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ABREVIATURAS

Mg microgramos

pl microlitros

ADD: Dominio conservado solo en ATRX, DNMT3 y DNMT3L

SNF2: Del inglés “Sucrose Non Fermenting 2”

HP1a: Del inglés “Heterochromatin Protein 1”

ATPasa: una clase de enzimas que catalizan la descomposicién de ATP en ADP y un ion de
fosfato libre, con lo que se libera energia

H3K9me3: Trimetilacién de la lisina 9 de la histona 3

H3K4: lisina 4 de la histona 3

ALT: Del inglés “Alternative lengthening of telomere”

PML: Del inglés “Promyelocytic leukaemia”

ATRX : Del inglés “Alpha-Thalassemia mental Retardation syndrome X-related”
DAXX: Del inglés “Death domain associated protein”

COSMIC: Del inglés “Catalogue Of Somatic Mutations In Cancer”

THPA: Del inglés “The Human Protein Atlas”

Sp: Marcador del cromosoma 2, del inglés “Sternopleural”

CyO: Cromosoma balanceador, del inglés “Curly of Oster”

TM6B, Tb1: Cromosoma balanceador, del inglés “Tubby 1”

TPM: Transcritos por millon

UAS: Del inglés “Upstream activating sequence”

MADF: Del inglés “Myb/SANT-like domain in Adf-1”

RT-PCR: Del inglés “Reverse transcription polymerase chain reaction”

Wt: Del inglés “wild type”

MBT: Del inglés “Mid-Blastula Transition”

pan-dAdd1: Anticuerpo disefiado para reconocer todas las isoformas de dADD1



RESUMEN

Las proteinas dADD1 y dXNP son respectivamente los ortélogos en Drosophila
melanogaster de los dominios ADD y SNF2 del remodelador de cromatina de vertebrados
llamado ATRX. Estas proteinas suprimen fenotipos de variegacién con efecto de posiciény
participan en el mantenimiento de la heterocromatina. En el presente trabajo se realizé una
busqueda en bases de datos de cdncer humano y se encontrd que los niveles de proteina
ATRX se encontraban elevados en mas del 4,4% de las muestras analizadas. Usando el
modelo de Drosophila, abordamos los efectos de sobreexpresién y la falta de la proteina
dADD1 en las células de cromosomas politénicos. Los niveles elevados de dADD1 en los
tejidos de la mosca causaron diferentes fenotipos, por ejemplo, la disrupcién del
cromocentroy la pérdida del patrén de bandas en los brazos de los cromosomas. Los andlisis
de la proteina de mantenimiento de la heterocromatina HPla y la marca de histona
H3K9me3 revelaron cambios en la localizacién de la marca en la cromatina acompafiados
de defectos transcripcionales leves, principalmente en los genes incrustados en regiones
heterocromaticas cuando se sobreexpresan las proteinas dAdd1. En las glandulas salivales
con pérdida de funcién de daddl, la expresion de genes embebidos en la heterocromatina
es menor que en la condicién silvestre. Como observamos una relacidon entre nuestra
proteina de interés y la proteina de heterocromatina 1a, analizamos en la literatura los
diferentes complejos y subcomplejos asociados con HPla. También discutimos las
implicaciones de las diferentes interacciones con el mantenimiento de la heterocromatina,
la dindmica de la heterocromatina y su relacidn directa con la regulacidn génica. Estos datos
indican que la sobreexpresion de dADD1 induce cambios en la cromatina que
probablemente afectan la estequiometria de HP1a que contiene complejos que conducen
a cambios transcripcionales y arquitecténicos. Nuestros resultados colocan a las proteinas
dADD1 como actores importantes en el mantenimiento de la arquitectura de la cromatina

y la expresidon génica heterocromatica.



ABSTRACT

dADD1 and dXNP proteins are respectively orthologs in Drosophila melanogaster of the ADD
and SNF2 domains, of the ATRX vertebrate's chromatin remodeler. They suppress position
effect variegation phenotypes and participate in heterochromatin maintenance. We
performed a search in human cancer databases and found that ATRX protein levels were
elevated in more than 4.4% of the samples analyzed. Using the Drosophila model, we
addressed the effects of increasing or decreasing the expression levels of dADD1 proteins
in polytene cells. Elevated levels of dADD1 in fly tissues caused different phenotypes such
as chromocenter disruption and loss of banding pattern at the chromosome arms. Analyses
of the heterochromatin maintenance protein HP1la and the histone post-translational
modification H3K9me3 revealed changes in their chromatin localization accompanied by
mild transcriptional defects of genes embedded in heterochromatic regions. In null dadd1
salivary glands, the expression of heterochromatin embedded genes is lower than in wild-
type conditions. Since we observed this relationship between our protein of interest and
heterochromatin protein 1, we analyzed the different partners and the possible complexes
and subcomplexes associated with HP1la in the literature. We will also discuss the
implications of the different interactions with heterochromatin maintenance,
heterochromatin dynamics, and its direct relation to gene regulation. These data indicate
that dADD1 overexpression induces chromatin changes probably affecting the
stoichiometry of HP1a containing complexes which lead to transcriptional and architectural
changes. Our results place dADD1 proteins as important players in the maintenance of

chromatin architecture and heterochromatic gene expression



1.- INTRODUCCION
1.1 La organizacion tridimensional de la cromatina

En una célula eucariota, el material genético se encuentra almacenado en un organelo
especializado llamado nucleo (Webster, Wikin, and Cohen-Fi 2009; Jorgensen et al. 2007).
Con este espacio confinado, por ejemplo en Drosophila melanogaster el tamafio de su
genoma es de 120 Megabases (Adams et al. 2000) dentro de un nucleo aproximado de 5um,
el ADN se tiene que compactar junto con nucleoproteinas para formar la cromatina
(Felsenfeld and Groudine 2003). En células somaticas, la cromatina se compone del ADN y
de proteinas ligeramente positivas llamadas histonas, debido a esto el ADN con su carga
negativa se enrolla alrededor de las histonas cada 146 pares de bases con lo cual se
neutralizan las cargas y de manera eficiente se condensa el material genético (Marifio-
Ramirez et al. 2005). La subunidad primaria de la cromatina es el nucleosoma (Figura 1), el
cual estd formado por un octdmero de histonas, es decir dos copias de cada una: H2A, H2B,
H3 y H4 (Luger et al. 1997), ademds estd asociado a una histona adicional, la histona H1
gue actia como unién al ADN “linker” (Bayona-Feliu et al. 2017). Asi, el ADN enrollado en
el nucleosoma forma una cadena llamada cromatina (Luger, Dechassa, and Tremethick
2012).

