regiones de baja homologia (Figura
16-A), utilizando oligonucleétidos especificos. Dichos fragmentos se clonaron en un
vector con el promotor T7 RNA polimerasa. En la Figura 16-C se muestra un ejemplo
de un gel de agarosa con algunas de las clonas analizadas. Las clonas se
caracterizaron por su patron de restriccion con las enzimas indicadas en la Figura
4. En la Figura 16-D se muestra como ejemplo un gel de agarosa con algunas de

las clonas digeridas, indicando el sentido en el que los fragmentos se clonaron. Se
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escogieron plasmidos de cada uno con el fragmento clonado en sentido contrario
para utilizar como templado para sintetizar las sondas con una secuencia
complementaria al RNA mensajero de los genes; y otro con el fragmento clonado

en sentido para sintetizar sondas para utilizarse como controles negativos.

A MPM 1a 1b 2a Nadl.2 2b B

Tamario de los amplicones:

MCTP1aZF.Sonda 497 pb
MCTP1bZF.Sonda 694 pb
MCTP2aZF.Sonda 636 pb
MCTP2bZF.Sonda 623 pb
Nadl1.2ZF.Sonda 540 pb

500 bp

DNA plasmidico Caracterizacion con Pstl

* *

323 bp
270 bp

Figura 16. A, gel de agarosa al 1% con los fragmentos de DNA amplificados
correspondientes a cada mRNA de los genes mctp. B, Tamafo de los fragmentos
amplificados en A. C, DNA plasmidico de las clonas pGEMT-Easy que contienen
los fragmentos amplificados. D, caracterizacion por restriccion de algunas de las
clonas, utilizando las enzimas indicadas en la figura 4. Se indica abajo con un signo
(+) los fragmentos clonados en sentido y con un signo (-) los fragmentos clonados

en anti-sentido.

Las clonas seleccionadas se propagaron y se purificaron como se muestra
en la Figura 17-A. Posteriormente se linealizaron utilizando la enzima indicada en la
Figura 4. Los DNA linealizados se purificaron, se cuantificaron, y se verificé su
integridad en un gel de agarosa como se muestra en la Figura 17-B. Utilizando estos
DNAs linealizados como templados, se sintetizaron las sondas de RNA marcadas

con digoxigenina por medio de una reaccion de transcripcién in vitro. Las sondas se
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purificaron, se cuantificaron y se verificé su integridad en un gel de agarosa como

se muestra en la Figura 17-C.

DNA plasmidico de las clonas Plasmidos linealizados

MPM 1a+ 1a- 1b+ 1b- 2a+ 2a- 2b+ 2b- Nad+ Nad-

MPM 1la+ 1la- 1b+ 1b- 2a+ 2a- 2b+ 2b- Nad+ Nad-

- s g w— e o G @9 e

T s S s s by @0 @ & @

Sondas de RNA marcadas con DIG

MPM Nad+ Nad- 2b+ 2b- la+ 1a- 1b+ 1b- 2a+ 2a-

. 4 u!!

Figura 17. Geles de agarosa al 0.7 % de: A, DNA plasmidico de las clonas con los

fragmentos seleccionados para usar . como moldes para sintetizar las sondas para
hibridacién in situ; B, los plasmidos linealizados y purificados; C, las sondas de RNA

sintetizadas y purificadas.

Para determinar el patron de distribucion de la expresion utilizando las
sondas de RNA sintetizadas especificas para cada mRNA de los genes mctp, se
realizaron hibridaciones in situ en embriones de pez cebra durante el desarrollo en
las siguientes etapas: 1-célula (0.5 hpf), gastrula (6.5 hpf), 16-somita (16 hpf), 20-
somita (20 hpf) y prim-5 (24 hpf). Se hicieron 3 experimentos independientes en las

etapas indicadas, probando todas las sondas en cada repeticion.

En la etapa de 1-célula, el embridn esta recién fertilizado. En esta etapa, el
citoplasma fluye hacia el polo animal para formar el blastodisco. Como se muestra
en la Figura 18, se observa una fuerte expresién de mctp2b. También se observa

una expresion marcada de mctpla, aunque de menor intensidad que mctp2b. Por
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otro lado, se observa baja expresidon de mctplb. mctp2a muestra la menor

expresion.

mctpla mctplb C(-) (sondas c/secuencia rev-compl)

500 um

mctp2a mctp2b

Figura 18. Patrén de la distribucién de la expresién de los genes mctp en embriones
de pez cebra en etapa 1-célula (0.5 hpf) por ISH.

En la etapa degastrula, el escudo embrionario es visible desde el polo animal
y presenta un 50% de epibolia. Como se muestra en la Figura 19, se observa que
la expresion de mctp2a aumenta, siendo el que mas se expresa en esta etapa.
mtp2b ha. disminuido su expresién, mientras que mctpla y mctplb parecen

mantener sus niveles de expresion.
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C( -) (sondas c¢/secuencia rev-compl)

mctplb

mctp2a mctp2b

Figura 19. Patrén de la distribucién de la expresién de los genes mctp en embriones

de pez cebra en etapa gastrula (6.5 hpf) por ISH.

En la etapa 16-somita, comienza la organogénesis y el desarrollo de los
neurémeros. Como se muestra en la Figura 20, se observa expresion de los genes
mctp principalmente en las células cercanas al vitelo (como se indica con las
flechas). mctpla y mctplb parecen mantener sus niveles de expresion. El nivel de
expresion de mctp2a ha disminuido y la de mctp2b ha aumentado, siendo

nuevamente el que mas se expresa.

50



mctpla mctplb C(-) (sondas c/secuencia rev-compl)

mctp2a mctp2b

Figura 20. Patron de la distribucion de la expresion de los genes mctp en embriones

de pez cebra en etapa 16-somita (16 hpf) por ISH.

En la etapa 20-somita, comienza a haber contracciones musculares y se han
formado el lente y la vesicula ética, y los neurémeros del cerebro posterior son
prominentes. Como se muestra en la Figura 21, se observa expresion de los genes

mctp se mantiene con un patron similar al observado en la etapa 16-somita.

mctpla mctp1b C(-) (sondas c/secuencia rev-compl)
mctp2a mctp2b

Figura 21. Patron de la distribucion de la expresion de los genes mctp en embriones

de pez cebra en etapa 20-somita (20 hpf) por ISH.
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En la etapa 5-prim, los érganos y tejidos ya estan diferenciados y comienza
la circulacion sanguinea. Como se muestra en la Figura 22, se observa expresion
de los cuatro genes principalmente en el cerebro y en el sistema muscular.
Nuevamente hay una fuerte expresion de mctp2b, una expresion marcada de
mctp2a y mctplb y una expresién menor de mctpla. Se observa que la expresion

esta distribuida a través de todo el cerebro como puede observarse en la Figura 23.

Figura 22. Patron dela distribucidn de la expresion de los genes mctp en embriones

de pez cebra en etapa prim-5 (24 hpf) por ISH.
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)
Figura 23. Hibridacién in situ mostrando: A) Expresion del gen mctp2b en el cerebro

de embriones de pez cebra en etapa prim-5 (24 hpf) (vista dorsal y ventral) y B) el
control negativo, donde se utiliza una sonda mctp2b sentido.

6.4 Efecto de la disrupcion del gen mctp2b-por edicion del genoma utilizando
el sistema CRISPR/cas9

El gen mctp2b mostré la mayor expresion desde la etapa de una célula hasta
la etapa prim-5; por lo tanto, se decidié investigar los efectos de la disrupcion de
este gen. Para esto, se utilizo el sistema CRISPR/Cas9. Se microinyectaron una
mezcla de 2 guias CRISPR de RNA junto con mRNA de Cas9. Para la sintesis de
las guias, se ensamblé el oligonucledtido universal (oligo 2 de la Figura 7) con el
correspondiente oligo especifico para cada sitio blanco (oligo 1 de la Figura 7, donde
las Ns se sustituyen por la secuencia correspondiente mostradas en la tabla 4). En
la Figura 24-A se muestra esos oligonucleotidos ensamblados. Se hizo una mezcla
del ensamble 1y 4 y otra del 2 y 3. Se realiz6 una transcripcion in vitro utilizando
como molde el DNA ensamblado especifico de cada guia CRISPR. También se
sintetizd0 MRNA de la enzima Cas9. En la Figura 24-B se muestran estos RNAs
utilizados para la mezcla de inyeccién.

Se hicieron 10 experimentos independientes. En cada uno, se utilizaron
embriones recién fertilizados (20-45 minutos post-fertilizacion), antes de que los

embriones llegaran a la etapa de 2-células. Los embriones se dividieron en tres
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grupos, una parte se microinyectaron con la mezcla correspondiente a las guias
CRISPR de mctp2b; otra parte con la guia albino (gen slc45a2) como control; y otra
parte se dejaron sin inyectar como control negativo. A las 6 horas post-inyeccion
(hpi), se eliminaron los embriones muertos por efecto de la manipulacién y la

microinyeccion.

A B

M 1 2 3 4 Albino M mix1+4 mix2+3 Albino mRNA Cas9

Figura 24. A) gel de agarosa al 2% mostrando los oligonucleétidos ensamblados
utilizados como molde para sintetizar las guias CRISPR. B) geles de agarosa al 1
% mostrando las guias CRISPR de RNA'y el mRNA de Cas9.

A las 24 hpi se observa en los embriones inyectados con las guias mctp2b
un porcentaje de muerte que va de entre el 24.8 y el 38.8 %. En el control positivo
solo se observa una mortalidad del 15 %, mientras que en el control negativo es
solo del 3%. Ademas, de los embriones que sobreviven, se observa un fuerte efecto
sobre el desarrollo general de los embriones que va desde un 9.9 a un 19 % (Figura
25y 26). En el control positivo se observa un fenotipo albino en mas del 90 % de
los embriones, aunque como se observa en la Figura 26, el grado de
despigmentacion varia, lo que refleja los diferentes grados de mosaicismo. Sin
embargo, no se observan otros efectos evidentes en el desarrollo como el

observado en los embriones inyectados con las guias mctp2b.
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Figura 25. Gréficas mostrando los porcentajes de A) mortalidad y B) efectos en el

fenotipo en los embriones microinyectados con las guias CRISPR. p=0.001.
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Crispantes albino Sin inyectar

Crispantes albino

Figura 26. Fenotipo de los embriones editados con el sistema CRISPR. A, control
positivo inyectado con la guia albino y control negativo sin inyectar a las 24 hpi. B,
control positivo inyectado con la guia albino y control negativo sin inyectar a las 24

hpi. C, inyectados con las guias mctp2b a las 24 hpi.

Para determinar en qué etapa del desarrollo comienza a afectarse el
desarrollo de los crispantes de mctp2b, se tomaron fotografias de embriones
inyectados con la guia mctp2b y con la guia control albino, esto durante varias
etapas del desarrollo. Los resultados se muestran en la Figura 27. Hasta la etapa
de blastula, no se observan diferencias en los crispantes de mctp2b comparados
con el control albino. En la etapa gastrula, se observa un retraso en el desarrollo de
los crispantes mctp2b, el escudo embrionario es mas delgado en comparacion con
los crispantes albinos. En esta etapa se inician los eventos criticos que determinan
el destino celular, la internalizacion y la formacion de la capa germinal, estos
eventos posiblemente estan siendo afectados en los crispantes mctp2b. En la etapa

de 10-somita, hay una clara diferencia entre el desarrollo de los crispantes mctp2b
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en comparacion con los crispantes albinos, el cerebro y el primordio 6ptico no son
distinguibles y no se observa la formacioén de las somitas. En la etapa 5-prim (24
hpi), los crispantes mctp2b mostraron una alta mortalidad (Figura 25). Las larvas
gue sobreviven a esta etapa presentan defectos de desarrollo: muestran una clara
pérdida de simetria y lateralidad, aunque si presentan contracciones espontaneas
tipicas; El latido del corazon es evidente pero claramente irregular. Las somitas no
se distinguen y presentan claras deformaciones; el pliegue medio de la aleta no es
reconocible. La cabeza y los ojos son distinguibles, pero con malformaciones. En
contraste, la mayoria de los crispantes albinos tienen un desarrollo narmal. Ninguno
de los crispantes mctp2b afectados sobrevive a las 48 hpi, mientras que todos los

crispantes albinos sobreviven.

1-célula Blastula Gastrula 10-somita

— -

mctp2b

albino

Figura 27. Fenotipo de los crispantes mctp2b comparados con el control albino en
las etapas de desarrollo indicadas.

6.4.1 Genotipificacién

Para determinar si efectivamente habia ediciones en el genoma de los
embriones inyectados en el sitio blanco, se realizaron ensayos de movilidad de
heteroduplex. Para esto, se colectaron mezclas de 3 embriones inyectados en cada
condicion a las 24 hpf. A partir de estas mezclas de embriones, se amplifico un
fragmento de DNA flanqueando el sitio de union de las guias CRISPR y se corrieron
en un gel de poliacrilamida. Se observéo formacion de heterodlplex en

aproximadamente en el 65 % de las mezclas de embriones inyectados con las guias
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para mctp2b, mientras que no se encontraron en el control negativo. En la Figura

28 se muestran geles representativos.

MPM 1 ¢-) 2 3 4 5 6 7

Figura 28. Gel de poliacrilamida mostrando los heteroduplex formados por el
apareamiento de los DNAs con ediciones.

Para determinar los tipos de ediciones generadas en los embriones
inyectados con las guias mctp2b, se clonaron amplicones de cada mezcla de guias
gue resultaron positivos en el ensayo de HMA, se clonaron en el vector pJET1.2
(Anexo 6). Se verificé por restriccion que las clonas tuvieran insertado el amplicén
y se mandaron secuenciar 5 clonas de cada mezcla. En la Figura 29 se muestran
los InDels generadas. Como se puede observar, hay una frecuencia mucho mas
alta de deleciones que de inserciones, y a excepcion de dos secuencias, en la
mayoria se pierde el marco de lectura abierto, evitando asi que la proteina Mctp2b

se traduzca correctamente.
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Mix guias 1+4

Guial TGCACCGGAGCCTC
mctp2b seq TGCACCGGAGCCTC
c2-gl TGCACCGGAGCCTC 0
Ccl-gl TGCACCGGAGCCTC -6
Cc3-gl .TGCACCGGAGCCTC -1
c4-gl TGCACCGGAGCCTC +14
Cc5-g1 TGCACCGGAGCCTC -6
86 140
Guia4 (1) ———————mmmmm— TACAAGACAACGAGCAAAAC-———————————————
mctp2b-pG4 (85) TACAAGACAACGAGCAAAAC
C13-g4 (86) TACAAGACAACGAGCAAAAC 0
Cll-g4 (22) TACAAGACAACGAGCAAAAC 0
Cl2-g4 (22) TACAAGACAACGAGCAAAAC -4
Mix guias 1+4
Guia2 GTGACCTGGAGC CCG
mctp2b seq GTGACCTGGAGC CCGG
C6-g2 GTGACCTGGAGC CCGG +5
Cl4-g2 GTGACCTGGAGC -5
C15-g2 GTGACCTGGAGCT -17
Ccl17-g2 GTGACCTGGAGC -4
Cc18-g2 GTGACCTGGAGC -5
C19-g2 GTGACCTGGAGC 0
C20-g2 GTGACCTGGAGC -5
Cc21-g2 GTGACCTGGAGC 0
132 175
Guia3 (1) %ECTGAGAGATGT
MCTP2b-pG3 (27) CTGAGAGATGT
C27-g3 (132) GACCTGAGAGATGT, 0

Figura 29. InDels encontrados en los embriones inyectados con las guias mctp2b
indicadas.
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6.5 Discusion general

En este trabajo, confirmamos que el pez cebra tiene cuatro genes mctp
estructuralmente similares a otros vertebrados e invertebrados (Geng et al., 2017;
Qiu et al., 2015; Shin et al., 2005). Amplificamos y secuenciamos las regiones
codificantes de los cuatro genes mctp del pez cebra y observamos que la identidad
de secuencia aminoacidica es del 70% entre Mctpla y Mctplb y del 56% entre
Mctp2a y Mctp2b. Ademas, encontramos que todos tienen grados mas altos de
conservacion de secuencia en los dominios C2 y TMR entre ellos y otras especies
(Figura 13). Encontramos que hay isoformas resultado de empalme alternativo. En
trabajos previos, se ha encontrado que los genes MCTP1 y MCTP2 de humano
presentan eventos de empalme alternativo, generando variantes de las proteinas
codificadas; algunos de ellos poseen solo el segundo. TMR (Qiu et al., 2015).
También se han reportado diferencias de longitud en la secuencia que separa los
dominios C2A y C2B (Shin et al., 2005). Ademas, el empalme de MCTP1 en ratas
da lugar a tres variantes, dos de ellas con diferencias en la longitud del extremo N-
terminal y una proteina truncada adicional que carece de ambos TMR (Qiu et al.,
2015). En el pez cebra, no encontramos ninguna isoforma trunca que carezca de
TMR, pero encontramos isoformas con diferencias en longitud y secuencia en el
conector entre los dominios C2A y C2B, y también entre los dominios C2B y C2C.
Estos cambios podrian dar lugar a diferencias en la funcion de las variantes de
proteinas.

También determinamos la distribucién de la expresién de los cuatro genes
mctp en el embridén de pez cebray en tejidos de adulto. Se encontré la presencia de
MRNA de los-cuatro genes desde la etapa de 1-célula y en todas las etapas de
desarrollo-analizadas. Interesantemente, en la etapa de 1-célula, los transcritos de
mctp2b son notablemente mas abundantes que los mMRNA de los otros tres genes
mctp, o que sugiere que mctp2b podria desempefiar un papel importante durante
las primeras divisiones celulares. En la etapa prim-5, la mayor expresion se localiza
distribuida de manera homogénea a través de todo el sistema nervioso, en todo el
cerebro anterior, el mesencéfalo y el cerebro posterior, particularmente alrededor
de los ventriculos y la retina. La expresion también se observa a través del sistema

muscular y la notocorda. La localizacion temporal y espacial durante el desarrollo
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no se ha explorado en otros vertebrados, pero hay evidencia de que el mRNA de
MCTP2 esta presente en el corazon de los embriones de ratdn, especialmente
durante las fases criticas de maduracién y morfogénesis del tubo cardiaco primario
(Lalani et al., 2013); y de que el mRNA de MCTP1 se encuentra ampliamente
distribuido a través del cerebro de rata (Qiu et al., 2015). Ademas, encontramos la
presencia de mMRNA de los cuatro genes mctp en todos los tejidos de adulto
analizados (corazon, cerebro, ojo, piel, musculo, rifion, higado e intestino). Todos
estos resultados coincidieron con el hallazgo de que MCTP1l se expresa
ampliamente en el sistema nervioso central, y varios 6rganos, incluidos cerebro,
rifion, higado, corazon, pulmon, musculo esquelético, testiculo y bazo (Qiu et al.,
2015).

En otros experimentos realizados en el laboratorio, las secuencias
codificantes de los genes mctp de pez cebra clonados en este trabajo, se fusionaron
a reporteros fluorescentes y se co-transfectaron en-cultivos de células HEK-293. Se
encontré que las cuatro proteinas Mctp tienen la misma localizacion intracelular
(Espino-Saldafia et al., 2020). Posteriormente, dichas quimeras fluorescentes se
electroporaron en peces cebra 24 hpf, y se encontr6 que la expresion de la proteina
Mctp se distribuyen en las neuronas de pez cebra principalmente a través del
reticulo endoplasmatico, y también en una porcién de los lisosomas y endosomas
(Espino-Saldafa et al., 2020). En otro trabajos, MCTP se ha localizado a nivel
celular en reticulo endoplasmatico, dendritas, axon y terminales presinapticas de las
motoneuronas de D. melanogaster (Geng et al., 2017); y se observdo MCTPL in vitro
en vesiculas sinapticas neuronales y parcialmente en vesiculas de vias de reciclaje
secretoras y endociticas, esto en ratas (Qiu et al., 2015). La localizacién intracelular
de MCTP2no se ha explorado. Esto sugiere que las proteinas MCTPs podrian tener

un papel en la via de reciclaje endocitica.

Debido a que mctp2b mostré un nivel de expresion mayor comparado con
mctpla, mctplb y mctp2a, se interrumpio la expresion de este gen mediante el uso
del sistema CRISPR/Cas9. En aproximadamente el 30% de los crispantes,
encontramos defectos de desarrollo durante el periodo gastrula, una etapa de

division celular rapida durante la cual los transitorios de Ca?* son esenciales para la
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segregacion ooplasmatica (Leung, Webb, and Miller 1998). La tasa de
supervivencia parcial de los embriones puede explicarse por el mosaicismo
observado tipicamente en los embriones editados, ya que solo se edita una fraccion
de las células del pez, y esta fraccion varia dependiendo de la eficiencia de la guia
CRISPR y de la inyeccion per se. Por lo que una fraccion de las células estaria
expresando la proteina Mctp2b, permitiendo que el embrion se desarrolle hasta
etapas posteriores, aunque con defectos evidentes.

En resumen, en este trabajo proporcionamos evidencia experimental de la
expresion de los genes mctp en el pez cebra. Encontramos que hay isoformas
generadas por empalme alternativo. Aunque todavia no tenemos evidencia
concluyente del papel funcional de las proteinas Mctps en la célula, esta claro que

Mctp2b es funcionalmente relevante para el desarrollo.embrionario.

62



VII. CONCLUSIONES

Se identificaron cuatro genes predichos en el genoma del pez cebra ubicados en
diferentes cromosomas; se determindé que presentan eventos de empalme
alternativo, dando como resultado a al menos nueve proteinas con diferencias en
las asas localizadas entre los dominios C2: tres variantes de mctpla, dos de
mctplb, una de mctp2a y tres de mctp2b. Ademas, se encontré0 una alta

frecuencia de cambios nucleotidicos en todas las variantes.

Se determiné el patron de expresion diferencial de los genes mctp durante el
desarrollo del pez cebra. Se encontr6 que todos se expresan a través del

desarrollo; y en varios tejidos de pez cebra adulto.

Se determind el patron de distribucion de la expresion de los genes mctp durante
el desarrollo del pez cebra. En embriones recién fertilizados el mMRNA de mctp2b
se encuentra abundantemente, y en menor proporcion mctpla, mctplb y mctp2a.
La expresion de mctp2b va disminuyendo y en la etapa 16-somita donde
comienza la organogénesis y. el desarrollo de los neurémeros, se observa solo
en las células cercanas al vitelo; después de esta etapa, comienza a aumentar
su expresion. Por otro lado, mctp2a presenta un pico maximo de expresion en la
etapa de gastrula; mientras que mctpla y mctplb parecen mantener un nivel de
expresion constante durante todo el desarrollo. En la etapa 5-prim, donde los
organos Y tejidos ya estan diferenciados y comienza la circulacién sanguinea, los
cuatro_genes se expresan principalmente a través del sistema nervioso y en
menor medida en el sistema muscular siendo también mctp2b es el que mas se

expresa.
Se determiné que la disrupcion del gen mctp2b afecta dramaticamente el

desarrollo, indicando que la proteina Mctp2b es funcionalmente relevante para el

desarrollo embrionario.
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IX. ANEXOS

Anexo 1. Secuencias de variantes de los cDNA de los genes mctp encontradas
en el pez cebra.

>mctpla [Danio rerio] Multiple C2 domain and transmembrane region protein 1a, isoform 1
ATGTTAGCACTCTCGCTTTCCTCCGTGGGACAAAGCTTGTCTGGCATCAATATTGTGGAGCCAAGTAATGAC
GAACTTCCTCCGTTGCCAAAGCCAAGGATGTATCAGCTGGACATTGTGTTGAAGAAGGGCAATAATCTGGC
CATCAGGGACAGAGGAGGAACGAGTGATCCCTATGTGAAGTTTAAGATCGCAGGAAAGGAGGTTTTTCGC
AGCAAGACAATCCACAAGAACCTGAACCCAGTATGGGAGGAGAAAGTCAGTCTGCTGGTGGAGAGTTTGA
GAGAGCCACTTTACGTGAAAGTCTTTGACTATGACTTCGGGCTGCAGGATGACTTTATGGGATCTGCATATC
TCTATTTAGAGTCCCTGGAGCACCAAAGGACTCTGGATGTAACCCTTGACCTCAAAGATCCCCACTATCCCA
AACAGGACCTGGGTTCACTGGAGCTGGCGGTCACACTAATTCCAAAAGAGGGGGATTTCAGGGAAGCTCA
TCAGAGTCTGAGGTTATCAGACGTTCACAGAAAAGCTCAGCTGTGGAGAGGCATTGTTAGCATCAGTCTCA
TCGAGGCACATGACCTCCAGCCAATGGACAACAATGGCCTTAGTGACCCTTATGTCAAATTCAGACTGGGA
CATCAAAAGTACAAAAGTAAGACGATACCAAAAACACTAAACCCCCAGTGGAGAGAGCAGTTTGACTTCCA
TCTCTATGATGAACAGGGTGGTTTTGTTGACATCACTGTTTGGGACAAAGATGCAGGGAAGAAGGATGACT
TCATGGGCAGGTGCCAGGTGGACCTGTCTCTTCTGTCAAAGGAATGCACACACAGACTGGACCTGCCGCTG
GAGGAGGGCGAGGGCATGCTGGTGCTTCTGGTCACCCTTACAGCCTCTGCTGCCGTCTCCATTGCAGACCT
GTCTGTCAACGTACTGGACGACCCACATGAGAGGAAAGAGATTCTCCACAGATATAATGTGCCGAGATCCT
TTCACAACATTAAAGATGTGGGCATGGTGCAGGTGAAGGTGATCCGTGCCGAGGGGCTGATGGCAGCTGA
TGTTACAGGCAAGAGTGACCCTTTCTGTGTCGTGGGGCTCAGCAACGATCGCTTACAGACACACACCGTGT
ACAAAAACCTCAACCCGGAGTGGAACAAAGTCTTCACGTTCAATGTGAAAGACATTCACTCAGTCTTAGAG
GTGACTGTCTATGATGAGGACAGAGACCGAAGTGCCGACTTCTTGGGCAAAGTGGCTATACCGTTGTTAAA
TATCCAAAATGGAGAACGCAAAGCTTACGCCTTGAAAAGCAAGGAACTGACAGGGCCAACCAAAGGGGTC
ATCTTTCTCGAAATAGACGTGATTTATAACGTCGTAAAAGCTGGCATGAGAACGCTGATCCCCATCGAGCAG
AAATACATCGAAGAGGAGCCGCGAGTATCTAAACAGCTGCTGCTGCAGAACTTCAACAGAGTGAGGCGTT
GTATCATGTTCCTGATCAATGCTGGCTGCTACATCAACAGCTGCTTTGAGTGGGAGTCTCCTCAGAGGAGCA
TCTGTGCCTTTCTGCTTTTCGTTTTGGTGGTGTGGAATTTTGAGCTGTATATGATCCCGCTTGTTCTCCTGATG
CTGCTGGCCTGGAACTACATTCTCATTGCTTCAGGGAAGGACACAAGGCAGGGAGATGTGCAAGCAGTGG
AGGATTTGCTGGAGGACGAGGATGAAGACTTTGACAGAGATGACAAGGACTCCGAGAGAAAGGGTTTCAT
GAACAAGCTGTATGCCATTCAGGATGTGTGTATCAGTGTGCAGAATGCTCTGGATGAAGTGGCCTCCTATG
GTGAGAGGATAAAGAATACCTTCAACTGGACCGTGCCTTTCCTCAGCTGGCTGGCGATAGTGGCTCTATGT
GTGGTCACTCTAGTGCTGTACTTCATTCCTCTCAGATACATCGTACTGGCCTGGGGGGTGAACAAGTTTACC
AAAAAACTACGAGACCCGTACAGCATCGACAACAATGAGCTTTTGGACTTCTTGTCCCGAGTGCCCTCAGAT
GTTCAAGTGATGCAGTACCGAGAGCTGAAAGTGGACCCCTGTCACAGCCCAAACAAAAGAAAGAAAAATA
ACCCAGGATAG

>mctpla[Danio rerio] Multiple C2 domain and transmembrane region protein 1a, isoform 2
ATGTTAGCACTCTCGCTTTCCTCCGTGGGACAAAGCTTGTCTGGCATCAATATTGTGGAGCCAAGTAATGAC
GAACTTCCTCCGTTGCCTAAGCCAAGGATGTATCAGCTGGACATTGTGTTGAAGAAGGGCAATAATCTGGC
CATCAGGGACAGAGGAGGAACGAGTGATCCCTATGTGAAGTTTAAGATCGCAGGAAAGGAGGTTTTTCGC
AGCAAGACAATCCACAAGAACCTGAACCCAGTATGGGAGGAGAAAGTCAGTCTGCTGGTGGAGAGTTTAA
GGGAGCCACTTTACGCGAAAGTCTTTGACTATGACTTCGGGCTGCAGGATGACTTTATGGGATCTGCATATC
TCTATTTAGAGTCCCTGGAACACCAAAGGACTCTGGATGTAACCCTTGACCTCAAAGATCCCCACTATCCCA
AACAGGACCTGGGTTCACTGGAGCTGGCGGTCACACTAATTCCAAAAGAGGGGGATTTCAGGGAAGCTCA
TCAGAGTCTGAGGTTATCAGACGTTCACAGAAAATCTCAGCTGTGGAGAGGCATTGTTAGCATCAGTCTCAT
CGAGGCACATGACCTCCAGCCAATGGACAACAATGGCCTTAGTGACCCTTATGTCAAATTCAGAATGGGAC
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ATCAAAAGTACAAAAGTAAGACGATACCAAAAACACTAAACCCCCAGTGGAGAGAGCAGTTTGACTTCCAT
CTCTATGATGAACAGGGTGGTTTTGTTGACATCACTGTTTGGGACAAAGATGCAGGGAAGAAGGATGACTT
CATGGGCAGGTGCCAGGTGGACCTGCCTCTTCTGTCAAAGGAATGCACACACAGACTGGACCTGCCGCTGG
AGGAGGGCGAGGGCATGCTGGTGCTTCTGGTCACCCTTACAGCCTCTGCTGCCGTCTCCATTGCAGACCTGT
CTGTCAACGTACTGGACGACCCACATGAGAGGAAAGAGATTCTCCACAGATATAATGTGCTGAGATCCTTTC
ACAACATTAAAGATGTGGGCATGGTGCAGGTGAAGGTGATCCGTGCCGAGGGGCTGATGGCAGCTGATGT
TACAGGCAAGAGTGACCCTTTCTGTGTCGTGGAGCTCAGCAACGATCGCTTACAGACACACACCGTGTACA
GAAACCTCAACCCGGAGTGGAACAAAGTCTTCACGTTCAATGTGAAAGACATTCACTCAGTCTTAGAGGTG
ACTGTCTATGATGAGGACAGAGACCGAAGTGCCGACTTCTTGGGCAAAGTGGCTATACCGTTGTTAAATAT
CCAAAATGGAGAACGCAAAGCTTACGCCTTGAAAAGCAAGGAACTGACAGGGCCAACCAAAGGGGTCATC
TTTCTCGAAATAGACGTGATTTATAACGTCGTAAAAGCTGGCATGAGAACGCTGATCCCCATCGAGCAGAA
ATACATCGAAGAGGAGCCGCGAGTATCTAAACAGCTGCTGCTGCAGAACTTCAACAGAGTGAGGCGCTGT
ATCATGTTCCTGATCAATGCTGGCTGCTACATCAACAGCTGCTTTGAGTGGGAGTCTCCTCAGAGGAGCATC
TGTGCCTTTCTGCTTTTTGTTTTGGTGGTGTGGAATTTTGAGCTGTATATGGTCCCGCTGGTTCTCCTGATGC
TGCTGGCCTGGAACTACATTCTCATTGCTTCAGGGAAGGACACAAGGCAGGGAGATGTGCAAGCAGTGGA
GGATTTGCTGGAGGACGAGGATGAAGACTTTGACAGAGATGACAAGGACTCCGAGAGAAAGGGTTTCATG
AACAAGCTGTATGCCATTCAGGATGTGTGTATCAGTGTGCAGAATGCTCTGGATGAAGTGGCCTCCTATGG
TGAGAGGATAAAGAATACCTTCAACTGGACCGTGCCTTTCCTCAGTTGGCTGGCGATAGTGGCTCTATGTGT
GGTCACTCTAGTGCTGTACTTCATTCCTCTCAGATACATCGTACTGGCCTGGGGGGTGAACAAGTTTACCAA
AAAACTACGAGACCCGTACAGCATCGACAGCAATGAGCTTTTGGACTTCTTGTCCCGAGTGCCCTCAGATGT
TCAAGTGATGCAGTACCGAGAGCTGAAAGTGGACCCCTGTCACAGCCCAAACAAGAGAAAGAAAAATAAC
CCAGGATAG

>mctp1la [Danio rerio] Multiple C2 domain and transmembrane region protein 1a, isoform 3
ATGTTAGCACTCTCGCTTTCCTCCGTGGGACAAAGCTTGTCTGGCATCAATATTGTGGAGCCAAGTAATGAC
GAACTTCCTCCGTTGCCTAAGCCAAGGATGTATCAGCTGGACATTGTGTTGAAGAAGGGCAATAATCTGGC
CATCAGGGACAGAGGAGGAACGAGTGATCCCTATGTGAAGTTTAAGATCGCAGGAAAGGAGGTTTTTCGC
AGCAAGACAATCCACAAGAACCTGAACCCAGTATGGGAGGAGAAAGTCAGTCTGCTGGTGGAGAGTTTAA
GGGAGCCACTTTACGTGAAAGTCTTTGACTATGACTTCGGGCTGCAGGATGACTTTATGGGATCTGCATATC
TCTATTTAGAGTCCCTGGAACACCAAAGGACTCTGGATGTAACCCTTGACCTCAAAGATCCCCACTATCCCA
AACAGGACCTGGGTTCACTGGAGCTGGCGGTCACACTAATTCCAAAAGAGGGGGATTTCAGGGAAGCTAC
CATGCTTATGAGAAGGAGCTGGAAACGATCCAGTAAGCATCAGAGTCTGAGGTTATCAGACGTTCACAGAA
AATCTCAGCTGTGGAGAGGCATTGTTAGCATCAGTCTCATCGAGGCACATGACCTCCAGCCAATGGACAAC
AATGGCCTTAGTGACCCTTATGTCAAATTCAGAATGGGACATCAAAAGTACAAAAGTAAGACGATACCAAA
AACACTAAACCCCCAGTGGAGAGAGCAGTTTGACTTCCATCTCTATGATGAACAGGGTGGTTTTGTTGACAT
CACTGTTTGGGACAAAGATGCAGGGAAGAAGGATGACTTCATGGGCAGGTGCCAGGTGGACCTGTCTCTT
CTGTCAAAGGAATGCACACACAGACTGGACCTGCCGCTGGAGGAGGGCGAGGGCATGCTGGTGCTTCTGG
TCACCCTTACAGCCTCTGCTGCCGTCTCCATTGCAGACCTGTCTGTCAACGTACTGGACGACCCACATGAGA
GGAAAGAGATTCTCCACAGATATAATGTGCTGAGATCCTTTCACAACATTAAAGATGTGGGCATGGTGCAG
GTGAAGGTGATCCGTGCCGAGGGGCTGATGGCAGCTGATGTTACAGGCAAGAGTGACCCTTTCTGTGTCGT
GGAGCTCAGCAACGATCGCTTACAGACACACACCGTGTACAAAAACCTCAACCCGGAGTGGAACAAAGTCT
TCACGTTCAATGTGAAGGACATTCACTCAGTCTTAGAGGTGACTGTCTATGATGAGGACAGAGACCGAAGT
GCCGACTTCTTGGGCAAAGTGGCTATACCGTTGTTAAATATCCAAAATGGAGAACGCAAAGCTTACGCCTT
GAAAAGCAAGGAACTGATAGGGCCAACCAAAGGGGTCATCTTTCTCGAAATAGACGTGATTTATAACGTCG
TAAAAGCTGGCATGAGAACGCTGATCCCCATCGAGCAGAAATACATCGAAGAGGAGCCGCGAGTATCTAA
ACAGCTGCTGCTGCAGAACTTCAACAGAGTGAGGCGCTGTATCATGTTCCTGATCAATGCTGGCTGCTACAT
CAACAGCTGCTTTGAGTGGGAGTCTCCTCAGAGGAGCATCTGTGCCTTTCTGCTTTTTGTTTTGGTGGTGTG
GAATTTTGAGCTGTATATGGTCCCGCTGGTTCTCCTGATGCTGCTGGCCTGGAACTACATTCTCATTGCTTCA
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GGGAAGGACACAAGGCAGGGAGATGTGCAAGCAGTGGAGGATTTGCTGGAGGACGAGGATGAAGACTTT
GACAGAGATGACAAGGACTCCGAGAGAAAGGGTTTCATGAACAAGCTGTATGCCATTCAGGATGTGTGTA
TCAGTGTGCAGAATGCTCTGGATGAAGTGGCCTCCTATGGTGAGAGGATAAAGAATACCTTCAACTGGACC
GTGCCTTTCCTCAGTTGGCTGGCGATAGTGGCTCTATGTGTGGTCACTCTAGTGCTGTACTTCATTCCTCTCA
GATACATCGTACTGGCCTGGGGGGTGAACAAGTTTACCAAAAAACTACGAGACCCGTACAGCATCGACAAC
AATGAGCTTTTGGACTTCTTGTCCCGAGTGCCCTCAGATGTTCAAGTGATGCAGTACCGAGAGCTGAAAGT
GGACCCCTGTCACAGCCCAAACAAAAGAAAGAAAAATAACCCAGGATAG

>mctplb [Danio rerio] Multiple C2 domain and transmembrane region protein 1b, isoform 1
ATGGAAGCGAGTATGGACGTGGATGATGTTTCTCCATCCCATCAGCAGCAGAATCAGCGGGGCTTGTGGA
AATCTTTCCACGGTAAATCCAAACTCCATGGCAGCCCCAAACTGAGCAAAAAAGACAGAAAGCCAGAAAGT
GTGTTTCGGATATTTAAAAAGAAGCGTGATCATGGCTTGGACCGAGCTGTGTCTTCATCTCAGCCCAATCTG
CACAGCGCAGCAGCGGACGGAGAAGGCAGCGGGAGGACGCGCTGCGGCACGCCGGAGATGAGTGCCTGT
ACGGCGGCCGCGGCTGCAGCGTCTCTCGGTGCGGAGATCCAGATGCTGAAAAGATCCGGCAGCCCCAAAC
CAACGCTCTCCCAGCTGCTGGAGCCTCAGTATAAGCCTGCTTCCACATGCACAGATGATGCACAGACGCACA
GTGATGAAGAACAGGGCGATAAAAGTGTGGGTGTTACTACAGTTGCTAAGGGTGCTGTACAGCCTGCACT
GCCCACTTCAACACTGTACCAGCTGGATATCGTGCTGAAAAGAGGAAACAACCTCGCCATTCGAGACCGCG
CCGGAACGAGTGACCCATATGTGAAGTTTAAATTAGCCGGTAAAGAGGTTTTCCGTAGTAAAATCATCCAG
AAGAACCTGAACCCGGTTTGGGATGAACGCGTTTGCCTAATAGTGGACAACCTTAAAGAGCCTCTGTATAT
GAAGGTGTTTGACTATGATTTTGGCCTTCAgGATGATTTTATGGGCTCGGCTTACCTTTACCTGGAGTCTCTG
GAGCAGCAGAGACCTCTTGATGTTCGGCTGGACCTTCAGGACCCTCACTGCCCTGATCAGGACTTGGGCTCT
CTAGAGCTGACGGTCACTCTTTACCCGAGAAGCCCAGCGGACAGAGAGGCGCTCAGACAGCAGCAGCAGC
AGATGCAGCAGCAGAGTCCCCGTCTGTCAGATCTGCACAGAAAGCCTCAGATGTGGAAGGGTATTGTGAG
CATTAGACTCATCGAGGGACGAAATCTCATCGCGATGGACCAGAATGGCTTCAGCGACCCTTACGTCAAGT
TCAAACTGGGCCCTCAGAAGTACAAGAGCAAGACAATTCCAAAAACCCTGAACCCGCAGTGGAGGGAGCA
GTTCGACCTGCATCTGTACGATGAGGAGGGAAGAATTCTGGAGATTTCTGTCTGGGATAAAGACATCGGAC
GGAGAGATGACTTCATCGGCCAGTGTGAGCTGGAGCTGTGGAAGCTGAGCCGAGAGAAGACCCACAAGCT
GGAGCTGCATCTGGAGGAGGACAAGGGCACGCTGGTGCTTCTGGTGACGCTCACCGCTACAGCCACCGTC
TCTATCTCTGACCCGTCTGTAAACCTGCTGGACGACCCAGACCAGCGGCAGCACATCAGCAGGAGATACGT
GAGTCCTGAAAGTCCGCTCAAGTCCTTCTTTAATCTGAAGGATGTGGGGATTTTGCAGGTGAAGATCCTGC
GGGCCGAGGGACTGATGGCTGCTGATGTCACAGGAAAGAGCGACCCGTTCTGCATCGCGGAGCTGTGTAA
CGACCTTCTGCAAACACACACCGTCTACAAGACTCTGAACCCCGAGTGGAATAAAGTCTTCAGCTTTAATGT
AAAGGACATCCACTCAGTGCTGGAGATCTCAGTATATGATGAGGACAGAGACCGCAGTGCTGACTTTCTGG
GGAAAGTGGCCATCCCITTATTAAACATCTGCAGCAGCCAACAGAAGGCCTACGTCTTAAAAAACAAGGAG
CTGACAGGGCCAACAAAGGGGGTCATCCTTCTCCAAGCGGACGTCATCTTTAACGCCGTGAGAGCCAGTTT
GCGGACGTTTGTTCCTGCAGAACAGAAGTACATCGAGGAGGAGGCGAAAGTCTCTAAACAGCTGCTGCAG
CAGAATTTITAACCGAGTGAAGCGCTGCGTCCTCTTCCTCATTAATGTGGGCTACTACATCAACAGCTGCTTCC
AGTGGGAGTCTCCACGCAGGAGTCTGTGCGCTTTTCTGATCTTTGTGGTGGTGGTCTGGAATTTCGAGATCT
ACATGCTGCCGTTGTCTTTATTGCTGCTGCTGATCTGGAATTACCTCCGGAAGGCCTCTGGGAAGGGGACGT
GTGAGGGAAATGTGGAAGTGATGGAGGATCTTCTAGAGGACGTGGATGAAGACTCTGACAAAGAAGACA
AGGACTCTGAGAAAAAGGGCTTCTTGGACAAATTCTACGCAATTCAAGATGTGATTATAACAGTTCAGACC
GCTCTGGATGAAGTGGCCAGCTTCGGGGAACGAGTAAAAAACACGTTTAACTGGTCTGTGCCTTTTCTGAG
CTGGTTGGCCATAACAGTGCTGTGTGCTGGTGCTACCATAACATATTTCATCCCACTGCGATACATCGTGCT
GGTCTGGGGTATCAATAAATTCACCAAAAAACTTCGAGCCCCCTACAGTATCAATAATAACGAACTGCTGGA
CTTTCTGTCTCGAGTTCCTTCAGACATCCAGATGGTTCAATACAAAGAGCTAAAAGCGGACGCCAATCAGAG
TCCCAATAAAAAACGGAGGAACAACCCTGGATAA

>mctplb [Danio rerio] Multiple C2 domain and transmembrane region protein 1b, isoform 2
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ATGGAAGCGAGTATGGACGTGGATGATGTTTCTCCATCCCATCAGCAGCAGAATCAGCGGGGCTTGTGGA
AATCTTTCCACGGTAAATCCAAACTCCATGGCAGCCCCAAACTGAGCAAAAAAGACAGAAAGCCAGAAAGT
GTGTTTCGGATATTTAAAAAGAAGCGTGATCATGGCTTGGACCGAGCTGTGTCTTCATCTCAGCCCAATCTG
CACAGCGCAGCAGCGGACGGAGAAGGCAGCGGGAGGACGCGCTGCGGCACGCCGGAGATGAGTGCCTGT
ACGGCGGCCGCGGCTGCAGCGTCTCTCGGTGCGGAGATCCAGATGCTGAAAAGATCCGGCAGCCCCAAAC
CGACGCTCTCCCAGCTGCTGGAGTCTCAGTATAAGCCTGCTTCCACATGCACAGATGATGCACAGACGCACA
GTGATGAAGAACAGGGCGATAAAAGTGTGGGTGTTACTACAGTTGCTAAGGGTGCTGTACAGCCTGCACT
GCCCACTTCAACACTGTACCAGCTGGATATCGTGCTGAAAAGAGGAAACAACCTCGCCATTCGAGACCGCG
CCGGAACGAGTGACCCATATGTGAAGTTTAAATTAGCCGGTAAAGAGGTTTTCCGTAGTAAAATCATCCAG
AAGAACCTGAACCCGGTTTGGGATGAACGCGTTTGCCTAATAGTGGACAACCTTAAAGAGCCTCTGTATAT
GAAGGTGTTTGACTATGATTTTGGCCTTCAGGATGATTTTATGGGCTCGGCTTACCTTTACCTGGAGTCTCTG
GAGCAGCAGAGACCTCTTGATGTTCGGCTGGACCTTCAGGACCCTCACTGCCCTGATCAGGACTTGGGCTCT
CTAGAGCTGACGGTCACTCTTTACCCGAGAAGCCCAGCGGACAGAGAGGCGCTCAGACAGCAGCAGCAGC
AGATGCAGCAGCAGAGTCCCCGTCTGTCAGATCTGCACAGAAAGCCTCAGATGTGGAAGGGTATTATGAG
CATTAGACTCATCGAGGGACGAAATCTCATCGCGATGGACCAGAATGGCTTCAGCGACCCTTACGTCAAGT
TCAAACTGGGCCCTCAGAAGTACAAGAGCAAGACAATTCCAAAAACCCTGAACCCGCAGTGGAGGGAGCA
GTTCGACCTGCATCTGTACGATGAGGAGGGAGGAATTCTGGAGATTTCTGTCTGGGATAAAGACATCGGAC
GGAGAGATGACTTCATCGGCCAGTGTGAGCTGGAGCTGTGGAAGCTGAGCCGAGAGAAGACCCACAAGCT
GGAGCTGCATCTGGAGGAGGACAAGGGCACGCTGGTGCTTCTGGTGACGCTCACCGCTACAGCCACCGTC
TCTATCTCTGACCTGTCTGTAAACCTGCTGGACGACCCAGACCAGCGGCAGCACATCAGCAGGAGATACAG
TCCGCTCAAGTCCTTCTTTAATCTGAAGGATGTGGGGATTTTGCAGGTGAAGATCCTGCGGGCCGAGGGAC
TGATGGCTGCTGATGTCACGGGAAAGAGCGACCCGTTCTGCATCGCGGAGCTGTGTAACGACCGTCTGCAA
ACACACACCGTCTACAAGACTCcTGAaCCCCGAGTGGAATAAAGTCITCAGCTTtaATGTAAAGGACatCCACTC
AGTGCTGGAGATCTCAGTATATGATGAGGACAGAGACCGCAGTGCTGACTTTCTGGGGAAAGTGGCCATC
CCTTTATTAAACATCTGCAGCAGCCAACAGAAGGCCTACGTCTTAAAAAACAAGGAGCTGACAGGGCCAAC
AAAGGGGGTCATCCTTCTCCAAGCGGACGTCATCTTTAACGCCGTGAGAGCCAGTTTGCGGACGTTTGTTCC
TGCAGAACAGAAGTACATCGAGGAGGAGGCGAAAGTCTCTAAACAGCTGCTGCAGCAGAATTTTAACCGA
GTGAAGCGCTGCGTCCTCTTCCTCATTAATGTGGGCTACTACATCAACAGCTGCTTCCAGTGGGAGTCTCCA
CGCAGGAGTCTGTGCGCTTTTCTGATCTTTGTGGTGGTGGTCTGGAATTTCGAGATCTACATGCTGCCGTTG
TCTTTATTGCTGCTGCTGATCTGGAATTACCTCCGGAAGGCCTCTGGGAAGGGGACGTGTGAGGGAAATGT
GGAAGTGATGGAGGATCTTCTAGAGGACGTGGATGAAGACTCTGACAAAGAAGACAAGGACTCTGAGAA
AAAGGGCTTCTTGGACAAATTCTACGCAATTCAAGATGTGATTATAACAGTTCAGACCGCTCTGGATGAAGT
GGCCAGCTTCGGGGAACGGGTAAAAAACACGTTTAACTGGTCTGTGCCTTTTCTGAGCTGGTTGGCCATAA
CAGTGCTGTGTGCCGGTGCTACCATAACATATTTCATCCCACTGCGATACATCGTGCTGGTCTGGGGTATCA
ATAAATTCACCAAAAAACTTCGAGCCCCCTACAGTATCAATAATAACGAACTGCTGGACTTTCTGTCTCGAGT
TCCTTCAGACATCCAGATGGTTCAATACAAAGAGCTAAAAGCGGACGCCAATCAGAGTCCCAATAAAAAAC
GGAGGAACAACCCTGGATAA

>mctplb [Danio rerio] Multiple C2 domain and transmembrane region protein 1b, isoform 3
ATGGAAGCGAGTATGGACGTGGATGATGTTTCTCCATCCCATCAGCAGCAGAATCAGCGGGGCTTGTGGA
AATCTTTCCACGGTAAATCCAAACTCCACGGCAGCCCCAAACTGAGCAAAAAAGACAGAAAGCCAGAAAGT
GTGTTTCGGATATTTAAAAAGAAGCGTGATCATGGCTTGGACCGAGCTGTGTCTTCATCTCAGCCCAATCTG
CACAGCGCAGCAGCGGACGGAGAAGGCAGCGGGAGGACGCGCTGCGGCACGCCGGAGATGAGTGCCTGT
ACGGCGGCCGCGGCTGCAGCGTCTCTCGGTGCGGAGATCCAGATGCTGAAAAGATCCGGCAGCCCCAAAC
CGACGCTCTCCCAGCTGCTGGAGTCTCAGTATAAGCCTGCTTCCACATGCACAGATGATGCACAGACGCACA
GTGATGAAGAACAGGGCGATAAAAGTGTGGGTGTTACTACAGTTGCTAAGGGTGCTGTACAGCCTGCACT
GCCCACTTCAACACTGTACCAGCTGGATATCGTGCTGAAAAGAGGAAACAACCTCGCCATTCGAGACCGCG
CCGGAACGAGTGACCCATATGTGAAGTTTAAATTAGCCGGTAAAGAGGTTTTCCGTAGTAAAATCATCCAG