BmH3 EH4 H2A HEH2B

Figura 1. Estructura del nucleosoma. Modelo estructura cristalina del nucleo de nucleosoma
(PDB: 1KX5 (Davey et al. 2002)). En la figura se muestra una vista hacia abajo del eje
superhelical y una vista girada 90 ° alrededor de un eje horizontal. H2A amarillo, H2B rojo,
H3 azul y H4 verde. (Imagen modificada de Cutter and Hayes 2015).

Mediante el uso de métodos mas sofisticados que combinan la nanoscopia de
superresolucién, obteniendo fotografias con una resolucién de ~20 nm para analizar la
cromatina de distintas células se pudo demostrar que los nucleosomas se agrupan en
“clutches” que son dominios discretos a lo largo de la fibra de cromatina intercalados y
distribuidos heterogéneamente (Ricci et al, 2015). Asi, la cromatina se va organizando en el
interior del nucleo en distintos grados, siendo la interaccién entre nucleosomas o mejor



conocida como “clutches” el nivel mas bdsico (Ricci et al. 2015). Los “clutches” se pueden
agregar de diversas formas dependiendo de las modificaciones postraduccionales que
presenten los nucleosomas, lo cual coincide con la clasificacidn histérica de la cromatina en
dos configuraciones: la eucromatina y la heterocromatina (Richards and Elgin 2002) que
mas a adelante se desarrollaran en detalle.

El siguiente nivel de organizacién esta conformado por asas de cromatina, estas son
estructuras que se forman cuando la fibra de la cromatina se pliega sobre si misma para
promover el contacto entre elementos regulatorios distales, por ejemplo “enhancer”,
promotores, silenciadores o “insulators”. Las asas normalmente tienen un tamafio en
kilobases y necesitan de proteinas de arquitectura que promuevan este acercamiento entre
las fibras de la cromatina (Fudenberg et al. 2016; Rowley et al. 2017; Rowley and Corces
2018).

A continuacidn, viene el siguiente nivel de organizacién que esta dado por los Dominios
Topoldégicamente Asociados (TADs) que representan regiones de los cromosomas que
muestran una alta frecuencia de interaccion entre las secuencias dentro de este mismo
domino y una menor frecuencia con dominios contiguos (Dixon et al. 2012; Sexton et al.
2012). Los TADs se identificaron por medio de ensayos tipo 5C y Hi-C (que son técnicas de
captura de conformacién cromosémica, a menudo abreviadas como tecnologias 3C o
métodos basados en 3C donde se capturan las interacciones entre loci genomicos) (Pope et
al. 2014; Rao et al. 2014; Wolff et al. 2020) y su tamaio esta en la escala de megabases
(Dixon et al. 2012; Nora et al. 2012) (ver Figura 2).

Consecutivamente, dentro del nucleo, se ha descrito cierta preferencia por la organizacion
de la cromatina en compartimentos, estos son mega estructuras clasificadas como
compartimento A (una cromatina mds abierta) y compartimento B (cromatina mas cerrada).
Los compartimentos de tipo A se caracterizan por un alto contenido de genes
transcripcionalmente activos y correlacionan con marcas activas de histonas que incluyen
H3K9ac y H3K27ac, alto contenido de GC, asi como hipersensibilidad a la ADNasa I. Por lo
tanto, los compartimentos A tienen entorno transcripcional permisivo, aunque genes que
se encuentran silenciados también pueden existir en menor medida dentro de estas
regiones (Guelen et al. 2008; Giorgetti et al. 2016).

Por otro lado, los compartimentos tipo B se definen por las caracteristicas opuestas,
incluido un alto contenido de genes silenciados y se correlacionan con marcas de histonas
represivas como H3K9me2, H3K9me3 y H3K27me3, pobre o nula hipersensibilidad a la
ADNasa | y una sincronizacién tardia de la replicacion. Ademas, como en el caso de
compartimentos de tipo A, los compartimentos de tipo B también pueden contener
excepciones en términos de genes que son transcripcionalmente activos (Guelen et al.
2008; van Steensel and Belmont 2017). La localizacién de los compartimentos de cromatina
no es aleatoria en el nucleo, y esta distribucion preferencial estd muy correlacionada con
sus caracteristicas intrinsecas. Los datos de Hi-C han demostrado que los compartimentos
A se encuentran preferentemente en la region central del nucleo (Stevens et al. 2017;



Buchwalter, Kaneshiro, and Hetzer 2019). Los compartimentos B se ubican
preferentemente en la periferia del nucleo, interactuando con elementos de la ldmina
nuclear, lo que constituye un entorno predominantemente represivo. Estos resultados
estdn respaldados por estudios de microscopia electrénica que han demostrado que la
heterocromatina se localiza preferentemente y agrupada cerca de la Idmina nuclear en la
mayoria de los tipos de células (Capelson and Hetzer 2009; Stevens et al. 2017; Buchwalter,
Kaneshiro, and Hetzer 2019) (ver Figura 2).

Finalmente, los territorios cromosomales representan el mayor nivel de organizacién de los
cromosomas en interfase y fueron observados con hibridaciones in situ, donde se pudo
detectar que los cromosomas tienen cierta tendencia a ocupar siempre el mismo espacio
dentro del nucleo. Datos experimentales han revelado, que globalmente, las secuencias
contenidas en cada cromosoma tienden a interactuar con secuencias ubicadas en el mismo
cromosoma, y al mismo tiempo tienden a ser excluidos de secuencias en otros cromosomas.
Asi, de esta forma, los cromosomas se restringen a locus especificos en lugar de estar
esparcidos por el nucleo (Cremer and Cremer 2010; Fritz et al. 2019).

Chromosome
temitories

apos IRwWosoanuridne

Nuclear scale

Nucleosome &
nucleosome
| clusters ‘

Nucleosomal scale
Figura 2. Representacién esquematica de los distintos niveles de organizacion dentro del
nucleo (Tomado de Dogan and Liu 2018). Los cromosomas individuales ocupan un
subespacio en el nucleo y formas los llamados territorios cromosémales, estos ultimos a su
vez pueden estar divididos en los compartimentos A y B, que estdn enriquecidos para
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cromatina activa y reprimida, respectivamente. A continuacién, se forman regiones
gendmicas dentro de los TAD que muestran interacciones aumentadas, mientras que las
interacciones con regiones fuera de los TAD son bastante limitadas. Un ndmero limitado de
asas de cromatina se conectan por medio de elementos reguladores a sus loci objetivo.
Finalmente tenemos los “clutches” de nucleosomas, el nucleosomay el ADN que se enrolla
en ellos.

1.2 Tipos de cromatina

Antes de que existieran las tecnologias basadas en 3C para el estudio de la estructura 3D
del nucleo, en lo que ahora conocemos como nivel de “clutches” de nucleosomas,
histéricamente la cromatina se clasifica en dos tipos: heterocromatina y eucromatina
(Richards and Elgin 2002) (Figura 3). La eucromatina es el estado en que la cromatina se
encuentra descondensada debido a la baja densidad de nucleosomas proporcionando una
composicion laxa que permite la entrada de la maquinaria de la transcripcién para que esta
se lleve a cabo, e incluye la mayoria de los genes transcripcionalmente activos (Piacentini
et al. 2009). Por el contrario, la heterocromatina se correlaciona con secuencias
compactadas, altamente condensadas, silenciadas y repetitivas que se encuentran cerca de
ubicaciones centroméricas y teloméricas (Murzina et al. 1999). A través de la tincidn de
diferentes tipos de células, Emil Heitz concibid el término "heterocromatina" hace mas de
90 afios, observando la retencién de esta estructura mas compacta a lo largo del ciclo
celular (Berger 2019). Estas estructuras heterocromaticas se han convertido en un area
esencial de estudio debido a su papel en el silenciamiento de genes (Dillon 2004).

Heterocromatina

Figura 3. Representacion de los tipos de cromatina. La eucromatina tiene una baja densidad
de nucleosomas y mas abierta para procesos transcripcionales. La heterocromatina se
encuentra mas compacta en cantidad de nucleosomas (circulos azules).

En los eucariotas, la heterocromatina puede clasificarse como constitutiva, que se
encuentra permanentemente compacta, contiene pocos genes y esta formada
principalmente por secuencias repetitivas localizadas en regiones coincidentes con
centromeros y teldmeros. Este tipo de cromatina se encuentra permanentemente
silenciada y los genes son rara vez expresados. Con base a criterios citolégicos, un tercio del
genoma de Drosophila melanogaster, incluyendo los telémeros, las regiones pericéntricas
y el cromosoma 4, se considera como la heterocromatina (Fanti and Pimpinelli 2008). El
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otro tipo de heterocromatina es la facultativa, que puede pasar de un estado compacto a
uno mas relajado dependiendo de la actividad transcripcional que varia por su condicién
entre los distintos tipos celulares o en diferentes etapas del desarrollo (Britten and Kohne
1968). En algunos trabajos han encontrado alteraciones de la heterocromatina constitutiva
en diversos tipos de cancer. En particular, se ha observado una disminucion de la proteina
HP1, que normalmente se localiza en la regiones heterocromaticas de los cromosomas en
cancer de mama vy se utiliza como biomarcador para este cancer (Vad-Nielsen and Nielsen
2015; Zhu et al. 2011; Y.-H. Lee et al. 2015).

La heterocromatina constitutiva se establece temprano en el desarrollo y en el caso de
Drosophila, comienza en el ciclo 13 del desarrollo embrionario (Armstrong and Duronio
2019; Seller, Cho, and Farrell 2019). El modelo propuesto implica un complejo que contiene
una metiltransferasa (Eggless/SetDB1) de la marca H3K9 vy la proteina HPla
"Heterochromatin protein 1". HP1a es uno de los factores involucrados en la compactacién
de la cromatina (Joel C. Eissenberg and Elgin 2014) y estd compuesta por dos dominios
altamente conservados, el cromodominio en la parte N-terminal (CHD) (Grewal and lJia
2007) y un dominio cromoshadow en la parte C-terminal (CSD), que estan separados por
una region hinge de longitud variable. La histona H3K9me (di o tri metilada) actia como un
sitio de unién para HP1a, que se une a través de su CHD a estas marcas de cromatina,
posiblemente con la participacidon de otras interacciones estabilizadoras (Bannister et al.
2001; Jacobs and Khorasanizadeh 2002; Lechner et al. 2000). Para promover la
condensacién, los nucleosomas con esta marca son reconocidos por HP1 y se fortalece la
asociacién con la metiltransferasa, por ejemplo SUV39H1, que a su vez reconoce las colas
de H3 no metiladas cercanas a la lisina 9 a través de su dominio SET, creando nuevos sitios
de unién H3K9me para HP1a. Por lo tanto, este sistema de tres componentes podria explicar
la propagacién y el mantenimiento de silenciamiento de genes heterocromaticos (Fuks et
al. 2003; Muramatsu et al. 2016). Esta interaccion se conserva tanto en mamiferos como en
Drosophila (H. Ito et al. 2012; Schotta et al. 2002; Yamamoto and Sonoda 2003).