79



AAGAACCTGAACCCGGTTTGGGATGAACGCGTTTGCCTAATAGTGGACAACCTTAAAGAGCCTCTGTATAT
GAAGGTGTTTGACTATGATTTTGGCCTTCAGGATGATTTTATGGGCTCGGCTTACCTTTACCTGGAGTCTCTG
GAGCAGCAGAGACCTCTTGATGTTCGGCTGGACCTTCAGGACCCTCACTGCCCTGATCAGGACTTGGGCTCT
CTAGAGCTGACGGTCACTCTTTACCCGAGAAGCCCAGCGGACAGCGAGGCGCTCAGACAGCAGCAGCAGC
AGCAGATGCAGCAGCAGAGTCCCCGTCTGTCAGATCTGCACAGAAAGCCTCAGATGTGGAAGGGTATTGT
GAGCATTAGACTCATCGAGGGACGAAATCTCATCGCGATGGACCAGAATGGCTTCAGCGACCCTTACGTCA
AGTTCAAACTGGGCCCTCAGAAGTACAAGAGCAAGACAATTCCAAAAACCCTGAACCCGCAGTGGAGGGA
GCAGTTCGACCTGCATCTGTACGATGAGGAGGGAGGAATTCTGGAGATTTCTGTCTGGGATAAAGACATCG
GACGGAGAGATGACTTCATCGGCCAGTGTGAGCTGGAGCTGTGGAAGCTGAGCCGAGAGAAGACCCACA
AGCTGGAGCTGCATCTGGAGGAGGACAAGGGCACGCTGGTGCTTCTGGTGACGCTCACCGCTACAGCCAC
CGTCTCTATCTCTGACCTGTCTGTAAACCTGCTGGACGACCCAGACCAGCGGCAGCACATCAGCAGGAGAT
ACAGTCCGCTCAAGTCCTTCTTTAATCTGAAGGATGTGGGGATTTTGCAGGTGAAGATCCTGCGGGCCGAG
GGACTGACGGCTGCTGATGTCACAGGAAAGAGCGACCCGTTCTGCATCGCGGAGCTGTGTAACGACCGTCT
GCAAACACACACCGTCTACAAGACTCTGAACCCCGAGTGGAATAAAGTCTTCAGCTTTAATGTAAAGGACAT
CCACTCAGTGCTGGAGATCTCAGTATATGATGAGGACAGAGACCGCAGTGCTGACTTTCTGGGGAAAGTG
GCCATCCCTTTATTAAACATCTGCAGCAGCCAACAGAAGGCETACGTCTTAAAAAACAAGGAGCTGACAGG
GCCAACAAAGGGGGTCATCCTTCTCCAAGCGGACGTCATCTTTAACGCCGTGAGAGCCAGTTTGCGGACGT
TTGTTCCTGCAGAACAGAAGTACATCGAGGAGGAGGCGAAAGTCTCTAAACAGCTGCTGCAGCAGAATTTT
AACCGAGTGAAGCGCTGCGTCCTCTTCCTCATTAATGTGGGCTACTACATCAACAGCTGCTTCCAGTGGGAG
TCTCCACGCAGGAGTCTGCGCGCTTTTCTGATCTTTGTGGTGGTGGTCTGGAATTTCGAGATCTACATGCTG
CCGTTGTCTTTATTGCTGCTGCTGATCTGGAATTACCTCCGGAAGGCCTCTGGGAAGGGGACGTGTGAGGG
AAATGTGGAAGTGATGGAGGATCTTCTAGAGGACGTGGATGAAGACTCTGACAAAGAAGACAAGGACTCT
GAGAAAAAGGGCTTCTTGGACAAATTCTACGCAATTCAAGATGTGATTATAACAGTTCAGACCGCTCTGGAT
GAAGTGGCCAGCTTCGGGGAACGAGTAAAAAACACGTTTAACTGGTCTGTGCCTTTTCTGAGCTGGTTGGC
CATAACAGTGCTGTGTGCCGGTGCTACCATAACATATITCATCCCACTGCGATACATCGTGCTGGTCTGGGG
TATCAATAAATTCACCAAAAAACTTCGAGCCCCCTACAGTATCAATAATAACGAACTGCTGGACTTTCTGTCT
CGAGTTCCTTCAGACATCCAGATGGTTCAATACAAAGAGCTAAAAGCGGACGCCAATCAGAGTCCCAATAA
AAAACGGAGGAACAACCCTGGATAA

>mctp2a [Danio rerio] Multiple C2 domain and transmembrane region protein 2a, variant 1
ATGGACCCAAGGAAGAAAATGTGGTCCAATCTCCGGGAGAGAGCAAAGCCTGTGCTAAATCTGAAGATTG
GAAAGAAGAAGAAGAAAACCCCTCTGAAATACCGGAGGAGCATGTCAGTACCAGACCTCAGGTTTAACCC
CCGCGCCATGATGGCTTTACAGGATGAGTCCAGCACACCGAGTCAAGCCTCTGCCTTCTTTGATAACACAGA
CGGTTTAGGTGACATAGATGATACAGCTAGCGAAACCTCCAGTGTAGCATTTTCTGAGCGTTTCAGTGTAGC
TGACGTCCCATACGTCTGCAGCCCAGCACCATCAGAAAGATCAGCTCCCGTCGACTTCCCAATTTCAGCGGA
AACCGATAAACGTCAAAGAGCCACTACATGGTACTTCGAGGATTCGGATTCGGTGACTGGAGTCACACCTT
CATCTGCAGAACTACAGATGACAGCTGGTCATGCTGAGAGGAGGCCAACAGAGTCTTCAGATAAACTGGTG
GCGGCCCTCGGCAGAGCTCGTGCTTTAGATGACATGTCTATTTCATCTGAGGAGAAAGCTTGGCATACTGA
ACATGAGCCATCCTCTCCTTTGTCTATGTTTGTTGTAGGATCAGCTGAGTATCTGGACACTCCTAATGAAACC
AGTGACTTTGATGATCTCTCAGAACATGAACGAAATATCTCAGGAGGGTTAACAGAGAGTCAAAGTGCTGC
AGGTCTACAGAAGCTCCAGTATCTTCTCACCATCAATCTAAAGGAAGGCAGAAACCTGGTTGTCAGAGACC
GTTCAGGTACAAGTGACCCATTCGTCAAATTCAAGTTAGATGGCAAGCACATCTACAAGAGCAAAGTTGTG
AACAAGAACTTGAATCCCACATGGAATGAATCATTTTCCTTGCCTGTCAGAGATCTCGATCAGACTCTTCATC
TCAAGGTGTATGATCGTGACCTAAGATCCAATGACTTCATGGGATCAAGCAGCTTTCCTCTCAGTAAACTGG
AGCTGGACAGGATGGTTCTGATGACGCTGTCTCTGGAAGACCCCAACAGTGAGGAAAGCGATATGGGAGT
GATCATTATAGAGGCCTGTCTGTCCATCCGAGAGGAACCGGCCAAACGAAATAAGTGGCTCCTAAGAAGAA
AGGGATCCTTCAATAAGGGTCATCCGATAAGCCAGGCGCAGTTTGGGCGGTTCACAAAGAGTCAGGTTTG
GTCAGGCGTTTACACTGTTATCCTGGTGGAAGGACAGGACATGCCAGACTGTGGACAAGGAGACGTTTAC
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GTCCGCTTTAGACTTGGAGACCAGCGGGTCAGGAGCAAGAGTCTGTGTATTAAGGCAAACCCGCAGTGGA
GGGAGTCCTTCGACTTTAACCAGTTCCAGGATGCGCAGGAAAATCTGGTGGTGGAAGTTTGCTGCAAGAG
GGGCAGGAAGTCAGAGGAGTGCTGGGGAGTACTAGATATTGACCTGAGCAGACTTCCTGTCAATCAGAGA
CAGTTATACACTTATGAGCTGGACCCACAGAAGGGAAAACTGCGGTTTTTGGTCACCCTGACCCCATGTTCA
GGTGCGTCCATCTCAGACATCCAGTCTGCTCCACTGGATAACCCTAACACCTTCGAGAAGATGCGTGAGCAA
TATAGACCGATGAACATTCTTGGAGACTTTAAAAATGTCGGCTTTCTTCAAGTCAAGTTAATAAGAGCCACA
GATCTTCCATCAACAGATATAAGTGGTAAAAGTGACCCTTTTTGTACCCTTGAGCTGGGTAACAGCAAACTG
CAAACTCACACCATATGTAAAACACTGAATCCTGAATGGAGAACAGCCCTGACTTTCCCCATTAGGGACATC
CATGACGTTTTGGTGCTCACAGTCTATCATGAAGATGGAGATAAAGCTCCAGACTTCCTGGGAAAAGTTGC
CATTCCTTTGTTGACTATTTCTAACGGCCAACAAATAACCAGAATGTTGAAGACTAATAATTTATCAAGGGCA
AACAAAGGCAGTATCACACTTGAGCTTAAAGTCCTCTACAACCCTATCAAAGCAGGAATCAAAACCTTCCAA
CCAAAAGAAACCATGTTTGCGGAGGACAATCCCAAGTTTAACAAAAAGCTTTTAGCACGTAATATCTATCGA
GTGAGGAAGATCAGCATGGCCATTCTCTATACGCTGCAGTATATTAAAAGCTGCTTCCACTGGGAGAACAC
GCAGAGGAGTATTACAGCCTTCCTGATATTTGTGGTGGCAGTGTGGCTTTGGGAGCTGTTCATGCTGCCTCT
CTTTCTCCTCCTGCTCATTGGCTGGAACTACTTCCACATCACACCAGGCATGGCCAGCTACAGTCAGGACTTG
GAGCACATGTCGGTGGCTGAGGACGAGGACGAGGATGAAAAGGAATCAGAGAAAAGAGGACTGATGGA
AAAAATCCACATGGTTCAAGAAATTGTGCTTACAGTTCAGAGCACTTTAGATGAAGTGGCTTGCATTGGGG
AAAGAGTGAAAAACACATTCAACTGGTCAGTCCCGTTCTTGTCATTGTTGGCCTGCCTGGTGCTGCTTGTGG
CGATTGTCGGCTTGTACTACATCCCGCTGCGCTACATAGTTTTACTGTGGGGTGTTAACAAATTTACCAAGA
AGCTTTTCAACCCATATGCCATTGACAATAATGAAATGCTGGATTTCCTCAAGAGGGTGCCTTCTGATGTTCA
AAAGGTGCAGTACAGCGAGCTGAGAGCCGAGCTTGGCAACCAGGGCCCGGTGAAGAAGAAACGCGGGCG
CTGA

>mctp2a [Danio rerio] Multiple C2 domain and transmembrane region protein 2a, variant 2
ATGGACCCAAGGAAGAAAATGTGGTCCAATCTCCGGGAGAGAGCAAAGCCTGTGCTAAATCTGAAGATTG
GAAAGAAGAAGAAGAAAACCCCTCTGAAATACCGGAGGAGCATGTCAGTACCAGACCTCAGGTTTAACCC
CCGCGCCATGATGGCTTTACAGGATGAGTCCAGCACACCGAGTCAAGCCTCTGCCTTCTTTGATAACACAGA
CGGTTTAGGTGACATAGATGATACAGCTAGCGAAACCTCCAGTGTAGCATTTTCTGAGCGTTTCAGTGTAGC
TGACGTCCCATACGTCTGCAGCCCAGCACCATCAGAAAGATCAGCTCCCGTCGACTTCCCAGTTTCAGCGGA
AACCGATAAACGTCAAAGAGCCACTACATGGTACTTCGAGGATTCGGATTCGGTGACTGGAGTCACACCTT
CATCTGCAGAACTACAGATGACAGCTGGTCATGCTGAGAGGAGGCCAACAGAGTCTTCAGATAAACTGGTG
GCGGCCCTCGGCAGAGCTCGTGCTTTAGATGACATGTCTATTTCATCTGAGGAGAAAGCTTGGCATACTGA
ACATGAGCCATCCTCTCCTTTGTCTATGTTTGTTGTAGGATCAGCTGAGTATCTGGACACTCCTAATGAAACC
AGTGACTTTGATGATCTCTCAGAACATGAACGAAATATCTCAGGAGGGTTAACAGAGAGTCAAAGTGCTGC
AGGTCTACAGAAGCTCCAGTATCTTCTCACCATCAATCTAAAGGAAGGCAGAAACCTGGTTGTCAGAGACC
GTTCAGGTACAAGTGACCCATTCGTCAAATTCAAGTTAGATGGCAAGCACATCTACAAGAGCAAAGTTGTG
AACAAGAACTTGAATCCCACATGGAATGAATCATTTTCCTTGCCTGTCAGAGATCTCGATCAGACTCTTCATC
TCAAGGTGTATGATCGTGACCTAAGATCCAATGACTTCATGGGATCAAGCAGCTTTCCTCTCAGTAAACTGG
AGCTGGACAGGATGGTTCTGATGACGCTGTCTCTGGAAGACCCCAACAGTGAGGAAAGCGATATGGGAGT
GATCATTATAGAGGCCTGTCTGTCCATCCGAGAGGAACCGGCCAAACGAAATAAGTGGCTCCTAAGAAGAA
AGGGATCCTTCAATAAGGGTCATCCGATAAGCCAGGCGCAGTTTGGGCGGTTCACAAAGAGTCAGGTTTG
GTCAGGCGTTTACACTGTTATCCTGGTGGAAGGACAGGACATGCCAGGCTGTGGACAAGGAGACGTTTAC
GTCCGCTTTAGACTTGGAGACCAGCGGGTCAGGAGCAAGAGTCTGTGTATTAAGGCAAACCCGCAGTGGA
GGGAGTCCTTCGACTTTAACCAGTTCCAGGATGCGCAGGAAAATCTGGTGGTGGAAGTTTGCTGCAAGAG
GGGCAGGAAGTCAGAGGAGTGCTGGGGAGTACTAGATATTGACCTGAGCAGACTTCCTGTCAATCAGAGA
CAGTTATATACTTATGAGCTGGACCCACAGAAGGGAAAACTGCGGTTTTTGGTCACCCTGACCCCATGTTCA
GGTGCGTCCATCTCAGACATCCAGTCTGCTCCACTGGATAACCCTAACACCTTCGAGAAGATGCGTGAGCAA
TATAGACCGATGAACATTCTTGGAGACTTTAAAAATGTCGGCTTTCTTCAAGTCAAGTTAATAAGAGCCACA

81



GATCTTCCATCAACAGATATAAGTGGTAAAAGTGACCCTTTTTGTACCCTTGAGCTGGGTAACAGCAAACTG
CAAACTCACACCATATGTAAAACACTGAATCCTGAATGGAGAACAGCCCTGACTTTCCCCATTAGGGACATC
CATGACGTTTTGGTGCTCACAGTCTATCATGAAGATGGAGATAAAGCTCCAGACTTCCTGGGAAAAGTTGC
CATTCCTTTGTTGACTATTTCTAACGGCCAACAAATAACCAGAATGTTGAAGACTAATAATTTATCAAGGGCA
AACAAAGGCAGTATCACACTTGAGCTTAAAGTCCTCTACAACCCTATCAAAGCAGGAATCAAAACCTTCCAG
CCAAAAGAAACCATGTTTGCGGAGGACAATCCCAAGTTTAACAAAAAGCTTTTAGCACGTAATATCTATCGA
GTGAGGAAGATCAGCATGGCCATTCTCTATACGCTGCAGTATATTAAAAGCTGCTTCCACTGGGAGAACAC
GCAGAGGAGTATTACAGCCTTCCTGATATTTGTGGTGGCAGTGTGGCTTTGGGAGCTGTTCATGCTGCCTCT
CTTTCTCCTCCTGCTCATTGGCTGGAACTACTTCCACATCACACCAGGCATGGCCAGCTACAGTCAGGACTTG
GAGCACATGTCGGTGGCTGAGGACGAGGACGAGGATGAAAAGGAATCAGAGAAAAGAGGACTGATGGA
AAAAATCCACATGGTTCAAGAAATTGTGCTTACAGTTCAGAGCACTTTAGATGAAGTGGCTTGCATTGGGG
AAAGAGTGAAAAACACATTCAACTGGTCAGTCCCGTTCTTGTCATTGTTGGCCTGCCTGGTGCTGCTTGTGG
CGACTGTCGGCTTGTACTACATCCCGCTGCGCTACATAGTTTTACTGTGGGGTGTTAACAAATTTACCAAGA
AGCTTTTCAACCCATATGCCATTGACAATAATGAAATGCTGGATTTCCTCAAGAGGGTGCCTTCTGATGTTCA
AAAGGTGCAGTACAGCGAGCTGAGAGCCGAGCTTGGCAACCAGGGCCCGGTGAAGAAGAAACGCGGGCLG
CTGA

>mctp2a [Danio rerio] Multiple C2 domain and transmembrane region protein 2a, variant 3
ATGGACCCAAGGAAGAAAATGTGGTCCAATCTCCGGGAGAGAGCAAAGCCTGTGCTAAATCTGAAGATTG
GAAAGAAGAAGAAGAAAACCCCTCTGAAATACCGGAGGAGCATGTCAGTACCAGACCTCAGGTTTAACCC
CCGCGCCATGATGGCTTTACAGGATGAGTCCAGCACACCGAGTCAAGCCTCTGCCTTCTCTGATAACACAGA
CGGTTTAGGTGACATAGATGATACAGCTAGCGAAACCTCCAGTGTAGCATTTTCTGAGCGTTTCAGTGTAGC
TGACGTCCCATACGTCTGCAGCCCAGCACCATCAGAAAGATCAGCTCCCGTCGACTTCCCAGTTTCAGCGGA
AACCGATAAACGTCAAAGAGCCACTACATGGTACTTCGAGGATTCGGATTCGGTGACTGGAGTCACACCTT
CATCTGCAGAACTACAGATGACAGCTGGTCATGCTGAGAGGAGGCCAACAGAGTCTTCAGATAAACTGGTG
GCGGCCCTCGGCAGAGCTCGTGCTTTAGATGACATGTCTATTTCATCTGAGGAGAAAGCTTGGCATACTGA
ACATGAGCCATCCTCTCCTTTGTCTATGTTIGTTGTAGGATCAGCTGAGTATCTGGACACTCCTAATGAAACC
AGTGACTTTGATGATCTCTCAGAACATGAACGAAATATCTCAGGAGGGTTAACAGAGAGTCAAAGTGCTGC
AGGTCTACAGAAGCTCCAGTATCTTCTCACCATCAATCTAAAGGAAGGCAGAAACCTGGTTGTCAGAGACC
GTTCAGGTACAAGTGACCCATTCGTCAAATTCAAGTTAGATGGCAAGCACATCTACAAGAGCAAAGTTGTG
AACAAGAACTTGAATCCCACATGGAATGAATCATTTTCCTTGCCTGTCAGAGATCTCGATCAGACTCTTCATC
TCAAGGTGTATGATCGTGACCTAAGATCCAATGACTTCATGGGATCAAGCAGCTTTCCTCTCAGTAAACTGG
AGCTGGACAGGATGGTTCTGATGACGCTGTCTCTGGAAGACCCCAACAGTGAGGAAAGCGATATGGGAGT
GATCATTATAGAGGCCTGTCTGTCCATCCGAGAGGAACCGGCCAAACGAAATAAGTGGCTTCTAAGAAGAA
AGGGATCCTTCAATAAGGGTCATCCGATAAGCCAGGCGCAGTTTGGGCGGTTCACAAAGAGTCAGGTTTG
GTCAGGCGTTTACACTGTTATCCTGGTGGAAGGACAGGACATGCCAGACTGTGGACAAGGAGACGTTTAC
GTCCGCTTTAGACTTGGAGACCAGCGGGTCAGGAGCAAGAGTCTGTGTATTAAGGCAAACCCGCAGTGGA
GGGAGTCCTTCGACTTTAACCAGTTCCAGGATGCGCAGGAAAATCTGGTGGTGGAAGTTTGCTGCAAGAG
GGGCAGGAAGTCAGAGGAGTGCTGGGGAGTACTAGATATTGACCTGAGCAGACTTCCTGTCAATCAGAGA
CAGTTATATACTTATGAGCTGGACCCACAGAAGGGAAAACTGCGGTTTTTGGTCACCCTGACCCCATGTTCA
GGTGCGTCCATCTCAGACATCCAGTCTGCTCCACTGGATAACCCTAACACCTTCGAGAAGATGCGTGAGCAA
TATAGACCGATGAACATTCTTGGAGACTTTAAAAATGTCGGCTTTCTTCAAGTCAAGTTAATAAGAGCCACA
GATCTTCCATCAACAGATATAAGTGGTAAAAGTGACCCTTTTTGTACCCTTGAGCTGGGTAACAGCAAACTG
CAAACTCACACCATATGTAAAACACTGAATCCTGAATGGAGAACAGCCCTGACTTTCCCCATTAGGGACTTC
CATGACGTTTTGGTGCTCACAGTCTATCATGAAGATGGAGATAAAGCTCCAGACTTCCTGGGAAAAGTTGC
CATTCCTTTGTTGACTATTTCTAACGGCCAACAAATAACCAGAATGTTGAAGACTAATAATTTATCAAGGGCA
AACAAAGGCAGTATCACACTTGAGCTTAAAGTCCTCTACAACCCTATCAAAGCAGGAATCAAAACCTTCCAG
CCAAAAGAAACCATGTTTGCGGAGGACAATCCCAAGTTTAACAAAAAGCTTTTAGCACGTAATATCTATCGA
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GTGAGGAAGATCAGCATGGCCATTCTCTATACGCTGCAGTATATTAAAAGCTGCTTCCACTGGGAGAACAC
GCAGAGGAGTATTACAGCCTTCCTGATATTTGTGGTGGCAGTGTGGCTTTGGGAGCTGTTCATGCTGCCTCT
CTTTCTCCTCCTGCTCATTGGCTGGAACTACTTCCACATCACACCAGGCATGGCCAGCTACAGTCAGGACTTG
GAGCACATGTCGGTGGCTGAGGACGAGGACGAGGATGAGAAGGAATCAGAGAAAAGAGGACTGATGGA
AAAAATCCACATGGTTCAAGAAATTGTGCTTACAGTTCAGAGCACTTTAGATGAAGTGGCTTGCATTGGGG
AAAGAGTGAAAAACACATTCAACTGGTCAGTCCCGTTCTTGTCATTGTTGGCCTGCCTGGTGCTGCTTGTGG
CGACTGTCGGCTTGTACTACATCCCGCCGCGCTACATAGTTTTACTGTGGGGTGTTAACAAATTTACCAAGA
AGCTTTTCAACCCATATGCCATTGACAATAATGAAATGCTGGATTTCCTCAAGAGGGTGCCTTCTGATGTICA
AAAGGTGCAGTACAGCGAGCTGAGAGCCGAGCTTGGCAACCAGGGCCCGGTGAAGAAGAAACGCGGGCG
CTGA

>mctp2b [Danio rerio] Multiple C2 domain and transmembrane region protein 2b, isoform 1
ATGCGAGGCTTTTTTCTTTTTAAGAAGTCGAATTACGACAAAAATGATTCAGATTCAGGCTCCATACAAGAC
AATGAGCAAAACGGTATTTTAGACATCAGTGCAGAGATGCCAGGAGTGTGTGAGAATCAGCGGGAGTCTC
AGAGGACATATCTGCTCACTATCTGCCTGAAGGAGGGCCGTAACCTGGTCATCAGAGACCGCTGTGGCACG
AGTGATCCATATGTGAAGGTCAAGCTGGATGGGAAGATGGTGTACAAAAGTAAAGTGGTGTTAAAGAACC
TGAACCCAGTCTGGAATGAGTCCTTTACCTTCCCGATCCGCAGCCTGGAGCAGACAGTCTTCATCAAGGTTT
TTGACCGAGATCTGACTTCAGATGACTTCATGGGCTCCTGCAGTGTTGGGCTGGATAAACTGGAACTTGAA
AAGACCACTGAGATGGTGCTTCCATTAGACGATCCCAACAGTCTGGAGGAAGATATGGGTTTCATAGCCAT
CGATATCTGTGTGTCTATGAGAGGCGGCAAAAACAAAAAACAAGGAAATTCAAACGAGTACAAACGTATG
AGCGAGTCTGTAAATAAGAGTCAGCTGTGGATCGGCCTCTACACCATCACTCTCGTGGATGGACGGGATTT
ACCGAAGGACGGACAGGGGGACTTGTTTGTGCGCTTCAAACTGGGTGATCAGAAATTCAAAAGCAAGTCT
CGCTCGAAGAAAGTCATCACAGAGTGGAGAGAAAGATTTGACTTTTACCAGTTCCCCGATGCATCTAGCCTT
CTGGAGATTGAAGTTGTCTTAAAAGATGGACGGAAGAGTGAAGAAAGTTACGGATTGTCTGAAATCAACTT
GTCTGAGTTGCCGCTGAATGAATCCACATTGTITTCCTGTGACCTGGAGCCGGGCCGGGGCAAGGTGGTGT
TTCTCATCACTCCCAAAGCCTGCACCGGAGCCTCCATTTCAGGTCTCATCACCCCGCCTCTGGAGGACCCTGA
GGAGAAAGAAAACATACTGGCTAAATATAGTTTGAAGAACACAGTGAGGGACCTGAGAGATGTTGGTTTT
CTCCAGGTTAAAGTGATCAAGGCCACTGACCTCATCTCTGCTGATCTAAATGGAAAGAGCGACCCGTTTTGT
GTCCTGGAATTGGGAAACAGCCGGCTACAGACCCACACCATATACAAAACCCTCAACCCTGAGTGGAATAA
AGTCTTCACTTTCCCTGTTAAAGACATTCATGAGGTTCTGGAAGTGACTGTGTTTGATGAGGATGGAGACAA
AGCCCCAGATTTCTTGGGGAAGGTGGCGATTCCTTTAGTCTCAGCGTGTCAAGGTCAGCAGTTCATTTGTCC
TCTGAGGAAAGAGAATTTGACATCAATGTCTAAGGGAGCTGTAATACTGGAGCTGGAAATCCTCTTCAATC
CTATCAAAGCAAGCATCATAACCTTTACACCTCGAGAACAGAAATTTCTTGAGGACAATCCCAAGTTTTCAA
AGAAGATTCTTTCCAGGAATATTGGTCGTGTGAGGAACCTTTTTCGTGCTGTGTCTTACTCTCACCAGTTCAT
CACAAGCTGCTTCACGTGGGAAAGTGTGAGGAGGAGCATTACGGCATTTCTGTTTTTTCTTCTGGCAGTGTG
GTACTTTGAGTTCTACATGCTGCCCTTGTTCTTGGTTCTTCTCATCTCGTGGAACTATCTCCAGATCGCCACTG
AGAGAGTCACCAGAGACCCAGAAAATATGGAAATATGTGACGATGACGATGATGATGAAAAGGATTCTGA
AAAAAAAGGTCTGATGGAGAAAATCCACATGGTTCAAGAGGTTGTCGTTACAGTGCAGAACCTGCTGGAG
GAGATTGCATCCCTCGGTGAAAGAATAAAGAACACATTCAACTGGTCAGTGCCATTCTTGTCTAAACTGGCC
TTAATGATTTTCATCATGGCCACAGTGATCACTTACTTTGTTTCAGTGCGCTACATAGTTTTATTATATGGCAT
ACATAAATTCACGAAGAAACTGCGCAATCCCTATGCCATTGAAAACAATGAGCTGTTGGATTTCCTCTCCAG
AGTGCCTTCAGATATCCAAATGACCCAGTACACTGAAATGAGCAGCTGCAGTATTAACAGTCCCTACAGAAA
AAGAAGATCCTCACCATAG