Aunado a esto, estudios bioquimicos e in vivo de las ultimas décadas han implicado que las
diversas funciones de la heterocromatina dependen de la capacidad de estas estructuras
para propagarse a través de grandes regiones del genoma, para compactar el ADN
subyacente, y para reclutar diferentes tipos de actividades. Observaciones recientes han
sugerido que la heterocromatina puede poseer propiedades similares a gotas liquidas con
una participacién importante de HP1 para definir la separacion de fases (Larson and Narlikar
2018), donde se ha demostrado que HPla, tanto de humano como de Drosophila,
promueve la separacion de fase de la heterocromatina de la eucromatina (Larson et al.
2017;Y. C. G. Lee et al. 2020).

Un claro ejemplo de grandes bloques de heterocromatina son los centromeros, que se
definen como loci cromosdmicos donde los cinetocoros se ensamblan. La mayoria de los
centromeros eucariotas estan compuestos de repeticiones de ADN, mismas que estan
incrustadas en heterocromatina dependiente de la marca H3K9me. Ademas, el ADN de
estas regiones se encuentra fuertemente metilado en células somaticas de mamiferos. Sin
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embargo, los parches de estas repetidas tienen nucleosomas inusuales, ya que la histona
candnica H3 es reemplazada por su variante centromérica CENP-A. Estos nucleosomas
especificos del centromero forman la base fisica para que se una el cinetocoro (McKinley
and Cheeseman 2016). Los cromocentros juegan un papel importante en el mantenimiento
y estabilidad del genoma a medida que garantizan la baja transcripcién de estas repetidas
de ADN mientras que aseguran que centrémeros se unan correctamente al cinetocoro y se
lleve a cabo la divisidn celular (X. Liu et al. 2020; Corless, Hocker, and Erhardt 2020).

La separacion de fases podria entonces representar un estado menos accesible y mas
reprimido de genes regulados en el desarrollo a medida que las células avanzan a través de
la diferenciacién. También puede estar asociado con regiones del genoma que tienen
heterocromatina constitutiva como los centromeros. Se especula que, un estado similar al
gel formado por heterocromatina con HP1, puede desempenar un papel estructural parcial,
como proporcionar un ancla para el cinetocoro durante la segregacién cromosdmica
(Larson and Narlikar 2018).

Debido a este complejo grado de organizacion tridimensional y la importancia de la
compactacion de la cromatina, se sugiere que ésta es una estructura dindmica propensa a
la remodelacién y reestructuracion (Wang, Allis, and Chi 2007), y por lo tanto se requieren
de diversas estrategias para que la maquinaria de transcripcion pueda identificar sus
secuencias blanco y tener acceso a las mismas (Li, Carey, and Workman 2007). Estos
cambios, permiten el facil ingreso y la interaccion de los factores de transcripcidn con la
cromatina y por ende permiten que se lleve a cabo el proceso de transcripcidn. Las distintas
estrategias epigenéticas pueden ser modificaciones postraduccionales de histonas,
reemplazo de histonas candnicas por variantes de histonas, metilacion del ADN,
remodelacién de cromatina dependiente de ATP y unién de ARN no codificantes. Cada
mecanismo ha sido ampliamente estudiado, revelando que estan altamente coordinados,
interactuando funcionalmente e influyendo entre ellos (Gray 2014; Torres and Fujimori
2015). A continuacidn, se describiran con mayor profundidad los complejos remodeladores
de la cromatina.

1.3 Remodeladores de la cromatina

Los complejos remodeladores de la cromatina son maquinarias multiprotéicas
especializadas que permiten el acceso al ADN alterando la estructura, la composicién o el
posicionamiento de los nucleosomas de manera temporal ya sea por desplazamiento o por
remocion de éstos (Cairns et al. 1996). Estos factores determinan la arquitectura de la
cromatina ayudando a remodelar los nucleosomas que se encuentran cubriendo regiones
promotoras y reguladoras como por ejemplo las llamadas “enhancers” las cuales regulan el
inicio de la transcripcion de un gen e incrementan los niveles de transcripcion
respectivamente. Los complejos remodeladores de la cromatina, permiten que se lleve a
cabo una regulacién en la transcripcion, activan o reprimen controlando los distintos
estados de la cromatina (entre eucromatina y heterocromatina). Los promotores pueden
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encontrarse bajo dos condiciones distintas: abiertos, como ocurre en el caso de los genes
constitutivos (se expresan de manera constante) y cubiertos, como ocurre en los genes
altamente regulados (solo se expresan bajo condiciones adecuadas, por ejemplo, en algun
momento del desarrollo y en tejidos especificos) (Cairns 2009).

Los complejos remodeladores de la cromatina requieren de la hidrélisis de ATP para cumplir
sus funciones de remodelacion. Es por ello por lo que todos los complejos remodeladores
poseen una subunidad con un dominio de ATPasa altamente conservado (Saha, Wittmeyer,
and Cairns 2006). Por lo general estos han sido clasificados de acuerdo con sus funciones
principales, el grado de conservacidn que existe entre sus dominios de ATPasa y de acuerdo
con la presencia de otros dominios cerca de la region C-terminal que actdan como sitios
blancos o de regulacion para la interaccion y el reconocimiento del ADN (Saha, Wittmeyer,
and Cairns 2006).

Existen al menos 4 familias de remodeladores de la cromatina reportados en mamiferos y
se encuentran conservados en la evolucién: NURD/Mi-2/CHD, INO8O, ISWI y SWI/SNF2,
(Saha, Wittmeyer, and Cairns 2006). A continuacidn, se describen algunas caracteristicas de
ellas (Figura 4):

e Familia NURD/Mi-2/CHD (“Chromodomain-Helicase-DNA binding”), al igual que
otras familias de complejos remodeladores, el complejo NuRD tiene funciones
importantes en procesos como la transcripcién, el ensamblaje de cromatina, la
progresion del ciclo celular y la estabilidad gendmica (Clapier et al. 2016); pero
también en la represion de la transcripcidn y el silenciamiento regulado de ciertos
genes (Saha, Wittmeyer, and Cairns 2006). Fue descrito por primera vez en X. laevis
(Marfella and Imbalzano 2007).