>mctp2b [Danio rerio] Multiple C2 domain and transmembrane region protein 2b, isoform 2

ATGCGAGGCTTTTTTCTTTTTAAGAAGTCGAATTACGACAAAAATGATTCAGATTCAGGCTCCATACAAGAC
AACGAGCAAAACGGTATTTTAGACATCAGTGCAGAGATGCCAGGAGTGTGTGAGAATCAGCGGGAGTCTC
AGAGGACATATCTGCTCACTATCTGCCTGAAGGAGGGCCGTAACCTGGTCATCAGAGACCGCTGTGGCACG
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AGTGATCCATATGTGAAGGTCAAGCTGGATGGGAAGATGGTGTACAAAAGTAAAGTGGTGTTAAAGAACC
TGAACCCAGTCTGGAATGAGTCCTTTACCTTCCCGATCCGCAGCCTGGAGCAGACAGTCTTCATCAAGGTTT
TTGACCGAGATCTGACTTCAGATGACTTCATGGGCTCCTGCAGTGTTGGGCTGGATAAACTGGAACTTGAA
AAGACCACTGAGATGGTGCTTCCATTAGACGATCCCAACAGTCTGGAGGAAGATATGGGTTTCATAGCCAT
CGATATCTGTGTGTCTATGAGAGGCGGCAAAAACAAAAAACAAGGAAATTCAAACGAGTACAAACGTATG
AGCGAGTCTGTAAATAAGAGTCAGCTGTGGATCGGCCTCTACACCATCACTCTCGTGGATGGACGGGATTT
ACCGAAGGACGGACAGGGGGACTTGTTTGTGCGCTTCAAACTGGGTGATCAGAAATTCAAAAGCAAGTCT
CGCTCGAAGAAAGTCATCACAGAGTGGAGAGAAAGATTTGACTTTTACCAGTTCCCCGATGCATCTAGCCTT
CTGGAGATTGAAGTTGTCTTAAAAGATGGACGGAAGAGTGAAGAAAGTTACGGATTGTCTGAAATCAACTT
GTCTGAGTTGCCGCTGAATGAATCCACATTGTTTTCCTGTGACCTGGAGCCGGGCCGGGGCAAGGTGGTGT
TTCTCATCACTCCCAAAGCCTGCACCGGAGCCTCCATTTCAGACCTCATCACCCCGCCTCTGGAGGACCCTGA
GGAGAAAGAAAACATACTGGCTAAATATAGTTTGAAGAACACAGTGAGGGACCTGAGAGATGTTGGTTTT
CTCCAGGTTAAAGTGATCAAGGCCACTGACCTCATCTCTGCTGATCTAAATGGAAAGAGCGACCCGTTTTGT
GTCCTGGAATTGGGAAACAGCCGGCTACAGACCCACACCATATACAAAACCCTCAACCCTGAGTGGAATAA
AGTCTTCACTTTCCCTGTTAAAGACATTCATGAGGTTCTGGAAGTGACTGTGTTTGATGAGGATGGAGACAA
AGCCCCAGATTTCTTGGGGAAGGTGGCGATTCCTTTAGTCTCAGCGTGTCAAGGTCAGCAGTTCATTTGTCC
TCTGAGGAAAGAGAATTTGACATCAATGTCTAAGGGAGCTGTAATACTGGAGCTGGAAATCCTCTTCAATC
CTATCAAAGCAAGCATCATAACCTTTACACCTCGAGAACAGAAATTTCTTGAGGACAATCCCAAGTTTTCAA
AGAAGATTCTTTCCAGGAATATTGGTCGTGTGAGGAACCTTTTTCGTGCTGTGTCTTACTCTCACCAGTTCAT
CACAAGCTGCTTCACGTGGGAAAGTGTGAGGAGGAGCATTACGGCATTTCTGTTTTTTCTTCTGGCAGTGTG
GTACTTTGAGTTCTACATGCTGCCCTTGTTCTTGGTTCTTCTCATCTCGTGGAACTATCTCCAGATCGCCACTG
AGAGAGTCACCAGAGACCCAGAAAATATGGAAATATGTGACGATGACGATGATGATGAAAAGGATTCTGA
AAAAAAAGGTCTGATGGAGAAAATCCACATGGTTCAAGAGATTGTCGTTACAGTGCAGAACCTGCTGGAG
GAGATTGCATCCCTCGGTGAAAGAATAAAGAACACATTCAACTGGTCAGTGCCATTCTTGTCTAAACTGGCC
TTAATGATTTTCATCATGGCCACAGTGATCACTTACTTITGTTTCAGTGCGCTACATAGTTTTATTATATGGCAT
ACATAAATTCACGAAGAAACTGCGCAATCCCTATGCCATTGAAAACAATGAGCTGTTGGATTTCCTCTCCAG
AGTGCCTTCAGATATCCAAATGACCCAGTACACTGAAATGAGCAGCTGCAGTATTAACAGTCCCTACAGAAA
AAGAAGATCCTCACCATAG

>mctp2b [Danio rerio] Multiple C2 domain and transmembrane region protein 2b, isoform 3
ATGCGAGGCTTTTTTCTTTTTAAGAAGTCGAATTACGACAAAAATGATTCAGATTCAGGCTCCATACAAGAC
AACGAGCAAAACGGTATTTTAGACATCAGTGCAGAGGTGCCAGGAGTGTGTGAGAATCAGCGGGAGTCTC
AGAGGACATATCTGCTCACTATCTGCCTGAAGGAGGGCCGTAACCTGGTCATCAGAGGCCGCTGTGGCACG
AGTGATCCATATGTGAAGGTCAAGCTGGATGGGAAGATGGTGTACAAAAGTAAAGTGGTGTTAAAGAACC
TGAACCCAGTCTGGAATGAGTCCTTTACCTTCCCGATCCGCAGCCTGGAGCAGACAGTCTTCATCAAGGTTT
TTGACCGGGATCTGACTTCAGATGACTTCATGGGCTCCTGCAGTGTTGGGCTGGATAAACTGGAACTTGAA
AAGACCACTGAGATGGTGCTTCCATTAGACGATCCCAACAGTCTGGAGGAAGATATGGGTTTCATAGCCAT
CGATATCTGTGTGTCTATGAGAGGCGGCAAAAACAAAAAACAAAAATGGGCCCAGAGGAACATAAGGAGC
CTCATGGGAAATTCAAACGAGTACAAACGTATGAGCGAGTCTGTAAATAAGAGTCAGCTGTGGATCGGCCT
CTACACCATCACTCTCGTGGATGGACGGGATTTACCGAAGGACGGACAGGGGGACTTGTTTGCGCGCTTCA
AACTGGGTGATCAGAAATTCAAAAGCAAGTCTCGCTCGAAGAAAGTCATCACAGAGTGGAGAGAAAGATT
TGACTTTTACCAGTTCCCCGATGCATCTAGCCTTCTGGAGATTGAAGTTGTCTTAAAAGATGGACGGAAGAG
TGAAGAAAGTTACGGATTGTCTGAAATCAACTTGTCTGAGTTGCCGCTGAATGAATCCACATTGTTTTCCTG
TGACCTGGAGCCGGGCCGGGGCAAGGTGGTGTTTCTCATCACTCCCAAAGCCTGCACCGGAGCCTCCATTT
CAGATCTCATCACCCCGCCTCTGGAGGACCCTGAGGAGAAAGAAAACATACTGGCTAAATATAGTTTGAAG
AACATAGTGAGGGACCTGAGAGATGTTGGTTTTCTCCAGGTTAAAGTGATCAAGGCCACTGACCTCATCTCT
GCTGATCTAAATGGAAAGAGCGACCCGTTTTGTGTCCTGEAATTGGGAAACAGCCGGCTACAGACCCACAC
CATATACAAAACCCTCAACCCTGAGTGGAATAAAGTCTTCACTTTCCCTGTTAAAGACATTCATGAGGTTCTG

84



GAAGTGACTGTGTTTGATGAGGATGGAGACAAAGCCCCAGATTTCTTGGGGAAGGTGGCGATTCCTTTAGT
CTCAGCGTGTCAAGGTCAGCAGTTCATTTGTCCTCTGAGGAAAGAGAATTTGACATCAATGTCTAAGGGAG
CTGTAATACTGGAGCTGGAAATCCTCTTCAATCCTATCAAAGCAAGCATCATAACCTTTACACCTCGAGAAC
AGAAATTTCTTGAGGACAATCCCAAGTTTTCAAAGAAGATTCTTTCCAGGAATATTGGTCGTGTGAGGAACC
TTTTTCGTGCTGTGTCTTACTCTCACCAGTTCATCACAAGCTGCTTCACGTGGGAAAGTGTGAGGAGGAGCA
TTACGGCATTTCTGTTTTTTCTTCTGGCAGTGTGGTACTTTGAGTTCTACATGCTGCCCTTGTTCTTGGTTCTT
CTCATCTCGTGGAACTATCTCCAGATCGCCACTGAGAGAGTCACCAGAGACCCAGAAAATATGGAAATATG
TGACGATGACGATGATGATGAAAAGGATTCTGAAAAAAAAGGTCTGATGGAGAAAATCCACATGGTTCAA
GAGATTGTCGTTACAGTGCAGAACCTGCTGGAGGAGATTGCATCCCTCGGTGAAAGAATAAAGAACACATT
CAACTGGTCAGTGCCATTCTTGTCTAAACTGGCCTTAATGATTTTCATCATGGCCACAGTGATCACTTACTTT
GTTTCAGTGCGCTGCATAGTTTTATTATATGGCATACATAAATTCACGAAGAAACTGCGCAATCCCTATGCC
ATTGAAAACAATGAGCTGTTGGATTTCCTCTCCAGAGTGCCTTCAGATATCCAAATGACCCAGTACACTGAA
ATGAGCAGCTGCAGTATTAACAGTCCCTACAGAAAAAGAAGATCCTCACCATAG
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Anexo 2. Secuencias aminoacidicas de las variantes de las proteinas Mctp
encontradas en el pez cebra.

>mctp1la [Danio rerio] Multiple C2 domain and transmembrane region protein 1a, isoform 1
MLALSLSSVGQSLSGINIVEPSNDELPPLPKPRMYQLDIVLKKGNNLAIRDRGGTSDPYVKFKIAGKEVFRSKTIHK
NLNPVWEEKVSLLVESLREPLYVKVFDYDFGLQDDFMGSAYLYLESLEHQRTLDVTLDLKDPHYPKQDLGSLELA
VTLIPKEGDFREAHQSLRLSDVHRKAQLWRGIVSISLIEAHDLQPMDNNGLSDPYVKFRLGHQKYKSKTIPKTLNP.
QWREQFDFHLYDEQGGFVDITVWDKDAGKKDDFMGRCQVDLSLLSKECTHRLDLPLEEGEGMLVLLVTLTASA
AVSIADLSVNVLDDPHERKEILHRYNVPRSFHNIKDVGMVQVKVIRAEGLMAADVTGKSDPFCVVGLSNDRLQT
HTVYKNLNPEWNKVFTFNVKDIHSVLEVTVYDEDRDRSADFLGKVAIPLLNIQNGERKAYALKSKELTGPTKGVIF
LEIDVIYNVVKAGMRTLIPIEQKYIEEEPRVSKQLLLQNFNRVRRCIMFLINAGCYINSCFEWESPQRSICAFLLFVLV
VWNFELYMIPLVLLMLLAWNYILIASGKDTRQGDVQAVEDLLEDEDEDFDRDDKDSERKGFMNKLYAIQDVCIS
VQNALDEVASYGERIKNTFNWTVPFLSWLAIVALCVVTLVLYFIPLRYIVLAWGVNKFTKKLRDPYSIDNNELLDFL
SRVPSDVQVMOQYRELKVDPCHSPNKRKKNNPG

>mctpla [Danio rerio] Multiple C2 domain and transmembrane region protein 1a, isoform 2
MLALSLSSVGQSLSGINIVEPSNDELPPLPKPRMYQLDIVLKKGNNLAIRDRGGTSDPYVKFKIAGKEVFRSKTIHK
NLNPVWEEKVSLLVESLREPLYAKVFDYDFGLOQDDFMGSAYLYLESLEHQRTLDVTLDLKDPHYPKQDLGSLELA
VTLIPKEGDFREAHQSLRLSDVHRKSQLWRGIVSISLIEAHDLQPMDNNGLSDPYVKFRMGHQKYKSKTIPKTLN
PQWREQFDFHLYDEQGGFVDITVWDKDAGKKDDFMGRCQVDLPLLSKECTHRLDLPLEEGEGMLVLLVTLTAS
AAVSIADLSVNVLDDPHERKEILHRYNVLRSFHNIKDVGMVQVKVIRAEGLMAADVTGKSDPFCVVELSNDRLQ
THTVYRNLNPEWNKVFTFNVKDIHSVLEVTVYDEDRDRSADFLGKVAIPLLNIQNGERKAYALKSKELTGPTKGVI
FLEIDVIYNVVKAGMRTLIPIEQKYIEEEPRVSKQLLLONFNRVRRCIMFLINAGCYINSCFEWESPQRSICAFLLFVL
VVWNFELYMVPLVLLMLLAWNYILIASGKDTRQGDVQAVEDLLEDEDEDFDRDDKDSERKGFMNKLYAIQDVC
ISVOQNALDEVASYGERIKNTFNWTVPFLSWLAIVALCVVTLVLYFIPLRYIVLAWGVNKFTKKLRDPYSIDSNELLD
FLSRVPSDVQVMQYRELKVDPCHSPNKRKKNNPG

>mctp1la [Danio rerio] Multiple C2 domain and transmembrane region protein 1a, isoform 3
MLALSLSSVGQSLSGINIVEPSNDELPPLPKPRMYQLDIVLKKGNNLAIRDRGGTSDPYVKFKIAGKEVFRSKTIHK
NLNPVWEEKVSLLVESLREPLYVKVFDYDFGLOQDDFMGSAYLYLESLEHQRTLDVTLDLKDPHYPKQDLGSLELA
VTLIPKEGDFREATMLMRRSWKRSSKHQSLRLSDVHRKSQLWRGIVSISLIEAHDLQPMDNNGLSDPYVKFRM
GHQKYKSKTIPKTLNPQWREQFDFHLYDEQGGFVDITVWDKDAGKKDDFMGRCQVDLSLLSKECTHRLDLPLE
EGEGMLVLLVTLTASAAVSIADLSVNVLDDPHERKEILHRYNVLRSFHNIKDVGMVQVKVIRAEGLMAADVTGK
SDPFCVVELSNDRLQTHTVYKNLNPEWNKVFTFNVKDIHSVLEVTVYDEDRDRSADFLGKVAIPLLNIQNGERKA
YALKSKELIGPTKGVIFLEIDVIYNVVKAGMRTLIPIEQKYIEEEPRVSKQLLLQNFNRVRRCIMFLINAGCYINSCFE
WESPQRSICAFLLFVLVVWNFELYMVPLVLLMLLAWNYILIASGKDTRQGDVQAVEDLLEDEDEDFDRDDKDSE
RKGFMNKLYAIQDVCISVQNALDEVASYGERIKNTFNWTVPFLSWLAIVALCVVTLVLYFIPLRYIVLAWGVNKFT
KKLRDPYSIDNNELLDFLSRVPSDVQVMQYRELKVDPCHSPNKRKKNNPG

>mctplb [Danio rerio] Multiple C2 domain and transmembrane region protein 1b, isoform 1
MEASMDVDDVSPSHQQQNQRGLWKSFHGKSKLHGSPKLSKKDRKPESVFRIFKKKRDHGLDRAVSSSQPNLH
SAAADGEGSGRTRCGTPEMSACTAAAAAASLGAEIQMLKRSGSPKPTLSQLLEPQYKPASTCTDDAQTHSDEEQ
GDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLAIRDRAGTSDPYVKFKLAGKEVFRSKIIQKNLNPVWDE
RVCLIVDNLKEPLYMKVFDYDFGLQDDFMGSAYLYLESLEQQRPLDVRLDLQDPHCPDQDLGSLELTVTLYPRSP
ADREALRQQQQQMQQQSPRLSDLHRKPQMWKGIVSIRLIEGRNLIAMDQNGFSDPYVKFKLGPQKYKSKTIPK
TLNPQWREQFDLHLYDEEGRILEISVWDKDIGRRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVLLVTLTAT
ATVSISDPSVNLLDDPDQRQHISRRYVSPESPLKSFFNLKDVGILQVKILRAEGLMAADVTGKSDPFCIAELCNDLL
QTHTVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVI
LLQADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLQQNFNRVKRCVLFLINVGYYINSCFQWESPRRSLCAFLIF
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VVVVWNFEIYMLPLSLLLLLIWNYLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYAIQDVII
TVQTALDEVASFGERVKNTFNWSVPFLSWLAITVLCAGATITYFIPLRYIVLVWGINKFTKKLRAPYSINNNELLDF
LSRVPSDIQMVQYKELKADANQSPNKKRRNNPG

>mctplb [Danio rerio] Multiple C2 domain and transmembrane region protein 1b, isoform 2
MEASMDVDDVSPSHQQQNQRGLWKSFHGKSKLHGSPKLSKKDRKPESVFRIFKKKRDHGLDRAVSSSQPNLH
SAAADGEGSGRTRCGTPEMSACTAAAAAASLGAEIQMLKRSGSPKPTLSQLLESQYKPASTCTDDAQTHSDEEQ
GDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLAIRDRAGTSDPYVKFKLAGKEVFRSKIIQKNLNPVWDE
RVCLIVDNLKEPLYMKVFDYDFGLOQDDFMGSAYLYLESLEQQRPLDVRLDLQDPHCPDQDLGSLELTVTLYPRSP
ADREALRQQQQQMQQQSPRLSDLHRKPOMWKGIMSIRLIEGRNLIAMDQNGFSDPYVKFKLGPQKYKSKTIP
KTLNPQWREQFDLHLYDEEGGILEISVWDKDIGRRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVLLVTLTA
TATVSISDLSVNLLDDPDQRQHISRRYSPLKSFFNLKDVGILQVKILRAEGLMAADVTGKSDPFCIAELCNDRLQTH
TVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVILLQ
ADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLQQNFNRVKRCVLFLINVGYYINSCFQWESPRRSLCAFLIFVVV
VWNFEIYMLPLSLLLLLIWNYLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYAIQDVIITVQ
TALDEVASFGERVKNTFNWSVPFLSWLAITVLCAGATITYFIPLRYIVLVWGINKFTKKLRAPYSINNNELLDFLSRV
PSDIQMVQYKELKADANQSPNKKRRNNPG

>mctplb [Danio rerio] Multiple C2 domain and transmembrane region protein 1b, isoform 3
MEASMDVDDVSPSHQQQNQRGLWKSFHGKSKLHGSPKLSKKDRKPESVFRIFKKKRDHGLDRAVSSSQPNLH
SAAADGEGSGRTRCGTPEMSACTAAAAAASLGAEIQMLKRSGSPKPTLSQLLESQYKPASTCTDDAQTHSDEEQ
GDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLAIRDRAGTSDPYVKFKLAGKEVFRSKIIQKNLNPVWDE
RVCLIVDNLKEPLYMKVFDYDFGLQDDFMGSAYLYLESLEQQRPLDVRLDLQDPHCPDQDLGSLELTVTLYPRSP
ADSEALRQQQQQQMQQQSPRLSDLHRKPQMWKGIVSIRLIEGRNLIAMDQNGFSDPYVKFKLGPQKYKSKTIP
KTLNPQWREQFDLHLYDEEGGILEISVWDKDIGRRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVLLVTLTA
TATVSISDLSVNLLDDPDQRQHISRRYSPLKSFFNLKDVGILQVKILRAEGLTAADVTGKSDPFCIAELCNDRLQTH
TVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVILLQ
ADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLQQNFNRVKRCVLFLINVGYYINSCFQWESPRRSLRAFLIFVVV
VWNFEIYMLPLSLLLLLIWNYLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYAIQDVIITVQ
TALDEVASFGERVKNTFNWSVPFLSWLAITVLCAGATITYFIPLRYIVLVWGINKFTKKLRAPYSINNNELLDFLSRV
PSDIQMVQYKELKADANQSPNKKRRNNPG

>mctp2a [Danio rerio] Multiple C2 domain and transmembrane region protein 2a, variant 1
MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFFDNTDG
LGDIDDTASETSSVAFSERFSVADVPYVCSPAPSERSAPVDFPISAETDKRQRATTWYFEDSDSVTGVTPSSAELQ
MTAGHAERRPTESSDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMFVVGSAEYLDTPNETSDFDDLSE
HERNISGGLTESQSAAGLQKLQYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFS
LPVRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIIEACLSIREEPAKRN
KWLLRRKGSFNKGHPISQAQFGRFTKSQVWSGVYTVILVEGQDMPDCGQGDVYVRFRLGDQRVRSKSLCIKAN
PQWRESFDFNQFQDAQENLVVEVCCKRGRKSEECWGVLDIDLSRLPVNQRQLYTYELDPQKGKLRFLVTLTPCS
GASISDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLQVKLIRATDLPSTDISGKSDPFCTLELGNSKLQTHTI
CKTLNPEWRTALTFPIRDIHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLSRANKGSITLELK
VLYNPIKAGIKTFQPKETMFAEDNPKFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVW
LWELFMLPLFLLLLIGWNYFHITPGMASYSQDLEHMSVAEDEDEDEKESEKRGLMEKIHMVQEIVLTVQSTLDE
VACIGERVKNTFNWSVPFLSLLACLVLLVAIVGLYYIPLRYIVLLWGVNKFTKKLFNPYAIDNNEMLDFLKRVPSDV
QKVQYSELRAELGNQGPVKKKRGR

>mctp2a [Danio rerio] Multiple C2 domain and transmembrane region protein 2a, variant 2
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MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFFDNTDG
LGDIDDTASETSSVAFSERFSVADVPYVCSPAPSERSAPVDFPVSAETDKRQRATTWYFEDSDSVTGVTPSSAELQ
MTAGHAERRPTESSDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMFVVGSAEYLDTPNETSDFDDLSE
HERNISGGLTESQSAAGLQKLQYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFS
LPVRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIEACLSIREEPAKRN
KWLLRRKGSFNKGHPISQAQFGRFTKSQVWSGVYTVILVEGQDMPGCGQGDVYVRFRLGDQRVRSKSLCIKAN
PQWRESFDFNQFQDAQENLVVEVCCKRGRKSEECWGVLDIDLSRLPVNQRQLYTYELDPQKGKLRFLVTLTPCS
GASISDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLQVKLIRATDLPSTDISGKSDPFCTLELGNSKLQTHTI
CKTLNPEWRTALTFPIRDIHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLSRANKGSITLELK
VLYNPIKAGIKTFQPKETMFAEDNPKFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVW
LWELFMLPLFLLLLIGWNYFHITPGMASYSQDLEHMSVAEDEDEDEKESEKRGLMEKIHMVQEIVLTVQSTLDE
VACIGERVKNTFNWSVPFLSLLACLVLLVATVGLYYIPLRYIVLLWGVNKFTKKLFNPYAIDNNEMLDFLKRVPSDV
QKVQYSELRAELGNQGPVKKKRGR

>mctp2a [Danio rerio] Multiple C2 domain and transmembrane region protein 2a, variant 3
MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFSDNTDG
LGDIDDTASETSSVAFSERFSVADVPYVCSPAPSERSAPVDFPVSAETDKRQRATTWYFEDSDSVTGVTPSSAELQ
MTAGHAERRPTESSDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMFVVGSAEYLDTPNETSDFDDLSE
HERNISGGLTESQSAAGLQKLQYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFS
LPVRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIEACLSIREEPAKRN
KWLLRRKGSFNKGHPISQAQFGRFTKSQVWSGVYTVILVEGQDMPDCGQGDVYVRFRLGDQRVRSKSLCIKAN
PQWRESFDFNQFQDAQENLVVEVCCKRGRKSEECWGVLDIDLSRLPVYNQRQLYTYELDPQKGKLRFLVTLTPCS
GASISDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLQVKLIRATDLPSTDISGKSDPFCTLELGNSKLQTHTI
CKTLNPEWRTALTFPIRDFHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLSRANKGSITLELK
VLYNPIKAGIKTFQPKETMFAEDNPKFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVW
LWELFMLPLFLLLLIGWNYFHITPGMASYSQDLEHMSVAEDEDEDEKESEKRGLMEKIHMVQEIVLTVQSTLDE
VACIGERVKNTFNWSVPFLSLLACLVLLVATVGLYYIPPRYIVLLWGVNKFTKKLFNPYAIDNNEMLDFLKRVPSD
VQKVQYSELRAELGNQGPVKKKRGR

>mctp2b [Danio rerio] Multiple C2 domain and transmembrane region protein 2b, isoform 1

5'3' Frame 1
MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISAEMPGVCENQRESQRTYLLTICLKEGRNLVIRDRCGTSDPY
VKVKLDGKMVYKSKVVLKNLNPVWNESFTFPIRSLEQTVFIKVFDRDLTSDDFMGSCSVGLDKLELEKTTEMVLP
LDDPNSLEEDMGFIAIDICVSMRGGKNKKQGNSNEYKRMSESVNKSQLWIGLYTITLVDGRDLPKDGQGDLFVR
FKLGDQKFKSKSRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPLNESTLFSCDLEPGR
GKVVFLITPKACTGASISGLITPPLEDPEEKENILAKYSLKNTVRDLRDVGFLQVKVIKATDLISADLNGKSDPFCVLE
LGNSRLQTHTIYKTLNPEWNKVFTFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACQGQQFICPLRKENLT
SMSKGAVILELEILFNPIKASIITFTPREQKFLEDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCFTWESVRRSITA
FLFFLLAVWYFEFYMLPLFLVLLISWNYLQIATERVTRDPENMEICDDDDDDEKDSEKKGLMEKIHMVQEVVVTV
QNLLEEIASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVSVRYIVLLYGIHKFTKKLRNPYAIENNELLDFLSRVP
SDIQMTQYTEMSSCSINSPYRKRRSSP

>mctp2b [Danio rerio] Multiple C2 domain and transmembrane region protein 2b, isoform 2

MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISAEMPGVCENQRESQRTYLLTICLKEGRNLVIRDRCGTSDPY
VKVKLDGKMVYKSKVVLKNLNPVWNESFTFPIRSLEQTVFIKVFDRDLTSDDFMGSCSVGLDKLELEKTTEMVLP
LDDPNSLEEDMGFIAIDICVSMRGGKNKKQGNSNEYKRMSESVNKSQLWIGLYTITLVDGRDLPKDGQGDLFVR
FKLGDQKFKSKSRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPLNESTLFSCDLEPGR
GKVVFLITPKACTGASISDLITPPLEDPEEKENILAKYSLKNTVRDLRDVGFLQVKVIKATDLISADLNGKSDPFCVLE
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LGNSRLQTHTIYKTLNPEWNKVFTFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACQGQQFICPLRKENLT
SMSKGAVILELEILFNPIKASHITFTPREQKFLEDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCFTWESVRRSITA
FLFFLLAVWYFEFYMLPLFLVLLISWNYLQIATERVTRDPENMEICDDDDDDEKDSEKKGLMEKIHMVQEIVVTV
QNLLEEIASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVSVRYIVLLYGIHKFTKKLRNPYAIENNELLDFLSRVP
SDIQMTQYTEMSSCSINSPYRKRRSSP

>mctp2b [Danio rerio] Multiple C2 domain and transmembrane region protein 2b, isoform 3
MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISAEVPGVCENQRESQRTYLLTICLKEGRNLVIRGRCGTSDPYV
KVKLDGKMVYKSKVVLKNLNPVWNESFTFPIRSLEQTVFIKVFDRDLTSDDFMGSCSVGLDKLELEKTTEMVLPL
DDPNSLEEDMGFIAIDICVSMRGGKNKKQKWAQRNIRSLMGNSNEYKRMSESVNKSQLWIGLYTITLVDGRDL
PKDGQGDLFARFKLGDQKFKSKSRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPLNE
STLFSCDLEPGRGKVVFLITPKACTGASISDLITPPLEDPEEKENILAKYSLKNIVRDLRDVGFLQVKVIKATDLISADL
NGKSDPFCVLELGNSRLQTHTIYKTLNPEWNKVFTFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACQGQ
QFICPLRKENLTSMSKGAVILELEILFNPIKASIITFTPREQKFLEDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCF
TWESVRRSITAFLFFLLAVWYFEFYMLPLFLVLLISWNYLQIATERVTRDPENMEICDDDDDDEKDSEKKGLMEKI
HMVQEIVVTVQNLLEEIASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVSVRCIVLLYGIHKFTKKLRNPYAIE
NNELLDFLSRVPSDIQMTQYTEMSSCSINSPYRKRRSSP
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Anexo 3. Alineamiento de los cDNA de las variantes de cada gen mctp
encontradas en el pez cebra.
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Anexo 4. Alineamiento de la secuencia aminoacidica de cada una de las
proteinas Mctp encontradas en el pez cebra.
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MLALSLSSVGQSLSGINIVEPSNDELPPLPKPRMYQLDIVLKKGNNLAIRDRGGTSDPYVKFKIAGKEVFRSKTIHKNLNPVWEEKVSLLVESLREPLY]
101 200
KVFDYDFGLODDFMGSAYLYLESLEHQRTLDVTLDLKDPHY PKODLGSLELAVTLI PKEGDFREA- ~HQSLRLSDVHRKBOLWRGIVSI
KVFDYDFGLQODDFMGSAYLYLESLEHQRTLDVTLDLKDPHYPKQDLGSLELAVTLIPKEGDFREA— -HQSLRLSDVHRKSQLWRGIVSI
KVFDYDFGLQDDFMGSAYLYLESLEHQRTLDVTLDLKDPHYPKQDLGSLELAVTLIPKEGDFRE. HQOSLRLSDVHRKSQLWRGIVST
KVFDYDFGLQDDFMGSAYLYLESLEHQRTLDVTLDLKDPHY PKQDLGSLELAVTLIPKEGDFRE. HQSLRLSDVHRI QLWRGIVS.
201 300
SLIEAHDLOPMDNNGLSDPYVK! GHOKYKSKTIPKTLNPQWREQFDFHLYDEQGGFVD TVWDKDAGKKDDFMGRCQVDLILLSKECTHRLDL%EEG
G

SLIEAHDLQPMDNNGLSDPYVKFRMGHOKYKSKTIPKTLNPQWREQFDFHLYDEQGGFVDETVWDKDAGKKDDFMGRCQVDLPLLSKECTHRLDLP
SLIEAHDLQPMDNNGLSDPYVKFRMGHOKYKSKTIPKTLNPOQWREQFDFHLYDEQGGFVDXTVWDKDAGKKDDFMGRCQVDLSLLSKECTHRLDLPLE,
SLIEAHDLOPMDNNGLSDPYVKFE GHQKYKSKTIPKTLNPQWREQFDFHLYDEQGGFVDITVWDKDAGKKDDFMGRCQVDL LLSKECTHREDLPLEEG
301 400
EGMLVLLVTLTASAAVSIADLSVNVLDDPHERKEILHRYNVPRSFHNIKDVGMVQVKVIRAEGLMAADVTGKSDPFCVVGLSNDRLOT

EGMLVLLVTLTASAAVSIADLSVNVLDDPHERKEILHRYNVERSFHNIKDVGMVQVKVIRAEGLMAADVTGKSDPFC LSNDRL! PEWN
EGMLVLLVTLTASAAVSIADLSVNVLDDPHERKEILHRYNVERSFHNIKDVGMVQVKVIRAEGLMAADVTGKSDPFC LSNDRL! LNPEWN
EGMLVLLVTLTASAAVSIADLSVNVLDDPHERKEILHRYNVERSFHNIKDVGMVQVKVIRAEGLMAADVTGKSDPFC LSWQ INLNPEWN
401 500

IEEEPRVSKQLL

KVFTFNVKDIHSVLEVTVYDEDRDRSADFLGKVAIPLLNIQONGERKAYALKSKELTGPTKGVIFLEIDVIYNVVKAGM
KVFTFNVKDIHSVLEVTVYDEDRDRSADFLGKVAIPLLNIQNGERKAYALKSKELEGPTKGVIFLEIDVIYNVVKAGI

KVFTFNVKDIHSVLEVTVYDEDRDRSADFLGKVAIPLLNIQNGERKAYALKSKELIGPTKGVIFLEIDVIYN
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LONFNRVRRCIMFLINAGCYINSCFEWESPQRSICAFLLFVLVVWNFELYMMPLVLLMLLAWNY I¢ VQAVEDLLEDEDEDFDRDDK———
LONFNRVRRCIMFLINAGCYINSCFEWESPQRSICAFLLFVLVVWNFELYMVPLVLLMLLAWNYIT ROGDVQAVEDLLEDEDEDFDRDDK--—
LONFNRVRRCIMFLINAGCYINSCFEWESPOQRSICAFLLFVLVVWNFELYMMPLVLLMLLAWN YAsIA QGDVQAVEDLLEDEDEDFDRDDKVPG
601 700
——————————————————————————————— FNWTVPFLSWLAIVALCVVTLVLYFIPLRYI
TFNWTVPFLSWLAIVALCVVTLVLYFIPLRYI
IKNTFNWTVPFLSWLAIVALCVVTLVLYFIPLRYI
SVPSQDGRLPESHILADILASWHFEWIRVMVDSERKGFMNKLYATIQDVCISVQNA ASYGERIKNTFNWTVPFLSWLAIVALCVVTLVLYFIPLRYI
701 760
VLAWGVNKFTKKLRDPYSTI DINELLDFLSRVPS DVQVMQYRELKVDPCHSPNKRKKNNBG
VLAWGVNKFTKKLRDPYSIDSNELLDFLSRVPSDVQVMQYRELKVDPC KKNNPG
VLAWGVNKFTKKLRDPYST NELLDFLSRVPSDVQVMQYRELK KNNPG
VLAWGVNKFTKKLRDPYSI NELLDFLSRVPSDVQVMQYRELKV KNNPG

1 100
MEASMDVDDVSPSHQQONQRGLWKSFHGKSK SPK RKPESVFRIFKKKRDHGLDRAVSSSQPNLHSAAADGEGSGRTRCGTPEMSACTAAARA
MEASMDVDDVSPSHQQONQRGLWKSFHGKS RKPESVFRIFKKKRDHGLDRAVSSSQPNLHSAAADGEGSGRTRCGTPEMSACTAAAAA
MEASMDVDDVSPSHQQONORGLWKSFHG LSKK RKPESVFRIFKKKRDHGLDRAVSSSQPNLHSAAADGEGSGRTRCGTPEMSACTAAAAA
MEASMDVDDVSPSHQQQNQRGLWKSFHG PKLSKKARKPESVFRIFKKKRDHGLDRAVSSSQPNLHSAAADGEGSGRTRCGTPEMSACTARARA
101 200
ASLGAEIQMLKRSGSPKPTLSQ PQ?!?@STCTDDAQTHSDEEQGDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLAIRDRAGTSDPYVKFKL
ASLGAETQMLKRSGSPKPTL, ASTCTDDAQTHSDEEQGDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLATRDRAGTSDPYVKFKL
ASLGAETQMLKRSGSPKPT, KPASTCTDDAQTHSDEEQGDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLATRDRAGTSDPYVKFKL
ASLGAEIQMLKRSGSBKPT LESQYKPASTCTDDAQTHSDEEQGDKSVGVTTVAKGAVQPALPTSTLYQLDIVLKRGNNLATRDRAGTSDPYVKFKL
201 300
AGKEVFRSKI Iw_wﬂ.IvnNanLvmcerYDFGLQDDmGSAYLYLEsLEQQRPLDVRLDLQDPHCPDQDLGSLELTVTLYPRS PADIE

AGKEVFRSKIIQ RVCLIVDNLKEPLYMKVFDYDFGLODDFMGSAYLYLESLEQQRPLDVRLDLODPHCPDQDLGSLELTVTLYPRSPADRE
AGKEVFRSKIIQKI DERVCLIVDNLKEPLYMKVFDYDFGLODDFMGSAYLYLESLEQQRPLDVRLDLODPHCPDQDLGSLELTVTLYPRSPADSE
AGKEVFRﬁiﬁIQKNLNPVWDERVCLIVDNLKEPLYMKVFDYDFGLQDDFMGSAYLYLESLEQQRPLDVRLDLQDPHCPDQDLGSLELTVTLYPRSPADIE
301 400
A -MQOQSPRLSDLHRK PQMWKG IMSIRLIEGRNLIAMDONGF SDPYVKFKLGPQKYKSKT I PKTLNPQWREQFDLHLYDEEGRILEISVWDKD
~MQOQSPRLSDLHRKPOMWKGIMS TRLTEGRNLIAMDONGFSDPYVKFKLGPQKYKSKTIPKTLNPOWREQFDLHLYDEEGGILEISVWDKD
DOMOQQSPRLSDLHRKPOMWKGIMSIRLIEGRNLIAMDONGFSDPYVKFKLGPQKYKSKTIPKTLNPOQWREQFDLHLYDEEGGILEISVWDKD
Q-MQQOQSPRLSDLHRKPQMWKGIMSIRLIEGRNLIAMDONGFSDPYVKFKLGPQKYKSKTIPKTLNPQWREQFDLHLYDEEGGILEISVWDKD
401 500
RRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVILVTLTATATVSISDPSVNLLDDPDQRQHI SRRYVSPESPLKSFFNLKDVGILQVKILRAEG
RRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVELVTLTATATVSISDLSVNLLDDPDQRQHISRRYS----PLKSFFNLKDVGILQVKILRAEG
IGRRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVELVTLTATATVSISDESVNLLDDPDQRQHISRRYS— PLKSFFNLKDVGILQVKILRAEG
IGRRDDFIGQCELELWKLSREKTHKLELHLEEDKGTLVMLVTLTATATVSISDESVNLLDDPDQRQHISRRY§----PLKSFFNLKDVGILQVKILRAEG
501 600
'VTGKSDPFCIAELCNDLLOTHTVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVI
DVTGKSDPFCIAELCNDRLOTHTVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVI
LTAADVTGKSDPFCIAELCNDRLQTHTVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVI
LIAADVTGKSDPFCIAELCND LOTHTVYKTLNPEWNKVFSFNVKDIHSVLEISVYDEDRDRSADFLGKVAIPLLNICSSQQKAYVLKNKELTGPTKGVI
601 700
LLOADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLOQONFNRVKRCVLFLINVGYYINSCFQWESPRRSLEAFLIFVVVVWNFEIYMLPLSLLLLLIWN
LLOADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLOONFNRVKRCVLFLINVGYYINSCFQWESPRRSLEAFLIFVVVVWNFEIYMLPLSLLLLLIWN
LLQADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLQONFNRVKRCVLFLINVGYYINSCFQWESPRRSLRAFLIFVVVVWNFEIYMLPLSLLLLLIWN
LLQADVIFNAVRASLRTFVPAEQKYIEEEAKVSKQLLQQNFNRVKRCVLFLINVGYYINSCFQWESPRRSLIAFLIFVVVVWNFEIYMLPLSLLLLLIWN
701 800
YLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYAIQDVIITVQTALDEVASFGERVKNTFNWSVPFLSWLAITVLCAGATITYFIPL
YLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYAIQDVIITVQTALDEVASFGERVKNTFNWSVPFLSWLAITVLCAGATITYFIPL
YLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYAIQDVIITVQTALDEVASFGERVKNTFNWSVPFLSWLAITVLCAGATITYFIPL
YLRKASGKGTCEGNVEVMEDLLEDVDEDSDKEDKDSEKKGFLDKFYATQDVIITVQTALDEVASFGERVKNTFNWSVPFLSWLATITVLCAGATITYFIPL
801 863
RYIVLVWGINKFTKKLRAPYSINNNELLDFLSRVPSDIQMVQYKELKADANQSPNKKRRNNPG
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Mctp2a

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

2a-2
2a-4
2a-10
2a-GB

Mctp2b

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

2b-2
2b-4
2b-6
2b-GB

(1)
(1
(1)
(1)

(101)
(101)
(101)
(101)

(201)
(201)
(201)
(201)

(301)
(301)
(301)
(301)

(401)
(401)
(401)
(401)

(501)
(501)
(501)
(501)

(601)
(601)
(601)
(601)

(701)
(701)
(701
(701)

(801)

(1)
(1)
(1)
(1)

(101)
(101)
(101)
(101)

(190)
(190)
(201)
(192)

(290)
(290)
(301)
(246)

(390)
(390)
(401)
(346)

(490)
(490)
(501)
(446)

(590)
(590)
(601)
(546)

(690)
(690)
(701)
(646)

1 100
MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFEDNTDGLGDIDDTASETSSVAFSERFSVADVPYV
MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFEDNTDGLGDIDDTASETSSVAFSERFSVADVPYV
MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFSDNTDGLGDIDDTASETSSVAFSERFSVADVPYV
MDPRKKMWSNLRERAKPVLNLKIGKKKKKTPLKYRRSMSVPDLRFNPRAMMALQDESSTPSQASAFIDNTDGLGDIDDTASETSSVAFSERFSVADVPYV
101 200
CSPAPSERSAPVDFPESAETDKRQRATTWYFEDSDSVTGVTPSSAELQMTAGHAERRPTES SDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMF
CSPAPSERSAPVDFPMSAETDKRQRATTWYFEDSDSVTGVTPSSAELQMTAGHAERRPTES SDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMF
CSPAPSERSAPVDFPMSAETDKRQRATTWYFEDSDSVTGVTPSSAELQMTAGHAERRPTES SDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMF
CSPAPSERSAPVDFPMSAETDKRQRATTWYFEDSDSVTGVTPSSAELQMTAGHAERRPTES SDKLVAALGRARALDDMSISSEEKAWHTEHEPSSPLSMF
201 300
VVGSAEYLDTPNETSDEFDDLSEHERNISGGLTESQSAAGLOKLOYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFSLP
VVGSAEYLDTPNETSDFDDLSEHERNISGGLTESQSAAGLOKLOYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFSLP
VVGSAEYLDTPNETSDFDDLSEHERNISGGLTESQSAAGLOKLQYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFSLP
VVGSAEYLDTPNETSDFDDLSEHERNISGGLTESQSAAGLOKLOYLLTINLKEGRNLVVRDRSGTSDPFVKFKLDGKHIYKSKVVNKNLNPTWNESFSLP
301 400
VRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIIEACLS TREEPAKRNKWLLRRKGSFNKGHPTSQAQFGRETK
VRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIIEACLSIREEPAKRNKWLLRRKGSFNKG PISQAQF%

VRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIIEACLSIREEPAKRNKWLLRRKGSFNKGHPISQAQFG! K
VRDLDQTLHLKVYDRDLRSNDFMGSSSFPLSKLELDRMVLMTLSLEDPNSEESDMGVIIIEACLSIREEPAKRNKWLLRRKGSFNKGQPISQAQFGR

401 500
SQVWSGVYTVILVEGODMPDCGQGDVYVRFRLGDQRVRSKSLCIKANPOWRES FDFNQFODAQENLVVEVCCKRGRKSEECWGVLDIDLS:! QLY
SQVWSGVYTVILVEGQDMPGCGQGDVYVRFRLGDQRVRSKSLCIKANPQWRESFDFNQFQDAQENLVVEVCCKRGRKSEECWGVLDIDLS QLY
SQVWSGVYTVILVEGQDMPBCGQGDVYVRFRLGDQRVRSKSLCIKANPQWRESFDFNQFQDAQENLVVEVCCKRGRKSEECWGVLD QLY
SQVWSGVYTVILVEGQDMPBCGQGDVYVRFRLGDQRVRSKSLCIKANPQWRESFDFNQFQDAQENLVVEVCCKRGRKSEECWGVLD! NQRQLY
501 600

TYELDPQKGKLRFLVTLTPCSGASISDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLOVKLIRATDLPSTDISGKSDPFCTL KLOTHTICK

TYELDPQKGKLRFLVTLTPCSGASISDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLQVKLIRATDLPSTDISG: GNSKLQTHTICK

TYELDPQKGKLRFLVTLTPCSGASISDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLQVKLIRATDLPSTDIS J LGNSKLQTHTICK
P

TYELDPQKGKLRFLVTLTPCSGASI SDIQSAPLDNPNTFEKMREQYRPMNILGDFKNVGFLQVKLIRATDLPSM TLELGNSKLQTHTICK
601 700
TLNPEWRTALTFPIRDIHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLSRANKGSIT: »I KAGIKTFQPKETMFAEDNP
TLNPEWRTALTFPIRDEHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLSRANKGSIT VILYNPIKAGIKTFQPKETMFAEDNP
TLNPEWRTALTFPIRDFHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLS GSETH YNPIKAGIKTFQPKETMFAEDNP
TLNPEWRTALTFPIRDIHDVLVLTVYHEDGDKAPDFLGKVAIPLLTISNGQQITRMLKTNNLSRA E LYNPIKAGIKTFQPKETMFAEDNP
701 800
KFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVWLWEL. LL. ITPGMASYSQDLEHMSVAEDEDEDEKE
KFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVWLWELFML NYFHITPGMASYSQDLEHMSVAEDEDEDEKE
KFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVWLWE, PL
FM, L

KFNKKLLARNIYRVRKISMAILYTLQYIKSCFHWENTQRSITAFLIFVVAVWL LIGWNYFHITPGMASYSQDLEHMSVAEDEDEDEKE
801 900
SEKRGLMEKIHMVQEIVLTVQSTLDEVACI GERVKNTFNWSVPFLSLLACLVLLVAIKG#IPIRY IVLLWGVNKFTKKLFNPYAIDNNEMLDFLKRVP

1 100

MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISAEMPG QRESQRTYLLTICLKEGRNLVIRDRCGTSDPYVKVKLDGKMVYKSKVVLKNLNPVWN
MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISA! RESQRTYLLTICLKEGRNLVIRGRCGTSDPYVKVKLDGKMVYKSKVVLKNLNPVWN
MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISA] QRESQRTYLLTICLKEGRNLVIRIRCGTSDPYVKVKLDGKMVYKSKVVLKNLNPVWN
101 200
ESFTFPIRSLEQTVFIKVFDRDLTSDDFMG: DKLELEKTTEMVLPLDDPNSLEEDMGFIAIDICVSMRGGKNKKQ-—————--——~
ESFTFPIRSLEQTVFIKVFDRDLTSDDEF! KLELEKTTEMVLPLDDPNSLEEDMGFIAIDICVSMRGGKNKKQ———————————|
ESFTFPIRSLEQTVFIKVFDRDLTSDDEF! LDKLELEKTTEMVLPLDDPNSLEEDMGFIAIDICVSMRGGKNKK
ESFTFPIRSLEQTVFIKVFDRDLT, GLDKLELEKTTEMVLPLDDPNSLEEDMGFIAIDICVSMRGGKNKKOKWAQRNIRSEM---—------
201 300
SRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPL
SRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPL
SRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPL
SRSKKVITEWRERFDFYQFPDASSLLEIEVVLKDGRKSEESYGLSEINLSELPL
301 400
NESTLFSCDLEPWTPRACTGAS ISGLITPPLEDPEEKENILAKYSLKNTVRDLRDVGFLQVKVIKATDLISADLNGKSDPFCVLELGNSRLQ
NESTLFSCDLEPG. LITPKACTGASISBLITPPLEDPEEKENILAKYSLKNEVRDLRDVGFLQVKVIKATDLISADLNGKSDPFCVLELGNSRLQ
NESTLFS EPGRGKVVFLITPKACTGASISBLITPPLEDPEEKENILAKYSLKNIVRDLRDVGFLQVKVIKATDLISADLNGKSDPFCVLELGNSRLQ
NES TLR&GRGKWFL ITPKACTGASISPLITPPLEDPEEKENILAKYS LKN.VRDLRDVGFLQVKVIKATDL ISADLNGKSDPFCVLELGNSRLQ
401 500
T EWNKVFTFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACOGQQFICPLRKENLTSMSKGAVILELEILFNPTKASTITFTPREQK
T NPEWNKVETFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACQGQQFICPLRKENLTSMSKGAVILELEILFNPIKASIITFTPREQK
NPEWNKVFTFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACQGQQFICPLRKENLTSMSKGAVILELEILFNPIKASIITFTPREQK
&I YKTLNPEWNKVFTFPVKDIHEVLEVTVFDEDGDKAPDFLGKVAIPLVSACQGQQFICPLRKENLTSMSKGAVILELEILFNPIKASIITFTPREQK
501 600
EDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCFTWESVRRSITAFLFFLLAVWYFEFYMLPLFLVLLISWNYLQIATERVTRDPENMEICDDDDD
FLEDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCFTWESVRRSITAFLFFLLAVWYFEFYMLPLFLVLLISWNYLQTATERVTRDPENMEICDDDDD
FLEDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCFTWESVRRSITAFLFFLLAVWYFEFYMLPLFLVLLISWNYLQIATERVTRDPENMEICDDDDD
FLEDNPKFSKKILSRNIGRVRNLFRAVSYSHQFITSCFTWESVRRSITAFLFFLLAVWYFEFYMLPLFLVLLISWNYLQTATERVTRDPENMEICDDDDD
601 700
DEKDSEKKGLMEKIHMVQENMVVTVONLLEEIASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVS TVLLYGIHKFTKKLRNPYATENNELLDFL
DEKDSEKKGLMEKIHMVQEIVVTVONLLEETASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVSVRYIVLLYGIHKFTKKLRNPYATENNELLDFL
DEKDSEKKGLMEKIHMVQEZVVTVONLLEEIASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVSVRCIVLLYGIHKFTKKLRNPYAIENNELLDFL
DEKDSEKKGLMEKIHMVQE VVTVQNLLEEIASLGERIKNTFNWSVPFLSKLALMIFIMATVITYFVSVRIIVLLYGIHKFTKKLRNPYAIENNELLDFL
701 731
SRVPSDIQMTQYTEMSSCSINSPYRKRRSSP
SRVPSDIQMTQYTEMSSCSINSPYRKRRSSP
SRVPSDIQMTQYTEMSSCSINSPYRKRRSSP
SRVPSDIQMTQYTEMSSCSINSPYRKRRSSP