e Familia INO80 (“Inositol requiring 80”), participa en procesos de reparacién,
transcripcion del ADN y recombinacién homologa. Fue purificado y caracterizado
por primera vez en Saccharomyces cerevisiae. (Saha, Wittmeyer, and Cairns 2006;
Clapier and Cairns 2009; Kusch, Mei, and Nguyen 2014). INOS8O se transloca a lo
largo del ADN y promueve el intercambio del dimero H2A.Z-H2B de manera mas
eficiente que H2A-H2B (Brahma et al. 2017).

e Familia ISWI (“Imitation switch”) la cual ayuda a conducir el ensamblaje y la
organizacién de la cromatina (Langst et al. 1999; T. Ito et al. 1997), manteniendo el
espaciamiento convencional de los cromosomas. Actian sobre nucleosomas no
acetilados confinando su actividad a nucleosomas en regiones transcripcionalmente
inactivas (Corona et al. 2002). Fue descrito por primera vez en D. melanogaster
(Tsukiyama et al. 1995; T. Ito et al. 1997; Varga-Weisz et al. 1997).

e Familia SWI/SNF2 (“Switch defective/sucrose nonfermenting”) brinda acceso al ADN
por medio del desplazamiento de nucleosomas (Whitehouse et al. 1999) o por la
liberacion de los mismos (Lorch and Kornberg 2017). Su funcién generalmente se
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encuentra correlacionada a la movilizaciéon de los nucleosomas y a la activacion
transcripcional (Clapier et al. 2016). Fue descrita por primera vez en S. cerevisiae y
esta familia se caracteriza por un dominio DExx / helicasa separado en dos por una
insercién corta (Rein Aasland, Stewart, and Gibson 1996; Boyer et al. 2002;
Tsukiyama et al. 1995)

INCB0 _ I | —

HSA  DExx Helicase
1SWI | I
DExx Helicase SANT
Ch “::'::’-'""'I ns
CDH L [ [ B
DExx Helicase
SWI'SNF AL p— [
DExx Helicase
| —
Short Insertion

Figura 4. Representacion de las cuatro familias principales de remodeladores de la
cromatina (Tomado de Magana-Acosta and Valadez-Graham 2020). Se muestran las
principales caracteristicas y dominios de las familias INO80O, ISWI, CHD y SWI/SNF2.

En humanos, en algunas ocasiones, la desregulacion o las mutaciones relacionados con los
factores que se encuentran involucrados en la estructuraciéon de la cromatina, como los
complejos remodeladores de la cromatina, son causas de diversas enfermedades vy
sindromes como lo es el caso de la proteina ATRX que es un remodelador de la cromatina
miembro de la familia SWI/SNF2 (Drané et al. 2010; Goldberg et al. 2010; Peter W. Lewis et
al. 2010) que se describira a continuacién.

1.4 ATRX
El gen hATRX de humanos que fue descrito en 1995 (Gibbons et al. 1995). Mutaciones en
hATRX (“Alpha-Thalassemia mental Retardation syndrome X- related”) se asocian con un
sindrome ligado al cromosoma X que incluye una serie de fenotipos como retraso mental
de moderado a severo, fallas psicomotoras, a-talasemia, anormalidades urogenitales,
microcefalia, entre otras (Garrick et al. 2004).

El gen hATRX se encuentra en la posicidn Xql13.1-g21.1, por lo que la mayor parte de los
individuos afectados son hombres (Gibbons et al. 1995). El gen hATRX comprende
aproximadamente 300 kb de ADN gendmico (Gibbons et al. 1995) y consta de 36 exones
(Picketts et al. 1996) que codifican al menos dos transcritos que dan lugar a dos proteinas
ligeramente distintas: una de 280 kDa que se localiza preferencialmente en
heterocromatina y en los cuerpos PML, los cuales estdn compuestos principalmente por
material proteico no cromatico. Esta isoforma puede unirse a las proteinas Daxx (“Death
domain associated protein”) y MeCP2 ("Methyl CpG binding protein 2")(ver Figura 5).
Ademads, se produce otro transcrito por “splicing” diferencial en donde el intrén 11 es
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retenido generando un coddn de terminacién. Este transcrito da origen a otra isoforma
proteica llamada ATRXt de aproximadamente 180 kDa (Garrick et al. 2004). El resultado es
un péptido que conserva el dominio ADD pero carece de la parte C-terminal donde se
encuentra el dominio ATPasa/Helicasa y pierde la unién a las proteinas Daxx, MeCP2 y la
localizacion en los cuerpos PML aunque se ha visto que se sigue asociando a
heterocromatina (Garrick et al. 2004).

a ~50% ~30%

oS0 Human ATRX

E 8 %8530@ 888

EZH2 interaction domain

il Helcase/ATPase oL 280100
___________ HPta _ _ _ _ _ Denox MeCP2
mH2A1 interaction domain = 7 "SMC1/SMC3 interaction domain

EZH2 interaction domain

l 180 kDa

mH2A1 interaction domain

Figura 5. Las dos isoformas de ATRX y las mutaciones en el gen descritas. a) Distintas
mutaciones hasta la fecha descritas en la proteina ATRX sobre los dominios ADD (~50%) y
Helicasa/ATPasa (~30%) (Modificado de Eustermann et al. 2011). b) La isoforma de la
proteina ATRX (280KDa) con sus dominios y sitios de interaccion con distintas proteinasy la
isoforma alternativa ATRXt (180 kDa) (Modificado de Dyer et al. 2017).

Los individuos con el sindrome ATRX tienen diversas mutaciones en diferentes sitios atraves
del cuerpo del gen (ver Figura 5a), lo que ocasiona cambios en los aminoacidos conservando
el marco de lectura, productos truncados o deleciones (Garrick et al. 2004). Estas
mutaciones por lo general dan lugar a un cambio en la funcionalidad de la proteina y en su
mayoria afectan los principales dominios conservados a lo largo de la evolucién.