MRGFFLFKKSNYDKNDSDSGSIQDNEQNGILDISAEMP ENQREMTYLLTICLKEGRNLVIEIRCGTSDPYVKV‘KLDGKMVYKSKVV‘LKNLNPVWN
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Anexo 5. Mapa del plasmido pGEM-T Easy (Promega)

xminl 2009
7 d
Scal 1890 Nael 2707 [ o= e
\ Aatll 20
f1 ori Sphi 95
BstZl | 31
ECE.':'_!' 37
&t 43
Armp! Motl | 43
PGEM"-TEasy  jacZ Sacll | 49
Vector EcoRl =52
(3015bp)
spal 64
EcoRi 70
Matl T
Est/l 7T
_ Pstl 88
ori Sall a0
Mdel a7
Sacl 109
BstXl 118 3
Ml 127 @
141 2
T sps :

T7 Transcription Start

5. .. TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG CCATG
3. ACAIT ATGCT GAGTG AJATC CCGCT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC GGIAC

T7 Promoter | I I || |
Apal Aatll Sphl BstZ | Ncal

GCGGC CGCGG GAATT CGATT3’

. ATCAC TAGTG AATTC GCGGC CGCCT GCAGG TCGAC
CGCCG GCGCC CTTAAGETA (C'O”ECI '”Se”)

ITTAGTG ATCAC TTAAG CGCCG GCGGA CGTCC AGCTG
L |

Nt e g B ]
Nor | Sacll EcoR| Spe EcoR Not| Pstl Sall
BstZ | BstZ |

SPé Transcription Start

CATAT GGGA GAGCT CCCAA CGCGT TGGAT GCATA GCTTG AGTAT TCTAT AGTGT CACCT AAAT ... 3
GTATA'CCCT CTCGA GGGTT GCGCA ACCTA CGTAT CGAAC TCATA AGATA TCACA GTGGA TTTA ... 5’

| | | H H | SP6 Promoter
Nde | Sac| BstX | Nsil
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Anexo 6. Mapa del plasmido pJET2.1/blunt (Fermentas)

pJET1.2/blunt vector map

¥hol
bluni-end
PCR product
Xbal

Balll
Bigl

DNA sequence of MCS region

pJET1.2 forward

SRR (S Eco8sl
- Eco52l Xhal
T7 transcription start — _—
17 pmater B - T Bglll Kpn2l Papil &0 e
5 GGC GTA ATA CGA CTC ACT ATA GGG AGA GCG GCC GCC AGA TCT JCCIGGAVTGG CTC GAG TTT TTC AGC ARG Ah
3 C©CG CAT TAT GCT GAG TGA TAT ccC TCT CGC CGG CGG TCT AGA AGE COT ACC GAG CTC AAA AAG TCe TTC TALKMHGITET
Eigl
_ Xbal Balll

Eco 301

Ncol Bsuisl 422

TCT TTC TAG ARG ATC TCC TAC AAT ATT CTC AGC/TGC CAT GGA AAA TCG ATG
AGR AAG ATC TTC TAG AGG ATG

TTA TAA GAG

e TTE T 37
TCLORCHYGTA CCT TTT

AGC TAC

ARG ARG A 57
pJET1.2 reverse sequencing primer, 24-mer
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ARTICLE INFO ABSTRACT

Keywords:

C2 domain
Calcium sensors
CRISPR/Cas9
Development

MCTPs (multiple C2 domain proteins with two transmembrane regions) have been proposed as novel en-
doplasmic reticulum calcium sensors; however, their function remains largely unknown. Here we report the
structure of the four mctp genes from zebrafish (mctpla, mctp1b, mctp2a and mctp2b), their diversity, expression
pattern during embryonic development and in adult tissue and the effect of knocking down the expression of
Mctp2b by CRISPR/Cas9. The four mctp genes are expressed from early development and exhibit differential

expression patterns but are found mainly in the nervous and muscular systems. Mctp2b tagged with fluorescent
proteins and expressed in HEK-293 cells and neurons of the fish spinal cord localized mostly in the endoplasmic
reticulum but also in lysosomes and late and recycling endosomes. Knocking down mctp2b expression impaired
embryonic development, suggesting that the functional participation of this gene is relevant, at least during the

early stages of development.

1. Introduction

Many proteins that bear the Ca®>*-binding G2 domain are involved
in membrane and vesicle trafficking, playing a central role in neuronal
transmission. For example, in synaptotagmins, ferlins and extended-
synaptotagmins in which phospholipid affinity increases upon Ca®*
binding, promoting the fusion of membrane vesicles (Cho and Stahelin,
2006; Shupliakov and Brodin, 2010). MCTPs are proteins with three C2
domains and two C-terminal transmembrane regions (TMRs) with some
resemblance to other proteins involved in synaptic transmission. MCTPs
bind Ca®*; however, phospholipid interactions do not occur, which sets
them apart from other neurotransmission-related C2-bearing proteins
(Shin et al., 2005).. MCTPs have been found in the endoplasmic re-
ticulum and intracellular vesicles in neurons, and evidence suggests
that they are involved in presynaptic homeostatic plasticity in Droso-
phila melanogaster (Geng et al., 2017).

MCTPs are evolutionarily conserved from invertebrates such as

Caenorhabditis elegans and D. melanogaster, that only have one mctp
gene, to mammals that have two genes (MCTP1 and MCTP2) (Shin
et al., 2005). These proteins are related to neuropsychiatric diseases; for
example, a genome-wide analysis showed association of a single-nu-
cleotide polymorphism (SNP) in MCTP1 with bipolar disorder (Scott
et al., 2009) and a second SNP in MCTP2 with schizophrenia (Djurovic
et al., 2009). A deletion in MCTP2 causes a congenital disease in hu-
mans, giving rise to malformations in the aorta. This is consistent with
experimental evidence showing that knocking down Mctp2 expression
in Xenopus with morpholinos develops a condition related to aortic
coarctation (Lalani et al., 2013).

Few studies provide evidence for the function of MCTP. In C. ele-
gans, an RNAIi screening showed that suppression of mctp expression is
lethal in 25% of the worms during embryonic development (Maeda
et al., 2001). This report contrasts with recent findings that an mctp-1
knockout strain is viable but with a reduced number and size of lipid
droplets, suggesting that Mctp is involved in the biogenesis of these

Abbreviations: hpe, hours post-electroporation; hpf, hours post fertilization; hpi, hours post-injection; hpt, hours post-transfection; indels, insertions and deletions;
ISH, In situ hybridization; MCTP, proteins with three C2 domains and two C-terminal transmembrane regions; sgRNAs, single-guide RNAs; SNP, single-nucleotide
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storage depots. Another study showed that over-expression of MCTP1 in
a PC12 cell culture inhibited endocytosis, secretory vesicle retrieval and
cell migration. This suggests that MCTP1 might be involved in reg-
ulating endosome recycling in neurons (Qiu et al., 2015).

To gain some understanding of the role of MCTPs, in this work, we
established the temporal and spatial expression pattern of the four
zebrafish mctp genes. We identified the intracellular localization of
these proteins in cell culture and in electroporated neurons of fish
embryos in vivo. Finally, we knocked down the expression of mctp2b and
determined the consequences of this manipulation in early develop-
ment.

2. Materials and methods
2.1. Zebrafish maintenance

Zebrafish were raised in an Aquatic Habitats system in accordance
with protocols approved by the Care and Use Committees of the
Institute of Neurobiology, UNAM. A wild-type AB strain was used for all
studies. Once the embryos reached the desired stage, they were de-
chorionated manually with watchmakers’ forceps and anesthetized with
0.2% Tricaine.

2.2. Phylogenetic and synteny analysis

Sequences were obtained from the Ensembl database (http://www.
ensembl.org) and Genbank (https://www.ncbi.nlm.nih.gov/genbank/).
Sequence alignments and phylogenetic tree were performed using
Mega X software using the maximum likelihood method (Kumar et al.,
2018). The map locations of the orthologous genes in zebrafish and
human were obtained from Zebrafish genome view (GRCzll) and
Human genome view (GRCh38, p13), respectively.

2.3. RNA extraction, cDNA synthesis, cloning and construction of DNA
chimeras

Total RNA was obtained by a standard Trizol method (Thermo
Fisher Scientific) followed by DNase I treatment and heat inactivation.
RNA integrity was confirmed by gel electrophoresis and concentration
was determined by spectrophotometry. RT-PCRs were performed using
the SuperScript®IIl One-Step RT-PCR kit (Thermo Fisher Scientific). All
primers are listed in Supplementary Table 1. The entire coding se-
quences of mctp genes were amplified by RT-PCR from 24 hpf embryos
and cloned into pGEM-T Easy Vector (Promega). Each mctp cDNA was
fused to GFP or mCherry subcloning in pcDNA3-LIC cloning vectors 6D
or 6B, respectively (Addgene plasmid numbers #30127 and #30125).

2.4. Whole-mount in situ hybridization

In situ hybridization (ISH) was performed using digoxigenin-labeled
antisense RNA probes specific to each mctp mRNA synthetized using the
primers listed in Supplementary Table 1, according to the standard
protocol (Thisse and Thisse, 2008) with minor modification: manual
dechorionation instead of using pronase; 50 ng of antisense DIG-labeled
RNA probe in 200 pl of buffer; and always using fresh fixed embryos.
RNA sense probes were used as negative controls.

2.5. Cell culture and transfection

HEK-293 cells were grown in DMEM (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific).
Cells were co-transfected at a 1:1 ratio in a 35 mm FluoroDish by using
4 g of total DNA plus 10 pl of Lipofectamine 2000 (Thermo Fisher
Scientific) according to the supplier’s protocol and observed in vivo at
36 h post-transfection (hpt). The following organelle marker vectors
were used: Sec61B-mCherry for endoplasmic reticulum (ER), DsRed-
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Rab7 for late endosomes, DsRed-Rabll for recycling endosomes,
Lampl-RFP for lysosomes (Addgene plasmids #49155, #12661,
#12679 and #1817 respectively) and Mem-CFP for cell membranes
(Cat. 6918-1, CLONTECH Inc.).

2.6. Embryo electroporation and fixation

Electroporation was performed as described previously (Hoegler
and Horne, 2010; Kera et al., 2010) with some modifications. In brief,
manually dechorionated and anesthetized embryos at 24 hpf were
positioned dorsally and trapped in 1% low melting point agarose. Then,
embryos were microinjected with 1 pg of DNA. Immediately after,
electroporation was performed with handheld gold electrodes (1 mm
separation, 1 mm thickness, —1 mm nail polish isolated). Five square
pulses were applied using an ECM830 Square Wave Electroporation
System (BTX®) with 10 V per 5 ms, and embryos were fixed in 4%
paraformaldehyde after 24 h post-electroporation (hpe).

2.7. Confocal imaging and processing

Transfected HEK-293 cells - were imaged under a laser scanning
confocal microscope (Zeiss LSM-510 META) with 63X /1.4NA or 40X/
NA 1.35 oil immersion objectives. Electroporated embryos were imaged
under a laser scanning confocal microscope (Zeiss LSM 780 DUO) with
an LD Plan-Neofluar 40X/0,6NA Corr Ph2 M27 objective. Optical slices
were set to 1 or'2 mm. Image processing was performed using ImageJ
software, and colocalization analysis was performed using the JACoP
plugin (Bolte and Cordelieres, 2006).

2.8. CRISPR/Cas9 mutagenesis and genotyping

Custom CRISPR single-guide RNAs (sgRNAs) specific for zebrafish
mctp2b were designed using CRISPRscan (Moreno-Mateos et al., 2015)
and constructed using the following oligonucleotides: GGGGCTCCGGT
GCAGGCTTT for guide 1, GGTGACCTGGAGCCGGGCCG for guide 2 and
GGTTTGCTCGTTGTCTTGTA for guide 3. As a control, an sgRNA tar-
geting the albino (slc45a2) gene was generated using the oligo GGGG
AAGGTTGATTATGCAC. Cas9 mRNA was synthetized from the plasmid
pT3TS-nCas9n (Addgene plasmid #46757) according to the standard
protocol (Vejnar et al., 2016). Briefly, 1 nl of the mixture of sgRNAs
(50 ng/ul) and Cas9 mRNA (100 ng/ul) was injected into 1-cell stage
embryos. Around 100 embryos were injected per sgRNA per experi-
ment. For genotyping, target sequences covering the corresponding
sgRNA were PCR amplified from embryos at 24 hpf using the primers
listed in Supplementary Table 1. Amplicons were cloned and sequenced
to corroborate mutagenesis.

3. Results
3.1. Molecular characterization of zebrafish Mctps

We found four putative mctp genes in the zebrafish genome: mctpla,
mctp1b, mctp2a and mctp2b located in chromosomes 5, 10, 18, and 7,
respectively. We performed a comparative synteny analysis of the
MCTP family in genomes from zebrafish and human (Fig. 1A). A con-
served synteny in the MCTP1 loci between human and zebrafish was
found, since there are related genes upstream MCTP1 and upstream
both mctplain Chr. 5 and mctp1b in Chr. 10. In contrast, the MCTP2 loci
exhibit a low degree of conserveness showing gene loss and shifts.
Results showed some conservation between human MCTP1 and zebra-
fish mctpla in chromosome 18 but not with mctp1b in chromosome 7.
However, mctpla and mctp1b share an upstream gene in common that is
absent in the MCTPI loci.

Based on these sequences, we amplified, cloned and fully sequenced
20 independent clones of mctp mRNAs. We found a high frequency of
nucleotide changes, possibly SNPs (Butler et al., 2015). We also found
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Fig. 1. (A) Synteny analysis of MCTP family genes in zebrafish and human.
Human MCTPI1 is located in chromosome 5 (Chr.5) at ~95 Mb (human,
GRCh38, p13); zebrafish mctpla in chromosome 5 at ~50 Mb and mctp1b in
chromosome 10 at ~44 Mb (zebrafish, GRCz11). Human MCTP2 is located in
chromosome 15 at ~94 Mb; zebrafish mctp2a in chromosome 18 at ~23 Mb and
mctp2b in chromosome 7 at ~16 Mb. (B) Schematic representation of the
zebrafish Mctp's that showed alternative splicing. The exon number is indicated
in red and the amino acid sequence in uppercase. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

different alternatively spliced isoforms in three of the four genes
(Fig. 1B). Two isoforms within three different sequences for Mctpla
(GenBank accession: MK532707, MK532708 and MK532709); two
isoforms within three different sequences for Mctplb (GenBank acces-
sion: MK532710, MK532711 and MK532712); two isoforms for Mctp2b
(GenBank accession: MK532716, MK532717 and MK532718); Mctp2a
did not evidence alternative splicing events, but we found variants with
single nucleotide changes (GenBank accession: MK532713, MK532714
and MK532715). Analysis of the expected amino acid sequence pre-
dicted three C2 domains and two TMRs (Supplementary Fig. 1A). The
Mctpla and Mctp2b isoforms differ in the length and sequence of the
linker between the C2A and C2B domains, whereas one of the Mctplb
isoforms has a longer linker between the C2B and C2C domains than the
other Mctplb isoform. The sequence identity between zebrafish and
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human Mctp proteins is 46-76% and is higher in the predicted C2 do-
mains, particularly the C2C domain (up to 91.45% identity). The Ca®*
binding sites are also conserved, suggesting a preserved function in
zebrafish (red boxes in Supplementary Fig. 1A). Also, a phylogenetic
tree was constructed using multiple alignments of amino-acid sequence
to show the relationships of the zebrafish Mctp family members to each
other and to those of human, rat, mouse, Drosophila and C. elegans; some
relevant animal and invertebrate biological models are shown in
Supplementary Fig. 1B.

3.2. Expression and distribution pattern of the mctp mRNA in zebrafish

To determine the expression of the zebrafish mctp mRNAs, we used
RT-PCR on total RNA from adult tissue and from mixes of three em-
bryos in the following zebrafish stages: 1-cell, gastrula, 16-somite, 21-
somite, prim-5 and hatching. Specific primers for each mctp mRNA were
designed to span an intron to prevent amplification from genomic DNA
contamination. We observed the four mctp transcripts through devel-
opment, as early as 1-cell stage and also in all analyzed adult tissues.
Three RNA preparations from of each developmental stage and from
each adult tissue were analyzed. Representative images and densito-
metry analysis are shown in Supplementary Fig. 2.

To determine the expression profiles of mctp transcripts during early
development, we:conducted ISH at different embryonic and larval
stages (Fig. 2). At 1-cell stage, all mctp transcripts were expressed
throughout the cell; however, mctp2b seemed to be more abundant. At
gastrula, expression was uniform across the embryonic shield. At the 16
and 21-somite stages, the transcripts were observed mostly in the cells
proximal to the yolk. At the prim-5 stage, higher expression was loca-
lized in the brain, across the forebrain, midbrain and hindbrain, par-
ticularly around the ventricles and in the retina (Fig. 2B), through the
pronephric duct, and with less intensity, across the muscular system
and notochord. Sense probes for each mctp mRNA were used as negative
controls, and no signal was detected with any of the sense probes. Only
mctp2b sense control is shown in Fig. 2.

3.3. Subcellular localization of Mctp proteins

In order to investigate the subcellular localization of Mctps, com-
binations of two of the four Mctp proteins tagged with GFP or mCherry
were transiently co-expressed in HEK-293. We found that the four
zebrafish Mctps show the same intracellular localization
(Supplementary Fig. 3A). Pearson’s coefficient was at least 0.8,

>

Prim-5

1-cell Gastrula 14-1ssomit§ 20;21 somite

mctplb mctpla

mctp2a

mctp2b

Sense control

Fig. 2. (A) Spatiotemporal expression pattern of mctp
genes in zebrafish embryos detected by ISH at the
indicated stages. Sense probes for each gene were
used as negative controls (only sense mctp2b is
shown). N = 3 replicates with at least 15 embryos
per stage. (B) Head (Dorsal view) of a prim-5 embryo
showing the anti-sense mctp2b probe mark compared
with its sense control.
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Fig. 3. (A) Cellular localization of Mctp proteins in neurons from the forebrain at 48 hpf. Confocal images from whole larvae co-electroporated with mctp2b-GFP
(green) with the organelle markers (magenta) Sec61-mCherry (ER), DsRed-Rab7 (late endosomes), DsRed-Rab11 (recycling endosomes) and Lamp1-RFP (lysosomes).
All images are slices projections edited with green LUT for Mctp2b and magenta LUT for organelle markers. Scale bar = 10 um, n = 5. (B) Mander’s coefficients for
Mctp2b organelle marker co-localization. Mander’s coefficients were determined for each cell (n = 10); median and range are shown. Green = Mectp2b,
Magenta = organelle marker. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

indicating significant co-localization (Supplementary Fig. 3B and
Supplementary Table 2).

To examine in which organelles Mctps are localized, we co-trans-
fected HEK-293 cells with Mctp2b tagged with GFP or mCherry and
plasmids expressing fluorescent markers for ER, late endosomes, re-
cycling endosomes, lysosomes and plasma cell membrane. We only
tested Mctp2b because of the similar intracellular localization among
the four Mctp proteins and because it is the most abundant transcript.
As shown in Supplementary Fig. 4A, Mctp2b and the ER marker show
the same distribution and localization; although Mctp2b also shows
partial co-localization with lysosomes and recycling and late ‘endo-
somes. In contrast, Mctp was not localized in the plasma membrane.
Mander’s coefficients are shown in Supplementary Fig. 4B and Pear-
son’s coefficients are shown in Supplementary Table 3 (Manders et al.,
1993, 1992).

To determine the subcellular localization of the Mctp proteins in
zebrafish neurons, we co-electroporated embryos with Mctp2b chi-
meras and the organelle markers tested above. As shown in Fig. 3A, we
found that both Mctp2b and ER co-localize in the perinuclear region
and throughout the neuronal processes, suggesting that Mctp is loca-
lized mainly in the ER. Mctp2b shows partial localization in endosomes
and lysosomes. Pearson’s coefficient does not show a high correlation
(Fig. 3B), but Mander’s coefficients show a significant value (Manders
et al., 1993, 1992), which is supported by Intensity Correlation Quo-
tient (ICQ) values and the Costes randomization test (Bolte and
Cordelieres, 2006; Costes et al., 2004; Dunn et al., 2011)
(Supplementary Table 4).

3.4. Loss of Mctp2b leads to abnormal development

mctp2b showed the highest expression from the 1-cell stage and in
the larval nervous and muscular systems; thus, we decided to in-
vestigate the effects of knocking down its expression. For that purpose,
we used the CRISPR/Cas9 system to generate diverse frameshift alleles
of mctp2b gene in 1-cell stage zebrafish embryos. We designed three
sgRNAs targeting exons 2 or 4 (Fig. 4A) that disrupted the open reading
frame, predictably generating either a small peptide lacking all the
domains (guide 3) or a fragment of the protein containing only the C2A
domain but unable to be embedded in membranes (guides 1 and 2)
(Fig. 4B). We microinjected individual sgRNA mixed with Cas9 mRNA
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Fig. 4. Disruption of mctp2b. (A) Diagram of the zebrafish mctp2b gene showing
the location of sgRNA targeting sites. The regions amplified by PCR for geno-
typing the CRISPR editions are shown in blue lines. (B) Schematic representa-
tion of the Mctp2b transcript indicating the position of relevant functional
domains and the sites (purple lines) where the CRISPR editions disrupted the
protein. (C) Phenotype of mctp2b crispants. (D) Indels found in the genomic
DNA sequence of the sgRNA target sites in injected embryos. (E) Percent of
normal phenotype, developmental defects (affected) and deceased in albino
(control) and mctp2b crispant embryos at 24 hpf. N = 10 independent ex-
periments injecting around 100 embryos per sgRNA per experiment
(p < 0.001, Fisher’s exact test). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

into 1-cell stage embryos. As a control, we also injected an sgRNA to
target the slc45a2 gene that generates an albino-like phenotype. Our
results are summarized in Fig. 4C and D. At the gastrula stage, there was
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a developmental delay in mctp2b crispants; the embryonic shield was
thinner than that of albino crispants. At this stage, critical events that
determine cell fate (internalization and germinal layer formation) were
affected in the mctp2b crispants. At the 10-somite stage, there was a
clear difference between the development of the metp2b crispants and
the albino crispants; the brain and optic primordium were not distin-
guishable, and somites were not properly formed. At the prim-5 stage
24 h post-injection (hpi), 34% of mctp2b crispants exhibited mortality,
whereas 37% were morphologically normal, and 29% presented de-
velopmental defects: lack of symmetry and laterality (although they
exhibited typical spontaneous contractions), irregular heartbeat, somite
malformation, unrecognizable median fin fold, distinguishable but
misshapen head and eyes. In contrast, most albino crispants developed
normally and mortality was only at 15%. None of the affected mctp2b
crispants survived at 48 hpi, whereas all of the albino crispants survived
and exhibited normal development with different degrees of de-
pigmentation (Supplementary Fig. 5). We confirmed gene editions in
the injected embryos by DNA sequencing; these revealed various nu-
cleotide insertions and deletions (indels) (Fig. 4E), most of them re-
sulting in premature stop codons.

4. Discussion

Zebrafish have four mctp genes structurally similar to other verte-
brates and invertebrates (Genc et al., 2017; Qiu et al., 2015; Shin et al.,
2005). The protein sequence identity is 70% between Mctpla and
Mctplb and 56% between Mctp2a and Mctp2b. They all have higher
degrees of sequence conservation in the C2 domains and TMRs between
them and other species (Supplementary Fig. 1). The study of synteny
profile gave certain degree of conservativeness between human and
zebrafish, suggesting that is evolutionary conserved and might share
similar functions. Isoforms of human MCTP1 and MCTP2 proteins have
been reported as a result of alternative splicing events; some of them
possess only the second TMR (Shin et al., 2005). Length differences in
the linker that separates the C2A and C2B domains have been also re-
ported (Shin et al., 2005). Moreover, mctpl splicing in rat gives rise to
three variants, two of them with differences in the length of the N-
terminal sequence and an additional truncated protein lacking both
TMRs (Qiu et al., 2015). In zebrafish, we did not find any truncated
isoform lacking a TMR, but we found isoforms with differences in
length and sequence in the linker between the C2A and C2B domains
but also between C2B and C2C domains. These changes could result in
subtle differences in the function of the protein variants; however, no
apparent functional domains were detected in the alternative se-
quences.

We also determined the expression of mctp mRNAs in adult zebrafish
tissues, and found their presence in all the explored tissues (heart,
brain, eye, skin, muscle, kidney, liver and intestine). In a previous work,
MCTP1 was detected in several organs including, brain, kidney, liver,
heart, lung, skeletal muscle, testis, and spleen (Qiu et al., 2015).

In early stages, the four mctp mRNAs were found from the 1-cell
stage and across all the analyzed stages of development (Fig. 2). In-
terestingly,at the 1-cell stage, mctp2b transcripts are noticeably more
abundant than the other three mctp mRNAs, suggesting that Mctp2b
protein could play an important role during the first cell divisions. At
the prim-5 stage, higher expression is localized in the brain, throughout
the forebrain, midbrain and hindbrain, particularly around the ven-
tricles and in the retina (Fig. 2B); expression is also observed across the
muscular system, pronephric ducts and the notochord but at lower le-
vels. These results matched the finding that MCTP1 is widespread in the
rat central nervous system and also highly detected in heart and skeletal
muscle (Qiu et al., 2015). The temporal and spatial localization during
development has not been explored in other vertebrates, but there is
evidence that MCTP2 mRNA is present in the heart of mouse embryos
especially during critical phases of primary heart tube maturation and
morphogenesis (Lalani et al., 2013).
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At the cellular level, MCTP has been localized in ER, dendrites, axon
and presynaptic terminals of D. melanogaster motoneurons (Genc et al.,
2017). MCTP1 was observed in vitro in neuronal/synaptic vesicles and
partially in vesicles from both secretory and endocytic recycling path-
ways (Qiu et al., 2015). Intracellular localization of MCTP2 has not
been explored. We found that the four zebrafish Mctp proteins have the
same intracellular localization and are distributed in neurons across the
ER and in lysosomes and endosomes. This suggests that they could have
a role in the endocytic recycling pathway.

Mctp2b showed the largest distribution, as assessed by ISH, so we
decided to disrupt the gene by using the CRISPR/Cas9 system. In about
30% of crispants, we found developmental defects during gastrula, a
stage of fast cell division during which Ca®>" transients are essential for
ooplasmic segregation (Leung CF, Webb SE, 1998). The partial survival
rate of embryos may be explained by mosaicism, in which a fraction of
cells expresses the Mctp2b protein allowing the embryo to develop until
later stages albeit with evident defects.

In sum, we provide evidence for the expression and variability
generated by alternative splicing of the four zebrafish mctp genes. We
demonstrated that the four Mctp proteins share the same intracellular
localization and tissue distribution in several early stages of develop-
ment and in adult, although mctp2b mRNA is the most widely dis-
tributed. We do not yet have conclusive evidence of the role of Mctps in
the cell but is clear that at least Mctp2b is functionally relevant for
proper embryonic development.
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Abstract: Background: Danio rerio is a powerful experimental model for studies in genetics and
development. Recently, CRISPR technology has been applied in this species to mimic various hu-
man diseases, including those affecting the nervous system. Zebrafish offer multiple experimental
advantages: external embryogenesis, rapid development, transparent embryos, short life cycle, and
basic neurobiological processes shared with humans. This animal model, together with the CRISPR
system, emerging imaging technologies, and novel behavioral approaches, lay the basis for a
prominent future in neuropathology and will undoubtedly accelerate our understanding of brain
function and its disorders.

Objective: Gather relevant findings from studies that have used CRISPR technologies in zebrafish
to explore basic neuronal function and model human diseases.

Method: We systematically reviewed the most recent literature about CRISPR technology applica-
tions for understanding brain function and neurological disorders in D. rerio. We highlighted the
key role of CRISPR in driving forward our understanding of particular topics in neuroscience.

Results: We show specific advances in neurobiology when the CRISPR system has been applied in
zebrafish and describe how CRISPR is accelerating our understanding of brain organization.

Conclusion: Today, CRISPR is the preferred method to modify genomes of practically any living
organism. Despite the rapid development of CRISPR technologies to generate disease models in
zebrafish, more efforts are needed to efficiently combine different disciplines to find the etiology
and treatments for many brain diseases.

Keywords: Brain disease models, Danio rerio, genome engineering, zebrafish, optogenetics, CRISPR.

1. INTRODUCTION

Since the 1980s, zebrafish (Danio rerio) has quickly be-
come a popular model in biological research to study genet-
ics and developmental biology [1]. Since then, several tech-
niques have made zebrafish one of the fastest-growing ex-
perimental model organisms, with great potential for new
discoveries. Recently, the novel CRISPR/Cas system (clus-
tered regularly interspaced short palindromic repeats and
CRISPR-associated protein) has allowed the successful in-
troduction of mutations to the genome or control gene ex-
pression in zebrafish. Here, we review the most recent stud-
ies about CRISPR technologies applied for understanding
brain function and neurological disorders in D. rerio.
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2. FEATURES AND ADVANTAGES OF THE
ZEBRAFISH EXPERIMENTAL ANIMAL MODEL

Several features make zebrafish an ideal system to per-
form studies in biology. A female can release up to 100-200
eggs that are externally fertilized. Embryos develop rapidly,
and most organs are functional within a few days after fer-
tilization [2]. Because the embryos are transparent during
early embryogenesis, individual cells and processes can be
visualized in vivo, making it easy to monitor the dynamics of
gene expression in various tissues and organs without the
need to sacrifice the experimental subjects. Zebrafish matu-
ration takes only 2 ~ 3 months, which consequently saves
time for generating transgenic lines. The zebrafish brain re-
generates easily, allowing researchers to study mechanisms
of neuroprotection and neurogenesis [3]. The organs of this
species have been well-characterized, letting many funda-
mental questions about vertebrate biology to be addressed

[4].
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Zebrafish and mammalian brains share broad anatomical
and functional features, such as the presence and main func-
tions of the cerebellum, diencephalon, amygdala, spinal
cord, and enteric-autonomic nervous systems, although it is
uncertain whether the zebrafish telencephalon is functionally
equivalent to the mammalian telencephalon [5-10]. They
share conserved neurotransmitter systems, such as GABA (y-
Aminobutyric acid), glutamate, dopamine, serotonin,
noradrenaline, histamine, and acetylcholine [6]. Addition-
ally, organogenesis in zebrafish is remarkably similar to that
of humans [11]. These features make the zebrafish an excel-
lent vertebrate model for studying human diseases, including
neuronal disorders [12-15]. Furthermore, potential therapeu-
tic drugs that target processes in various diseases have been
discovered because chemical screening in zebrafish is
straightforward and cost-effective [16, 17]. Using zebrafish
larvae is considered by some researchers as more ethically
acceptable than using rodents in biomedical research [18].

The current zebrafish genome assembly (GRCzl11) has
25,592 coding genes and 6,599 non-coding genes resulting in
59,876 gene transcripts (“Zebrafish assembly and gene anno-
tation” recovered from http://www.ensembl.org/Danio_rerio/
Info/Annotation, last updated in April 2018). A comparison
to the human reference genome shows that 71.4% of human
genes have at least one obvious zebrafish ortholog [19]. The
high number of gene transcripts compared to the coding
genes derives mainly from alternative splicing events, which
leads to large protein variability. Genomic analysis of
human, mouse, and zebrafish suggested that gene duplication
followed by exon structure divergence between paralog
genes caused a significant reduction of alternative splicing
[20].

Zebrafish have been successfully used to understand the
biological activity of gene orthologs to human disease-
related genes [14]. Out of all the human genes bearing mor-
bidity descriptions listed in the Online Mendelian Inheri-
tance in Man database, 82 % can be related to at least one
zebrafish ortholog [19]. ZFIN, the Zebrafish Information
Network (http://www.zfin.org), is the primary repository of
information related to zebrafish genetics and genomics.
ZFIN displays a variety of data types for each gene, such as
sequence features, different available alleles, sequence tar-
geting reagents including CRISPR guide RNA sequences;
transgenics, phenotypes, expression, available antibodies,
ontologies, homologues, and links to external databases, no-
menclature, publications, and figure images.

3.. MUTAGENESIS AND KNOCKDOWN IN
ZEBRAFISH BEFORE CRISPR

Since the early 1990s, various protocols have been de-
veloped to allow successful gene editing and accurate control
of gene expression of the zebrafish genome. First, chemical
mutagenesis was used to perform random screens [21].
Shortly after, a method for generating transgenic fish using
pseudotyped retroviruses was developed [22]. With this type
of retrovirus, another large screen for developmental defects
was achieved [23, 24] with the advantage that DNA integra-
tion events allowed all mutated genes to be systematically
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identified. In the late 1990s, transposable elements were de-
scribed to be active in the zebrafish genome; The Tol2 trans-
posons, which were part of a procedure consisting of mi-
croinjecting single-cell embryos with the mRNA of the
transposase and a number of vectors with specific features
and applications [25]. Later, Sleeping Beauty and Ac/Ds
transposons were also used [26, 27]. These genetic tools and
techniques have made it possible to identify essential genes
and their localization, introduce mutations to these genes,
and generate a wide variety of knockin transgenic zebrafish
lines, thereby providing multiple potential applications for
functional genomic studies [28, 29]. An example of this
technology in the fish genome is the introduction of an engi-
neered TRPV4-ferritin chimera that allowed the magnetic
control of neural function [30].

New technologies for targeted mutagenesis take advan-
tage of genome-editing nucleases. These approaches allow
scientists to generate mutations in specific genes or sites of
the genome. In 2008, ZFNs (zinc finger nucleases) were
demonstrated to be effective in zebrafish [31, 32]; this was
the first demonstration of specifically targeted gene inactiva-
tion in this:smodel. While ZFNs were effective tools for mak-
ing targeted mutations, they required developing significant
expertise to assemble them properly, or if commercially pur-
chased, the cost was considerably high. In 2011, TALENs
(Transcription activator-like effector nuclease) were adapted
to zebrafish gene targeting [33]. The relatively modest cost
of reagents compared with ZFN and ease of assembly made
TALENs a more attractive alternative to ZFNs for large-
scale targeted gene disruption [34]. Although this method
has been proved to be effective, some TALEN pairs provide
little to no mutagenic activity and their efficiency remains
variable. These techniques are falling into disuse, yet re-
cently published works still use them [35-37].

All the techniques described above were envisioned for
the modification of the zebrafish genome. However, it is
sometimes necessary only to transiently knockdown gene
expression. In 2000, a new technique using antisense mor-
pholinos oligonucleotides (MOs) was shown to be effective
in zebrafish. MOs are modified oligonucleotides that inhibit
the translation of target mRNA in vivo. They can be deliv-
ered efficiently by injecting them into the yolk of one-cell
stage embryos [38]. This method became popular in zebraf-
ish research because it was easy and effective. Unfortu-
nately, MOs had major limitations and issues. Potential off-
target or inexplicable phenotypes appeared, and rescue con-
trol experiments were occasionally an artifact. Nevertheless,
knockdown approaches remain useful if proper control ex-
periments are performed. MOs can also be designed to in-
hibit pre-mRNA splicing or block translation initiation. MOs
are especially useful to knockdown multiple alleles and
when large gene families are genetically redundant [39].
Interference RNA is another popular technique for gene
knockdown, but in strong contrast to Drosophila, C. elegans,
and mammalian cells, few successful applications of shRNA
[40, 41] and iRNA [42] have been reported in zebrafish to
silence gene expression. Despite concerted efforts in the
field, progress in the use of RNAIi technologies in zebrafish
has been extremely slow.
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4. CRISPR/Cas OVERVIEW

The CRISPR system has been the most revolutionary
development in the biology of recent times. It was originally
described as an adaptive immune system used by bacteria to
defend themselves against invading viruses by recording and
targeting their DNA sequences [43]. It was demonstrated
that the CRISPR/Cas system is an efficient targeted mutage-
nesis tool for zebrafish [44] that allows targeting multiple
genes simultaneously [45]. The use of the CRISPR/Cas sys-
tem in zebrafish has proven to be so efficient and simple to
use that it represented no less than a revolution in zebrafish
research, making it possible to easily knockout any gene in
the genome [4]. A single-guide RNA (sgRNA) includes a
short sequence that is homologous to the DNA target fol-
lowed by a “scaffold” sequence necessary for the Cas9-
binding enzyme [46]. This is enough to program Cas9 to
introduce double-strand breaks (DBS) in target DNA. These
breaks are repaired by error-prone, non-homologous end-
joining (NHEJ), which leads to nucleotide insertion and/or
deletion (InDels) at the genomic target site resulting in in-
frame amino acid deletions, insertions, or frameshift muta-
tions leading to premature stop codons within the open read-
ing frame (ORF) of the targeted gene. Ideally, the end result
is a loss-of-function mutation within the targeted gene. To
date there are several versions of the Cas9 enzyme from
Streptococcus pyogenes, the most commonly used bacterium
in genome engineering [47-49]. Cas9 has been modified to
lose endonuclease activity while maintaining the ability to
target specific DNA sequences. This modified enzyme called
dCas9 can be fused to diverse effector domains, such as acti-
vators, repressors, or methylases, that can be used for tar-
geted epigenome editing to specifically modify or control
gene expression, or to introduce fluorescent proteins, thus
providing a tool for visualizing chromosome structure or
dynamics [50]. Likewise, nucleases from a variety of organ-
isms have diverse characteristics such as a different PAM
sequence or RNA—rather than DNA—targeting. An outline
of these nuclease targets and functions is listed by Xu ef al.
and Wu et al. [51, 52].

4.1. Editing Zebrafish with the CRISPR System

The first use of CRISPR/Cas9-mediated mutagenesis in
zebrafish was demonstrated a few years ago [44]. Thence-
forth, dozens of papers have been published describing the
use of CRISPR in zebrafish as a tool to study developmental
processes and model diseases. The CRISPR/Cas9 system
was shown to besix times more efficient at generating germ-
line mutations in zebrafish compared to ZFN and TALEN
[53]. A zebrafish codon-optimized Cas9 was developed [45]
and reported to increase mutagenesis efficiency [54]. A new
tRNA-based multiplex sgRNA expression system has been
developed in zebrafish to express multiple sgRNAs effi-
ciently [55]; there is also a platform for generating somatic
point mutations with germline transmission in the zebrafish
[56, 57]. Recently, other nucleases have been optimized in
zebrafish, such as Casl2a temperature-controlled genome
editing. Additionally, there is a new approach that enables
the direct, irreversible conversion of one target DNA base
into another in a programmable manner, without requiring
dsDNA backbone cleavage or a donor template [58].
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The general procedure for targeted mutagenesis in ze-
brafish using the CRISPR system is as follows: First,
sgRNAs targeting the specific gene or any other site in the
genome are designed. Multiple options are available for
sgRNA design such as CHOPCHOP [59] and CRISPRscan,
which was created based on a large-scale analysis of sgRNA
mutagenesis activity in zebrafish [60]. Second, single or
multiple sgRNA guides are synthesized in vitro together with
the mRNA encoding the Cas9 protein. O; other Cas proteins
can be used depending on the objective. Moreover, injecting
Cas protein instead of Cas mRNA could improve mutagene-
sis efficiency [61]. Third, these sgRNAs together with the
Cas mRNA or protein are injected into fertilized embryos at
the one-cell stage [62, 63]. Injection dose should be stan-
dardized to improve efficiency and avoid phenotypes due to
the toxic effect of the injection components. Microinjection
efficiency can also improve using an automated microinjec-
tion system [62]. Each injected embryo grows as a mosaic
founder fish (crispant) with various InDels in the somatic
cells as the nucleases cleave the target sites over the course
of multiple rounds of cell division in the developing embryos
[44]. The phenotype and genotype can be analyzed within
several hours. or days after the injection. The phenotype
should be analyzed in various crispant embryos taking into
consideration that the number and localization of mutated
cells will vary in each individual due to the range of severity
in the phenotypes. Numerous techniques can be used for fast
genotype screening such as TIDE (Tracking of Indels by
Decomposition), HMA (heteroduplex mobility assay), or T7
endonuclease digestion [64—66]. The mutation is subse-
quently confirmed by PCR and sequencing. A ZEG device
enables genotyping while keeping the embryos alive [67]. To
avoid mosaicism and phenotype variability, a homozygotic
mutant line can be produced by outcrossing mosaic crispants
to wild-type and then inbred Fluntil homozygous are found.
If the homozygote is lethal, a heterozygous line can be main-
tained. Fig. 1 provides an overview of the main strategies for
zebrafish genome engineering using the CRISPR system.

A detailed protocol for generating and genotyping mu-
tants using CRISPR/Cas9 in zebrafish is described by Vejnar
et al. [68] and Rafferty et al. [69], and a protocol using
CRISPR/Cpfl  (CRISPR-associated  endonuclease in
Prevotella and Francisella 1) is included in a study by Fer-
nandez et al. [58]. Also, a Cas9 transgenic zebrafish strain
was recently constructed [70]. Compared with the traditional
CRISPR injection method, this transgenic zebrafish has
shown to significantly improve the efficiency of genome
editing.

To generate transgenic zebrafish lines, techniques and
protocols have been successfully established for exogenous
DNA integration into the zebrafish genome using CRISPR
[71-74]. This allows in-frame integration of fluorescent re-
porters, such as eGFP (enhanced green fluorescent protein),
with a specific gene, as well as a precise integration of ex-
pression cassettes into the genome, thus avoiding overex-
pression due to the integration of many copies in the genome
or integration in a zone where the chromatin could have a
different pattern. Furthermore, tissue-specific gene disrup-
tion has been achieved by driving Cas9 expression with the
Gal4/UAS system. In combination with Cre/loxP systems,
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Fig. (1). Summary of the main strategies for zebrafish genome engineering using the CRISPR/Cas system. The typical time consumed in
each procedure is indicated in red. A) sgRNA design using any of the available tools. In vitro synthesis of the sgRNAs and mRNA (or protein)
from the Cas choice. Embryo microinjection at one-cell stage with a mix of single or multiple sgRNAs plus the following according to the pur-
pose: for knockout, mRNA encoding Cas choice (or Cas protein); for knockin, mRNA encoding nuclease (or Cas protein) plus donor DNA; for
gene regulation or cargo delivery, inactive dead Cas9 (dCas9) fused to an effector. Inside the cell, a complex is formed between the Cas protein,
the sgRNA and the genomic DNA. B) The endonuclease generates a genomic DNA double-strand break, which is repaired by the endogenous
DNA repair machinery by non-homologous end joining (NHEJ), causing insertions or deletions (InDels) that could disturb the open reading
frame (knockout) or incorporate exogenous donor DNA into a homology-independent process at a chosen genomic locus (knockin). C) dCas9 can
be used fused to an effector such as transcriptional repressors, activators, DNA methylases, or fluorescent proteins. In this case, the complex,
instead of breaking the genomic DNA, allows gene regulation or target visualization. D) Phenotypes can be in the injected embryos after 1 to 5
days. Genotype screening can be performed in a portion of the mosaic FO by a quick procedure such as TIDE (Tracking of Indels by Decomposi-
tion), HMA (heteroduplex mobility assay), or T7 endonuclease digestion, and then confirmed by PCR and sequencing. To keep the genotyped
embryos alive, a ZEG device can be used instead of using the whole embryo for the analysis [67]. For a clear example of this procedure, see
[101]. E) To avoid phenotype variability due to mosaicism, F1 can be analyzed in addition to the injected embryos (mosaics). F) To produce a
mutant line, founder fish are outcrossed to wild type and then F1 inbred until homozygous are found. Genotyping is performed by fin-clip or skin
swabbing [129]. If the homozygote is lethal, a heterozygous line can be maintained. For an example of this procedure, see [82].
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a versatile tool was established to genetically label mutant
cell clones, enabling their phenotypic analysis [47].

4.2. Knockdown versus Knockout

Since the CRISPR/Cas system has become the golden
tool for studying gene function and generating genetic dis-
ease models, the use of MOs is gradually falling into disuse,
and knockdown versus knockout approaches are being de-
bated. This is due to the discrepancies found in several stud-
ies such as a study in which a screen of more than 20 zebraf-
ish mutant lines half failed to recapitulate published MO-
induced phenotypes [75]. In this study also compared mor-
phant defects published in ZFIN with the mutant phenotypes
from the Sanger Zebrafish Mutation Project and found dif-
ferences in approximately 80% of the phenotypes. More
studies with differences in the phenotype are continuously
published; for instance, disruption of fis using CRISPR does
not induce amyotrophic lateral sclerosis (ALS) as previously
reported using MOs and similar to mouse Fus knockout [76].
Some researchers consider that the use of MOs should be
avoided or limited [77, 78]. Nevertheless, MOs are still use-
ful for a number of purposes, particularly to complement the
limitations of knockout studies. For instance, Cerebellar At-
rophy with Spinal Motor Neuronopathy was correlated with
variants in XOSC9 by using both CRISPR and MOs meth-
ods [79]. In loss-of-function studies, some aspects should be
considered for using CRISPR or MOs and other knockdown
approaches [80]: MOs can exert unnoticeable off-target ef-
fects; transcriptional adaptation specific mutations can lead
to genetic compensation [81]; mutant progeny from het-
erozygous parents can carry sufficient wild-type maternal
mRNA to maintain normal gene function during the. first
stages of development; partial knockdown by MOs can result
in the complete retention of normal physiological function if
the targeted protein has a high affinity for its substrate or
high catalytic efficiency [82]. In conclusion, both knock-
down and knockout approaches are useful and complemen-
tary to elucidate the function of specific genes and under-
stand many diseases.

5. CRISPR APPLICATIONS IN NEURAL DISEASES

Animal modeling of human brain disorders has been ex-
tensively exploited. Murine models are most commonly used
to investigate the basic concepts of brain function. As previ-
ously mentioned, zebrafish have recently gained popularity
as a model for studying the vertebrate brain. Below, we de-
scribe the latest applications of CRISPR/Cas9 technology for
examining the brain, its fundamental structures and connec-
tivity, and associated diseases.

5.1. Morpholinos and CRISPR/Cas9

Before the CRISPR/Cas9 system, the use of MOs in ze-
brafish was the most accessible and widespread way to study
the (partial) loss of function of different genes involved in
brain diseases or related to the structure and function of neu-
ral cells. Now, in the era of CRISPR, it is easy to generate
knockout mutants to corroborate and expand the findings
observed with MOs. An example of the contrasting results
between MOs and CRISPRs is the outcomes of suppressing
the expression of the brfl gene, whose mutations in humans

Current Neuropharmacology, 2020, Vol. 18, No. 0 5

give rise to the cerebellar-facial-skeletal syndrome. Splice
blocking MOs effectively silenced the expression of both
copies of the brfl gene (brfla and brflb) in zebrafish but
resulted in no evident phenotypes; in contrast, CRISPR/Cas9
induced a mutation of brfi1b, resulting in FOs at 3 days post
fertilization (dpf) with symptoms similar to those presented
in the human pathology. Another example is the phenotypes
derived from suppressing the expression of the gene kifl5,
which codes for a member of the kinesin family. Kinesins
are proteins involved in the transport of cargo along axons.
MOs effectively suppress the expression of &if! 5 (formerly
reported as Kinesin-12) but induce extended mosaicism of
the larvae, giving rise to diverse phenotypes, in particular to
a different rate of growing axons with a reduced number of
branches [83]. In contrast, kifl5 mutations generated by
CRISPR do not present mosaicism (studied in F2 and F3);
their axonal growth is accelerated, and branching is consis-
tently reduced in embryos-between 29- and 31-hours post-
fertilization (hpf). However, the results are more homoge-
nous than those of MOs. In addition, the CRISPR approach
also allows researchers to compare the phenotypes of homo
and heterozygous mutants [84].

MOs and CRISPR-induced changes in gene expression
may have different outcomes in the establishment and devel-
opment of neural circuits. One case is the neural cell adhe-
sion protein Contactin2, which is encoded by the gene cntn2,
a glycoprotein important for neuronal migration, axon fas-
ciculation, and the establishment of sensorimotor circuits. In
this example, MOs induced axonal growth defects that are
not observed when the cmt2 gene is removed by CRISPR.
Other defects, such as delayed neuronal migration and defas-
ciculation visualized at 48 hpf, are induced by both strate-
gies, but it is clear that MOs may also lead to changes due to
mistargeting [85].

Other studies combine observations of mutants obtained
by mutagenesis screens, MOs, and CRISPR/Cas9. That is the
case of the zebrafish loss-of-function model of the Transac-
tive Response DNA-binding protein [86]. This is a model for
ALS, a neurodegenerative, genetically heterogeneous disease
with monogenic forms [87]. Upon comparing existing ze-
brafish fardbp mutants containing a point mutation
(c660C>T) with tardbpl morphants and the tardbp! loss-of-
function crispants, the point mutants did not exhibit an evi-
dent phenotype because of the compensatory role of the
splice variant tardbpl. The splice variant tardbp! morphants
(in the tardbp-/- background) and the loss-of-function
tardbpl crispants showed severe morphological defects as
early as 2 dpf, such as shorter body length and eye diameter
and enlarged pericardial area, reduced life span, impaired
locomotor function, decreased frequency of miniature end
plate currents and perturbations in neuromuscular junction
architecture. Thus, using and combining the observations of
each mutant may reveal the role of specific genes and their
variants in different pathologies. In a similar case, fifteen
different alleles of Nodal-related protein (Ndr2) have been
generated by chemical mutagenesis, radiation, and TALEN
(http://www.zfin.org; ndr2 gene information). Using
CRISPR/Cas9 to target different regions in all three exons of
ndr2 gave rise to mutants at 3 dpf; these mutants showed
cyclopia and phenotypes similar to those observed in hu-
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mans: holoprosencephaly and heterotaxy [88]. There are two
zebrafish spastin isoforms, ATG1 and ATG2, due to alterna-
tive translational start sites [89]. When MOs were used to
independently knockdown both isoforms, fish showed two
different phenotypes: 1) ATG1 mutants, which had curved
tails; and 2) ATG2 mutants, which had small eyes. Both
phenotypes presented locomotion defects and consequently
reduced swimming speed, which appeared to be more severe
in the ATG2 morphant. In contrast, CRISPR/Cas9 mutants
targeting the second ATG codon prevented the synthesis of
both spastin isoforms and disclosed its role in two separate
developmental signaling pathways, one for motor circuit
wiring and a second for locomotion studied larvae at 72 in
hpf [89]. These mutants outcrossed with fluorescent lines
revealed several anatomical defects such as incorrectly de-
veloped axons. Zebrafish shank3b is one of the two ortholog
alleles of human SHANK3, whose deficiency has been re-
lated to autism spectrum disorder (ASD). More than a dozen
Shank3 mutant mice exist, but they are not suitable for use in
high-throughput drug screening analysis. Previous transient
zebrafish knockdowns generated by MOs for both shank3
alleles have been reported, but developmental and behavioral
studies were limited to 5 dpf [90]. Using CRISPR to genome
engineer a shank3b loss of function mutant that was stably
transmitted displayed autism-like behavioral characteristics
such as impaired locomotor activity and abnormal repetitive
movements, as well as impaired social preference behaviors
observed at 2, 5, and 7 dpf. Shank3b deficiency caused par-
tial lethality during early development and defective and
delayed neurodevelopment in larvae. The knockout shank3b-
/- was crossed with the transgenic line that expressed a red
fluorescent protein in neurons. The fluorescent protein al-
lowed to observe that the deficiency of this gene alters the
number of neurons from the early stages of development,
which was not possible to detect in mice [91]. Reduced lev-
els of Homerl, the postsynaptic scaffolding protein, and syn-
aptophysin, a protein located in synaptic vesicles, were also
found, suggesting a potential role of Shank3 in presynaptic
function [91].