Uno de los principales dominios es del tipo ATPasa-helicasa localizado en el carboxilo
terminal de la proteina, este dominio la clasifica como miembro de la familia SWI/SNF2 de
remodeladores de la cromatina (Xue et al. 2003) y es capaz de deslizar y reposicionar
nucleosomas (Clapier and Cairns 2009), cerca del 30% de las mutaciones descritas hasta la
fecha afectan este dominio (Eustermann et al. 2011).El otro dominio se encuentra en la
porcidon amino y estd compuesto por un dedo de zinc del tipo PHD (“Plant homeo-domain”)
y un dedo de zinc del tipo GATA (A. Argentaro et al. 2007). Esta organizacién de dedos de
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zinc esta presente Unicamente en las ADN metil-transferasas DNMT3-DNMT3L y por lo
tanto es conocido como ADD (ATRX-DNMT3-DNMT3L). Aproximadamente el 50% de las
mutaciones que producen la enfermedad afectan este dominio (Anthony Argentaro et al.
2007).

Se ha propuesto que el dominio ADD podria estar involucrado en el reconocimiento de
distintas modificaciones postraduccionales de las histonas e incluso se ha demostrado que
puede unirse a ellas, en particular con la combinatoria de H3K9me3 y H3K4meO (Dhayalan
etal. 2011). Por otro lado, el dominio ADD de las proteinas DNMT reconoce solo la ausencia
de metilacién de H3K4, el dominio ADD de ATRX es Unico ya que tiene la capacidad de
reconocer H3K9me3 junto con H3K4me0, uniéndose mas eficientemente a histonas que
contienen esta combinacién de marcas (lwase et al. 2011; Eustermann et al. 2011; Dhayalan
et al. 2011).

Eustermann et al., (2011) realizaron experimentos en células de ratén donde vieron que
esta combinacidn de marcas es necesaria para la localizacién de ATRX en la heterocromatina
pericentromérica, donde este reclutamiento se ve aumentado por la interaccién con HP1a
que también reconoce la marca de H3K9me3.

También se ha propuesto que hATRX tiene un papel en la represién transcripcional o que
participa en la formacién de la heterocromatina debido a que mediante ensayos de
inmunolocalizacion, la forma larga de la proteina interacciona fisicamente y co-localiza con
la proteina HP1a la cual se asocia a regiones heterocromaticas y es una proteina represora
de la transcripcidn y tiene una participacidn importante en el mantenimiento de Ia
heterocromatina (McDowell et al. 1999).

Durante la mitosis en Drosophila, la quinasa Aurora B fosforila H3 en su posicién serina 10,
este mecanismo se ha visto que desplaza a HPla y quizds a otras proteinas de la
heterocromatina mitética (Hirota et al. 2005; Williams et al. 2019). Entonces, el
cromodominio de HP1 no es capaz de unirse a la a marca de H3K9me3 si la serina se
encuentra fosforilada, mientras que el dominio ADD si puede continuar unido a pesar de la
fosforilaciéon y entonces ATRX es una de las pocas proteinas que continua unida a la
cromatina durante la mitosis, probablemente funcionando como marcador en la cromatina
(Hendzel et al. 1997a; Bérubé, Smeenk, and Picketts 2000).

hATRX también interacciona con un miembro de la familia Polycomb EZH2, involucrado en
el silenciamiento de genes durante el desarrollo (Cardoso et al. 1998). También se ha
descrito que hATRX se une a elementos repetidos y es necesario para la formacién de
heterocromatina constitutiva (Sadic et al. 2015).

Por otra parte, en la region C-terminal ATRX presenta siete dominios colineales
conservados, tipicamente encontrados en la familia SNF2 (SWI/SNF2) de proteinas
asociadas a complejos remodeladores de la cromatina que le confiere actividad de ATPasa
(Gibbons et al. 1995). Miembros de la familia SNF2 se encuentran en grandes complejos
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proteicos donde emplean la energia derivada de la hidrélisis de ATP para modular el
contacto histonas-ADN (Bérubé 2011).

La caracterizacion bioquimica ha mostrado que ATRX en conjunto con la proteina DAXX
exhibe una actividad de ATPasa que se ve estimulada por la presencia de ADN y de
nucleosomas (Tang et al. 2004) y por estudios in vitro se observd una actividad de
translocasa en el ADN (Xue et al. 2003); es decir, que son capaces de desplazarse cortas
distancias por el ADN o de desplazar el ADN. Dicho desplazamiento crea una torsidén que se
traduce en superenrollamiento del ADN y por lo tanto se sugiere que ATRX puede
interrumpir la interaccion ADN-histona, pero no altera el posicionamiento de los
nucleosomas (Xue et al. 2003) y esta actividad es esencial para el intercambio de la H3.3
junto con DAXX (Peter W. Lewis et al. 2010)

Durante mi proyecto de maestria realicé un dendograma utilizando el programa PhyML con
12 organismos modelos para observar la relacién de la proteina ATRX entre ellos. Se pueden
observar dos grupos principalmente, los vertebrados y los invertebrados junto con
Arabidopsis (que si presenta el dominio ADD). Los vertebrados mantienen una alta
conservacién de los aminoacidos en ambos dominios de la proteina y los organismos
invertebrados presentan el dominio Helicasa/ATPasa pero carecen del dominio ADD (Ldpez-
Falcon et al. 2014). Asimismo, realicé un esquema comparativo entre los dominios de la
proteina ATRX en los mismos 12 organismos, donde podemos observar el dominio ADD en
verde, el SNF2 en naranja, la Helicasa/ATPasa en amarillo y la posicion de los aminoacidos
dentro de la proteina. Los vertebrados conservan ambos dominios mientras que en los
invertebrados se ve la ausencia del dominio ADD en la region N-terminal de la proteina
(Figura 6).
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Figura 6. Conservacion de los dominios ADD (verde), SNF2 (naranja) y Helicasa (amarillo) de
ATRX en los distintos organismos. Drly 5: Danio rerio , Gg: Gallus gallus, Pt: Pan troglodytes,
Hs: Homo sapiens, Ec: Equus ferus caballus, Mm: Mus musculus, Xt: Xenopus tropicalis, Sm:

Schistosoma mansoni, Dm: Drosophila melanogaster, Aa: Anopheles, Ce: Caenorhabditis
elegans, At: Arabidopsis thaliana.