5.2. Rare Diseases

Rare diseases are those that affect fewer than 1 in 2,000
people. Sometimes rare diseases are called orphan diseases
because drug companies are not interested in developing
drugs for their treatment. Zebrafish is a promising model for
studying this kind of pathologies. One of these rare diseases
is glycine encephalopathy (GE), a recessive genetic disease
caused by mutations in the glycine cleavage system (glycine
decarboxylase, aminomethyltransferase, hydrogen carrier
protein, and dihydrolipoamide dehydrogenase). Mutations
were found in the glycine decarboxylase gene in 72% of GE
cases. Severe GE symptoms are heterogeneous and include
severe hypotonia, myoclonic jerks, lethargy, and apnea,
whereas attenuated GE symptoms are treatable seizures,
spasticity, chorea, and developmental delay that can lead to
intellectual disability. The zebrafish gldc mutants generated
with CRISPR/Cas9 recapitulated GE on a molecular level
and also presented a motor phenotype reminiscent of severe
GE symptoms [92]. Although a transient imbalance was
found in cell proliferation in the brain of the mutants, con-
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firmed by transgenic lines expressing fluorescent reporters,
the main brain networks were not affected, suggesting that
GE is mainly caused by metabolic defects. Remarkably, the
motor dysfunctions in the mutant larvae can be rescued by
pharmacologically or genetically counterbalancing the level
of glycine at the synapse, suggesting that this is a valuable
model to test possible treatments for this rare disease [92]. In
another case, NCAPG2 variants in two unrelated pediatric
individuals with overlapping neurodevelopmental syndromic
features were identified by whole-exome = sequencing.
NGCAP2 encodes a member of the condensin II-complex,
necessary for the condensation of chromosomes prior to cell
division. A sole NCAPG2 ortholog was identified in the ze-
brafish genome (46% identity, 64% similarity). Consistent
with human expression data, ngcap? is expressed almost
ubiquitously, and predominant expression is in the develop-
ing brain and spinal cord of zebrafish larvae [93]. Injection
of MOs induced a reduction in head size, whereas
CRISPR/Cas9 mutants showed a significant reduction in the
anterior brain. The different phenotypes can be explained
because MOs have a transient knockdown effect, whereas
CRISPR/Cas9 FO crispants are considered as genetic mosa-
ics. TUNEL and PH3 staining revealed increased cell death
in both ngeap2 morphants and CRISPR FO mutants. Fur-
thermore, ngecap2 FO mutants and morphants showed a sig-
nificant increase in cell proliferation in the head [93].

Retinal function disorders have also been approached in
zebrafish. Retinitis pigmentosa is a genetic disorder caused
by the degeneration of rod cells. In mammals, the disease
involves multiple genes including those that code for
rhodopsins, essential proteins of the visual pathway. Muta-
tions of zebrafish rhol-1 loci induced by CRISPR/Cas offer
a model for exploring disorders that mimic human diseases.
The transgenic line Xops:EGFP outcrossed with rhol-1
CRISPR/Cas9 mutants showed that rod cells exhibited cell
death and rhodopsin retention in the endoplasmic reticulum
and Golgi apparatus but did not reach the plasma membrane
[94].

5.2.1. Monogenetic Epilepsies

More examples of human pathology modeling are within
the field of monogenetic epilepsies. The syntaxin-binding
protein 1, STXBP1 homologs in zebrafish (Stxbpla and
Stxblb), both homozygous mutants were characterized,
which interestingly showed different features. The stxbla
CRISPR-induced mutant contains a 4-base pair deletion in
exon 8 and is predicted to cause a premature stop codon. The
stxbla mutant exhibited a profound lack of movement, low
electrical brain activity, low heart rate, decreased glucose
and mitochondrial metabolism, and early lethality. The
stxb1b homozygous mutant allele is a 12—base pair deletion
that causes loss of the predicted start codon. The stxb1b mu-
tant had spontaneous seizures and reduced locomotor activ-
ity response to a movement-inducing “dark-flash” visual
stimulus, despite showing a normal metabolism, heart rate,
survival, and baseline locomotor activity [95].

In 2017, two independent groups reported that the zebraf-
ish aldh7al null mutant recapitulates the characteristics of
pyridoxine-dependent epilepsy (PDE) caused by variants of
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the gene ALDH7A1 [82, 96]. Two homozygous mutants
were generated using CRISPR/Cas9. In the first, a 5-bp dele-
tion mutant in the zebrafish aldh7al gene resulted in a pre-
mature stop codon; in the second, a 5-nucleotide insertion
introduced a stop codon at position 50 of the translated pro-
tein sequence. In both studies, the mutants showed a sponta-
neous rapid increase in locomotion and a rapid circling swim
behavior followed by seizure-like locomotor behaviors as
early as 8 dpf [96] or 10 dpf [82], which resulted in death
shortly after a seizure. Also, electroencephalographic record-
ings revealed large-amplitude spike discharges.

More recently, a report showed that the biallelic patho-
genic variants of PLPBP caused a novel form of vitamin B6-
dependent epilepsy. To explore the pathophysiology of the
disease, the PLPHP deficiency model generated by
CRISPR/Cas9 was used in a series of behavioral, biochemi-
cal, and electrophysiological studies, which showed seizure
activity by 10 dpf and early death by 16 dpf. Treating the
larvae with pyridoxine improved the epileptic phenotype and
extended the lifespan. Thus, this model may be useful for
drug discovery [97].

5.3. Brain Development

The function of the NADPH oxidase (Nox) genes of ze-
brafish (nox1, nox2/cybb, nox5, and duox) was addressed by
inducing CRISPR/Cas9 mutations in each of the four nox
genes. Between 48 and 96 hpf, the nox2/cybb chimeric cris-
pants displayed optic nerve thinning and decreased optic
tectum innervation, while the homozygous mutants showed
significant ganglion cell layer expansion and mistargeted
retinal axons in the optic tectum [98]. Thus, nox genes are
relevant and have specific roles for the accurate connection
between axons of retinal ganglion neurons and the optic
tectum.

In other studies, it was found that the function of the rfx4
gene, which encodes for a winged-helix transcription factor,
is dispensable for forebrain morphogenesis but is required
for forebrain formation. To elucidate rfx4 function in zebraf-
ish, two mutant alleles were made by CRISPR/Cas9, result-
ing in a truncated, non-functional protein [99]. Another gene
implicated in neurogenesis in the neural tube is prdmi2b.
Using CRISPR/Cas9 -to. generate two fish lines carrying
frameshift mutations in prdmli2b, authors revealed that
englb expression was suppressed in V1 interneurons, lead-
ing to defective Mauthner cell-dependent locomotion and
embryonic lethality [100].

A customized DNA array analyzed genomic data from 66
fetuses with different brain malformations and neural tube
defects. and disclosed that in a sample with occipital en-
cephalocele, an in-frame deletion in the gene that encodes
for the protein WDR63 interrupted the third and fourth
WD40 repeat domains. The wdré63 gene mutation induced by
CRISPR/Cas in zebrafish led to abnormal crispant embryos
with body and brain malformations (40-60%) and sac-like
brain protrusions (7-9%) similar to those seen in encephalo-
cele [101]. Recently, a genome-wide linkage analysis com-
bined with whole-genome sequencing demonstrated that
human autosomal recessive primary microcephaly is caused
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by a mutation in the microtubule-associated protein 11
(MAP11, previously termed C70rf43). Homozygous zebraf-
ish mapll CRISPR/Cas9 knockout mutants recapitulated
microcephaly (determined by body-head ratios) and showed
decreased neuronal proliferation (determined by phosphohis-
tone-H3 staining) [102]. Finally, a delay in retinal neuro-
genesis was observed upon interleukin 7 receptor (i/7r) dele-
tion, causing delayed myelination and revealing the regula-
tory role of i[7r in this process. The homozygous mutants
also showed microphthalmia with a reduced number of cones
and rods and downregulation of genes, such as #ho and
arr3a, involved in the pathogenesis of retinitis pigmentosa
[103].

5.4. Behavior

Frequently, non-stereotyped behavior reflects altered
brain function due to aberrant neuronal activity. An ap-
proximation to determine the effect of specific loss-of-
function genes is to select genes expressed exclusively in the
brain; several examples in the literature followed this ap-
proach in zebrafish. One is the Histamine receptor H3 (Hrh3)
gene knockout, a CRISPR mutant with a non-sense mutation
that results in a loss of 5 to 7 transmembrane domains, which
showed locomotor and social behavior impairments in larvae
at 5 dpf. Hrh3 signaling regulates reactions to light:dark
transitions, with Arh3 knockout showing a faster adaptation
to darkness. The mutant also has reduced levels of dopamine
and serotonin, suggesting that Hrh3 is important in the
modulation of other monoamine systems [104].

Another example is zebrafish pitpncla, which belongs to
a family of lipid transporters of the phosphatidylinositol
transfer protein (PITP). PITPs are enriched in the brain, but
their functional role in neuronal signaling pathways remains
elusive. The zebrafish pitpncla null mutants have a 5-base
pair deletion in exon 2 that gives rise to a truncated protein
lacking two key inositol binding residues. Pitpncl western
blot does not detect the protein, indicating that the allele is
functionally null. The zebrafish pitpncia null mutant is a
brain-specific ortholog of the human long isoform pitpncla.
By in situ hybridization, pitpncla mRNAs were detected in
several regions of the developing central nervous system at
24 and 48 hpf. In larvae at 5 dpf, the expression was exclu-
sively and strongly detected throughout the brain, particu-
larly in the dorsal telencephalon. The homozygous pitpncla-
/- mutant appears visually indistinguishable from wild-type
siblings and is viable and fertile. However, it is also hyperac-
tive across the day:night cycle and exhibits increased neu-
ronal activity [105]. Interestingly, the human PITPNCI1 gene
resides within a copy number variant associated with a syn-
dromic intellectual disability caused by the neighboring gene
PSMDI12. The CRISPR/Cas9 psmd12 loss-of-function model
exhibited microcephaly, decreased convolution of the renal
tubes, and abnormal craniofacial morphology, recapitulating
the human phenotypes observed in patients. FO crispants
were used to visualize the axonal tracts in the brain including
the optic tecta, which were significantly smaller than in wild-
type larvae at 3dpf [106]. Additional molecular characteriza-
tion is needed to elucidate the implications of Psmd12 in this
neurodevelopmental syndrome.
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5.5. Other Applications

There is also growing interest in using zebrafish to study
proteins involved in basic genome organization, dynamics,
and expression, whose mutations indirectly affect the func-
tion of the nervous system. Such is the case of the studies on
the function of the retinoblastoma protein RB1. The gene
that codes this protein is mutated in different classes of can-
cer because RBI is a tumor suppressor; thus, when the gene
is mutated, the progression of the cell cycle changes, leading
to tumors and cancer. RB1 mutants generated by CRISPR
(heterozygous) or TALEN (genetic mosaic) in zebrafish de-
veloped tumors at 4-5 months according to the essential
functional role of RBI; but this approach also allowed re-
searchers to identify more than 170 chromatin regulators
differentially expressed in RB1 tumors, including rbbp4 and
hdacl [36]. CRISPR/Cas heterozygous mutants of rbbp4 are
lethal between 5-10 dpf and show severe microcephaly and
microphthalmia, whereas hdac! homozygous mutants show
reduced body size, curved trunk, microcephaly, and colo-
boma in the retina and are lethal after 3 dpf. The require-
ments for rbbp4 and hdacl in regulating neural progenitor
proliferation and survival might contribute to oncogenesis
after rb1 loss in the zebrafish rb1 brain tumor model [36].

Zebrafish were used as a model to study how general
anesthesia causes loss of consciousness after local lesioning
of locus coeruleus neurons via two-photon laser-based abla-
tion or genetic depletion of norepinephrine in mutants of the
dopamine-beta-hydroxylase (dbh) gene generated by
CRISPR/Cas9. Propofol and etomidate modulate firing of
these neurons by inhibiting presynaptic excitatory inputs and
inducing GABA-A receptor hyperpolarization in larvae be-
tween 5 and 7 dpf [107].

In other studies, from an enhancer-trap screen, an unan-
notated gene named ubtor was identified in zebrafish. In situ
hybridization showed ubtor transcripts in_the brain and spi-
nal cord. To examine the function of ubtor, the gene was
disrupted by CRISPR/Cas9 provoking higher mTOR activity
and aggravated neoplasia [108]. Other experimental ap-
proximations can also be done<using zebrafish and the
CRISPR system, such as the characterization of potential
transcriptional enhancers, like in the ZEB2 (Zinc finger E-
box-binding homeobox 2) locus [109]. ZEB?2 is a key devel-
opmental regulator of the central nervous system. The use of
CRISPR in HEK-293 cells to delete endogenous enhancers
proved that distal transcriptional enhancers and trans-acting
elements govern the regulation of ZEB2 expression during
neuronal development [109]. On the other hand, it is well
known-that endocrinological components, such as thyroid
hormones, influence brain development through their roles in
neurogenesis and myelination. These hormones act via spe-
cific receptors (THRs); however, thr zebrafish crispants do
not show changes in expression levels of genes involved in
myelination (mbp, mpz, olig2, and plp), suggesting that their
function may not be directly related to the process of myeli-
nation during zebrafish early development [110].

Glial cells of zebrafish have also been studied using
CRISPR/Cas as a tool. A microglia transcriptome disclosed
20 putative microglia regulators, and researchers found a
dramatic decrease in neutral red-positive NR+ (nicotinamide
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riboside) cells when interleukin 34 (i/34) was targeted using
CRISPR/Cas9; however, microglial proliferative capacity
was not affected. A stable frameshift (premature stop codon
at exon 5) homozygous mutant of the i/34 receptors, csfla,
and csflb (colony-stimulating factor 1 receptor), did not
show reduced microglia numbers, suggesting a genetic com-
pensation by other ligands [111]. A graphical overview of
the genes mentioned in this section is presented in Fig. 2.
The genes and associated diseases and phenotypes men-
tioned in this section are summarized in Table 1.

Despite the rapid development of genome editing tech-
nologies, specifically CRISPR/Cas9, to generate disease
models in zebrafish, more efforts are needed to efficiently
combine different disciplines to find both the etiology of and
treatments for many brain diseases.

5.6. Improving the CRISPR System using Zebrafish

The use of CRISPR/Cas9 has been mostly restricted to
knockout specific genes in zebrafish, but recent efforts have
been made to expand the CRISPR toolbox in this model. For
example, the injection of multiple guide RNAs to induce
mutations in two different genes (osgep and fprkb) at the
same time improved the efficiency of the system [112].
These genes are two of the five that code for the KEOPS
complex, a series of proteins that regulate post-trans-
criptional modification of tRNAs, telomere length and ge-
nome maintenance, and whose mutations in humans lead to
brain abnormalities and developmental delays. By knocking
out the zebrafish osgep and #prkb genes with CRISPR/Cas9,
homozygous mutant larvae analyzed at 4 dpf recapitulated
part of the phenotype found in humans and resulted in early
lethality [113].

CRISPR/Cas9 can also be used to visualize and disrupt
target gene expression. Through the years there have been
many reports of a number of transgenic fishes induced to
express fluorescent proteins with diverse expression patterns.
Important observations of brain organization and develop-
ment have been revealed using these transgenic fish, which
were mostly generated by non-specific incorporation of the
transgene into the genome. Determining the insertion site of
the transgene is laborious; however, the utility of these
transgenic lines has been broadened by replacing the gene
coding for the fluorescent protein by the Gal4/UAS expres-
sion system, which allows precise, inducible, and controlled
gene expression [114, 115]. This gene integration strategy
was performed by CRISPR/Cas9, and its applications in-
clude determining gene expression patterns to knocking in
genes.

6. CRISPR AS A TOOL TO UNDERSTAND BRAIN
FUNCTION

6.1. Optical Tools

The transparency of zebrafish allows the use of fluores-
cent proteins to monitor neural activity in vivo. A variety of
optical tools are currently available and can be used in com-
bination with the CRISPR/Cas system. Classically, fluores-
cent proteins have been used for optical screening of gene
expression to determine expression patterns during develop-
ment or as tools to study disease models and development
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Fig. (2). Graphical representation of the genes related to neurobiology (in italics) edited by CRISPR/Cas to date and their associated
phenotype in zebrafish. All genes are also listed in Table 1 with the corresponding reference. The main image in black illustrates the com-
plete zebrafish (emphasizing the brain and spinal cord); genes related to the loss of midbrain-hindbrain boundaries, like pax2a or the optic
tectum innervation (nox2); and genes related to neural tube formation like 7fx4, spast, and prdm12b, among others, are included. Small ze-
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nrd2/cyclops that includes glycine encephalopathy (g/dc) and the morphological defects caused by disruption in tardbpl. Circles and squares
with zebrafish larvae trajectories (in red) represent larvae motility with anesthesia (dbh) or the epileptic or autism phenotype.
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Table 1. Gene targeted by CRISPR/Cas9, the neural disease or phenotype studied and the corresponding reference.

Espino-Saldaiia et al.

Gene Targeted Disease/phenotype Studied Refs.
aldh7al Pyridoxine-dependent epilepsy (PDE) [82,96]
brflb Cerebellar-facial-skeletal syndrome [130]
cntn2 Migration (defects?) of facial branchiomotor neurons [85]
Dbh Genetic depletion of norepinephrine [107]
Gldc Glycine encephalopathy [92]
hrh3 Responses to changes in the environment and decreased levels of dopamine and serotonin [104]
il7r Delay in myelination and microphthalmia [103]
il34 Microglia number reduction [111]
kifl5 Axon regeneration [84]
mapl1 Microcephaly and decreased neuronal proliferation [102]
ncapg2 Microcephaly. Reduction in the size of the optic tecta and cerebellar hypoplasia [93]
ndr2 Loss of the medial floor plate, severe deficits in ventral forebrain development and cyclopia [88]
nox2 Optic nerve thinning and decreased optic tectum innervation [98]
osgep, tprkb Microcephaly and reduced survival [113,112]
pax2a Loss of the midbrain-hindbrain boundary [115]
pitpncla Aberrant neuronal activity and increased wakefulness across the day-night cycle [105]
plpbp Epilepsy [97]
prdmi2b Lack of englb-expressing V1 interneurons [100]
psmdl2 Microcephaly, decreased convolution of the renal tubes, and abnormal craniofacial morphology [106]
rbl, rbbp4, hdacl Brain tumors [36]
rfx4 Role in forming midlines in the caudal neural tube [99]
shank3b Autism [91]
Spast Motor neuron and locomotion defects [89]
stxbpl Epilepsy. Spontaneous seizures and reduced locomotor activity [95]
tardbpl Morphological defects, early lethality, reduced locomotor function, aberrant quantal transmission and [86]
perturbed synapse architecture at the Neuromuscular Junctions
thraa, thrab, thrb Loss of symmetry and laterality [110]
Ubtor Effects on Neurodevelopment. Cellular growth regulation and mTOR signaling [108]
wdré3 Encephalocele and neural tube defects [131]
zeb2 Transcriptional enhancers during neuronal development [109]

[116]. Confocal and light-sheet microscopy made it possible
to time-lapse imaging in vivo and track the impact of muta-
tions on neuronal functions after injury [84].

Tonic sensors are frequently used in neurosciences to indicate
neuronal activity. Genetically encoded calcium indicators
(GECIs) have revolutionized the field because they can si-
multaneously record large numbers of neurons in the live
brain [117, 118]. An example of the power of this approach

is the simultaneous recording of neuronal activity in live
embryos engineered with the CRISPR system to both create
a transgenic fish expressing a calcium sensor under the en-
dogenous slc6a2 promoter (NET, the norepinephrine trans-
porter) (Fig. 3A), thus targeting the expression to the
noradrenergic system in the brain, and monitor the activity in
the locus coeruleus, an important region implicated in dis-
eases like Parkinson’s, Alzheimer’s and autism [119]. In this
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Fig. (3). CRISPR/Cas combined with optical tools in zebrafish. A) Generation of transgenic lines with CRISPR system expressing a fluo-
rescent calcium indicator called genetically encoded calcium indicator (GECI) under promoter endogenous NET (norepinephrine transporter)
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binding domain and p65 activation domain), 5x-C120 (regulatory element termed) [122].

way, it is possible to monitor activity related to the develop-
ment of the disease, especially when structural changes are
not observed.

6.2. Optogenetic Tools

Optogenetic transcriptional activators/repressors for
light-based control of transcription offer a finer spatial and
temporal control of gene expression. These systems have
been used in diverse animal models including zebrafish. Ide-
ally, zebrafish optogenetic systems should be genetically
encoded, reversible, not toxic and, if possible, not require
complex optics. CRY2-CIBI and EL222 have been applied
to control the transcription in zebrafish embryos using the
GAL4/UAS system [120]. The phytochrome B system
(PHYB-PIF) -has been used to modify subcellular protein
localization in zebrafish embryos [121]. Recently, CRISPR/
Cas9 associated with light-sensitive genes has begun to be
used. In the TAEL (TA4-EL222) system, the blue-light—
activated. EL222 has been re-engineered, reducing toxicity
but conserving fine spatial precision and rapid response ki-
netics. TAEL has also been combined with CRISPR/Cas9
systems to create a flexible toolkit [122] (Fig. 3). The advan-
tages of using TAEL approach are that minimal changes
induced by gene disruption can be detected and the expres-
sion or disruption can be limited in a specific region in vivo
in the whole fish. CRISPR/Cas has been combined with
CRY?2 and its binding partner CIB1 to regulate transcrip-
tional activation [123]. This system consists of dCas9 fusion
and sgRNA; dCas9 is fused to CIB1 (trCIB1) to target a ge-

nome sequence, and the activator domain is fused to CRY2.
In the absence of blue light, dCas9 recognizes genomic tar-
gets without the interaction between CIB1 and CRY2. Oth-
erwise, CIB1 and CRY2 dimerize after exposure to blue light
and sgRNAs bind to the dCas9 fusion and guide the complex
to the target sites, thus activating gene expression. This sys-
tem has been successfully tested for controlling the transcrip-
tion level of ASCL1a, BCL6a, and HSP70 (Fig. 3).

7. PERSPECTIVES

Recent studies have used the CRISPR/Cas9 system in an
attempt to confirm previous findings with MO-induced mu-
tants and chemical mutagenesis, and also to generate new
loss-of-function mutants to model neural diseases. There are
still many disease-related genes to be modeled in zebrafish,
not only those restricted to neural diseases. New studies us-
ing CRISPR/Cas9 will address specific functions related to
structure and connectivity among brain areas. These will add
to modifications and improvements of the CRISPR/Cas sys-
tem and, combined with advanced optical techniques, will
enable faster development of neurosciences and a better un-
derstanding of neuronal diseases. According to a recent re-
port, now it is possible to monitor neuronal activity in freely
moving zebrafish larvae using the calcium indicator GFP-
aequorin. This tool can be combined with CRISPR/Cas to
eliminate some limitations of the current GECI systems. Lo-
calization, dynamics, interactions, and functions of endoge-
nous molecules in the brain could be determined more
quickly, accurately and in greater detail by combining novel
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imaging techniques and CRISPR transgenic zebrafish lines
with fluorescent reporters.

Optogenetic tools allow the quick modification and con-
trol of many brain gene functions in vertebrates. These tools
combined with the CRISPR/Cas system could help to under-
stand neurogenerative diseases. Moreover, they have the
potential of controlling and monitoring the expression of
several genes at the same time, and of enhancing the under-
standing of complex gene networks, especially considering
that many cellular responses depend on complex signaling
cascades [123, 124]. Genetically encoded voltage indicators
(GEVIs) have been employed to achieve fast and simultane-
ous detection of membrane potential in neurons. These indi-
cators report fast activity in correlation with action potential
and present high brightness and less cellular damage com-
pared to GECIs, thus improving neural activity recordings
[125]. However, they have been used in a few physiological
conditions [126-128]. The CRISPR/Cas system could facili-
tate the use of GEVIs in zebrafish to characterize functional
connectomes in vivo, allowing researchers to understand
neurological processes and diseases.

CRISPR is routinely used to generate knockouts in spe-
cific genes. Interestingly, CRISPR can generate knockins
and precise genome editions, which will enable scientists to
reproduce the mutations equivalent to those in patients to set
up personalized medicine. Genome editing with the CRISPR
system and derived technologies will undoubtedly accelerate
the development of neurosciences using zebrafish and other
animal models to finally translate to benefit humans.

LIST OF ABBREVIATIONS

ALS = Amyotrophic lateral sclerosis

ASD = Autism spectrum disorder

CIBI = Cryptochrome interacting basic helix-
loop helix 1

CRISPR/Cas = Clustered regularly interspaced short
palindromic  repeats and CRISPR-
associated protein

CRY2 = Cryptochrome 2

Dbh = Dopamine-beta-hydroxylase

DBS = __ Double-strand breaks

dpf = _Days post fertilization

eGFP =" Enhanced green fluorescent protein

GABA = y-Aminobutyric acid

GE = Glycine encephalopathy

GEClIs = Genetically encoded calcium indicators

GEVIs = Genetically encoded voltage indicators

HMA = Heteroduplex mobility assay

HSP = Cause hereditary spastic paraplegia

InDels = Insertions and/or deletions

MOs = Morpholinos
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NET = Norepinephrine transporter

NHEJ = Non-homologous end-joining

Nox = NADPH oxidase

NR = Nicotinamide riboside

ORF = Open reading frame

PDE = Pyridoxine-dependent epilepsy

PHYB-PIF = Phytochrome B system

PITP = Phosphatidylinositol transfer protein

sgRNA = Single-guide RNA

TAEL = (TA4-EL222) system

TALENs = Transcription activator-like effector nu-
cleases

TIDE = Tracking of indels by decomposition

ViBE-Z = . Virtual brain explorer for zebrafish

ZEB2 =~ Zinc finger E-box-binding homeobox 2

ZFNs = Zinc finger nucleases
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