hATRX se encontrd en regiones teloméricas co-localizando con la variante de histona H3.3
y se observé como regulador clave de la cromatina telomérica (Wong et al. 2010). Se
encontré que hATRX es esencial para incorporar a H3.3 y participa en la unién de HPla a
los telémeros, por lo que se sugiere que estas proteinas pueden actuar para lograr un
equilibrio en el estado de condensacion de la cromatina que permite la renovacion de los

telédmeros, pero sin perder su estructura compacta para mantener estas regiones
heterocromaticas (P. W. Lewis et al. 2010).
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Otro descubrimiento fue realizado por Law et. al., (2010) donde observa que hATRX se une
a secuencias en tdndem tanto en los telémeros como en la eucromatina. Muchas de estas
secuencias repetidas pueden formar in vitro una estructura en el ADN que es llamada
cuadruple hélice (G-cuadruplex) y que hATRX se une a estas estructuras donde puede jugar
un papel importante. En células de pacientes con mutaciones en hATRX, los genes asociados
a estas secuencias repetidas se desregulan ocasionando los variados fenotipos que se
presentan en pacientes con el Sindrome, uno de estos genes es el de la alfa-globina, lo que
apoya su papel en la regulacion transcripcional de este gen (Law et al. 2010).

A pesar de que ATRX es una proteina muy conservada a lo largo de la evolucidn, en andlisis
previos realizados en el laboratorio observamos una clara separacion de los organismos
vertebrados e invertebrados (Figura 7), donde los vertebrados mantienen una alta
conservacion de los aminoacidos en ambos dominios de la proteina y los invertebrados por
su parte presentan Unicamente el dominio Helicasa/ATPasa, pero carecen del dominio ADD.
Anteriormente se habian reportado posibles ortélogos de esta proteina en Drosophila
melanogaster o Caenorhabditis elegans carentes del dominio ADD (Argentaro et al., 2007).
Cuando realizamos andlisis a mayor detalle observamos que en la clase Insecta, por medio
de un evento de fision, estos dominios quedaron separados y ahora cada uno es codificado
por un gen diferente (Lépez-Falcén et al., 2014).
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Figura 7. Analisis filogenético del dominio ADD. La proteina ATRX se encuentra completa en
plantas y vertebrados, pero parece que sufrié un evento de fisién durante la evolucién de
los insectos. EI dominio ADD (verde) y el dominio Helicasa/SNF2 (amarillo/rojo). Las
proteinas homologas para el dominio ADD en el género de Drosophila adquirieron dominios
MADF (azul), es probable que este dominio sea funcional dada su conservacién dentro del
género. Theobroma cacao (arbol de cacao), Ciona intestinalis (urocordado), Saccoglossus
kowalevskii (gusano), Artemisia californica (arbusto), Danio rerio (pez cebra), Gallus gallus
(gallo), Ornithorhynchus anatinus (ornitorrinco), Homo sapiens (humano), Mus musculus
(ratdn), Nasonia vitripennis (avispa), Apis mellifera (abeja), Bombus impatiens (abejorro),
Aedes aegypti (mosquito), Drosophila willistoni, Drosophila vinilis, Drosophila ananassae,
Drosophila melanogaster (mosca de la fruta).
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2.- ANTECEDENTES

En D. melanogaster se ha reportado que existe un posible gen homdlogo a hATRX, (dXnp)
que codifica dos isoformas proteicas de distinto peso molecular. Una isoforma larga llamada
dXnp-L de 148 kDa y una corta llamada dXnp-S, que se genera por un sitio alterno de Ila
traduccion, de 110 kDa (Bassett et al. 2008). La isoforma larga presenta un 48% de identidad
y un 66% de similitud en aminoacidos con hATRX. Ambas isoformas comparten la regién C-
terminal Helicasa/ATPasa con la proteina humana, sin embargo, ninguna posee en su regién
N-terminal el dominio ADD (N. G. Lee et al. 2007) lo cual la hace una diferencia interesante
entre la proteina de humano y la de mosca. Se sabe que dXnp-L se encuentra localizada en
heterocromatina pericentromérica y que al igual que hATRX interacciona fisicamente con
HPla y se han colocalizado juntas en cromosomas politénicos (Bassett et al. 2008).

Por otra parte, Schneiderman et. al., (2009) mediante inmuno-histoquimica, observaron co-
localizacion entre dXNP y la ARN Polimerasa Il en la etapa de elongacion del ARN en algunos
lugares, lo que implica que la proteina estd presente en zonas de eucromatina. Al igual que
en los humanos, existen datos que indican que en Drosophila ATRX también co-localiza con
H3.3 en sitios de intercambio de nucleosomas y en regiones de heterocromatina en el
cromosoma X (Schneiderman et al. 2009). En nuestro laboratorio mediante un ensayo de
doble hibrido, se encontré que dXNP-L interacciona con el factor de transcripcion DREF que
tiene una secuencia de union consenso al ADN y funciona como un regulador positivo de la
transcripcion, particularmente de genes involucrados en la proliferacion celular. Mediante
ensayos in vivo e in vitro se determind que DREF es capaz de unirse a la secuencia
promotora del gen pannier (pnr), un gen importante en diversos procesos del desarrollo de
la mosca, y activar su transcripcion, y que dXNP es reclutado por DREF para reprimir la
transcripcion de pnr cuando este gen ya no necesita ser expresado (Valadez-Graham et al.
2012).

Aunque dXNP se observa en ambos procesos, tanto transcripcién activa como represién, se
sugiere que estd mas involucrada en el silenciamiento de genes y su reclutamiento a
heterocromatina (Bassett et al. 2008; Emelyanov et al. 2010). A pesar de todos estos
avances en el conocimiento de dXNP, se desconoce el papel exacto que juega en la
regulaciéon de la transcripcidn. Nuestro grupo y el grupo de la Dra. Kuroda identificamos al
ortélogo del dominio ADD en la mosca el cual esta codificado por un gen al que se nombroé
dadd1 (Brenda Lépez-Falcon et al. 2014; Alekseyenko et al. 2014). Nuestro grupo realizé un
analisis in silico donde se encontré el gen, “CG8290”, el cual codifica para tres isoformas
gue contienen el dominio ADD. Por medio de la técnica de RT-PCR encontramos los tres
transcritos provenientes del gen daddl. Una de las isoformas nombrada dAdd1-a tiene un
peso reportado de 130 kDa. La segunda isoforma tiene un peso reportado de 127 kDa, y fue
nombrada dAdd1-b y tiene tres dominios MADF (myb/SANT-like domain in Adf-1) (Bhaskar
and Courey, 2002) que son una subfamilia de los dominios SANT (nombrado por: Switching-
defective protein 3 (Swi3), adaptor 2 (Ada2), nuclear receptor co-repressor (N-CoR) and
transcription factor (TF)IlIB) (R Aasland and Stewart 1995). Los dominios SANT tienen un
papel clave en el reconocimiento de las colas de las histonas, principalmente en aquellas
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que no poseen modificaciones (Boyer et al. 2002; Yu et al. 2003) y al parecer se ha
encontrado que reconocen secuencias consenso en el ADN. Por el punto isoeléctrico tedrico
los dominios SANT de dAdd1-b reconocerian al ADN. La tercera isoforma llamada dAdd1-c
tiene dividido el exdn tres produciendo un nuevo intrén. Este transcrito se encuentra
representado a lo largo de todo el desarrollo y genera una proteina de 112 kDa de peso
como se muestra en la figura 8 (Lopez-Falcén et al, 2014).
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Figura 8. La proteina ATRX en humanos y en Drosophila. a) La isoforma de la proteina ATRX
de mamiferos (280KDa) con sus dominios (ADD en verde y Helicasa/ATPasa en naranja) y
sitios de interaccién con distintas proteinas (Modificado de Dyer et al. 2017). b) En
Drosophila, dXNP codifica para dos isoformas proteicas que contienen el dominio
Helicasa/ATPasa (naranja) de distinto peso molecular: Xnp-L la isoforma larga de 148 kDa
gue interacciona fisicamente y colocaliza con la proteina HP1-a, y Xnp-S la isoforma corta
de 110 kDa (Modificado de Bassett et al. 2008; Valadez-Graham et al. 2012). ¢) El gen dADD1
codifica para 3 isoformas proteicas de distinto peso molecular que contienen el dominio
ADD (verde) y 2 isoformas ademds presentan dominios tipos MADF (azul marino)
(Modificado de Alekseyenko et al. 2014; Lopez-Falcén et al. 2014).

Durante mi trabajo de investigacidn en la maestria determinamos que dAdd1 es el ortdlogo
del dominio ADD de ATRX de humanos, tiene una alta homologia en secuencia y en
estructura 3D, demostramos por medio de pull-down y ColP que interaccionan fisicamente
con dXnp y HP1a, ademas de co-localizar en el cromocentro, y se confirmé por anilisis de
ChIP que las proteinas dAdd1 estan presentes en regiones de heterocromatina. Ademas,
demostramos una interaccién genética, las moscas que llevan combinaciones
transheterocigodticas de alelos mutantes de dadd1 y dxnp son semi-viables y presentan la
aparicion de masas melandticas (Basset et al 2008). Finalmente se encontrd que estas
proteinas tienen un papel en el mantenimiento de la heterocromatina.
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Posteriormente en el laboratorio, se descubrié que las mutaciones en los genes que
codifican las proteinas dXNP y dAddl afectan la estabilidad cromosdémica, causando
aberraciones cromosdmicas, incluidos defectos teloméricos, similares a los observados en
mutantes de Su(var)205 (el gen que codifica para HP1a). En células somaticas, se observo
qgue dXNP y dAdd1 participan en el silenciamiento de retrotransposones HTT teloméricos.
Ademas, la falta de dAdd1 da como resultado la pérdida de HP1a de las regiones teloméricas
y las mutaciones de pérdida de funcién de dXNP también afectan la localizacién de HP1a,
pero no en todos los telémeros, lo que sugiere un papel especializado para las proteinas
dAddl y dXNP en la localizacion de HP1la en los extremos de los cromosomas. Estos
resultados colocan a dAdd1 como un regulador esencial de la localizacion y funcion de HP1a
en el dominio heterocromatico de los telémeros (Chavez et al. 2017).

Conservar los niveles correctos de estas proteinas resulta importante para mantener la
estabilidad del genoma, perder a las proteinas dAddl y a dXNP tiene efectos en la
localizacion de HPla y estos efectos se observaron en los telémeros, sin embargo,
condiciones en donde se sobreexpresaran estas proteinas hasta el momento no habian sido
evaluadas. Adicionalmente, previamente las investigaciones del laboratorio se enfocaron
en los telémeros, pero un drea severamente afectada también son los centromeros. Por lo
tanto, en este trabajo se propuso examinar con mayor profundidad la organizacién de esta
zona heterocromatica tan abundante llamada cromocentro, y los efectos transcripcionales
que se producen en respuesta a cambios en la cantidad de las proteinas dAdd1 y dXNP.

3.- HIPOTESIS

Fallas en el mantenimiento de la heterocromatina pericéntrica afectaran la correcta
expresién de ciertos genes embebidos en dicha regiéon. Por lo que variaciones en la
concentracion de expresion de Add1 afectaran la estructura de la heterocromatina.

4.- OBJETIVOS
4.1.- Objetivo general

e Determinar el papel de las proteinas dAddl en el mantenimiento de la
estructura de la cromatina.

4.2.- Objetivos particulares

1. Determinar si la modificacion de los niveles basales de las proteinas dAdd1
afectan la estructura de la cromatina.

2. Examinar la localizacion subcelular de la proteina HP1a en condiciones donde

se sobreexpresan todas y las diferentes isoformas de dADD1 de manera
individual.
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3. Evaluar la presencia de marcas heterocromaticas en las histonas y su posible
modificacion en respuesta a los cambios niveles de las proteinas dADD1.

4. Analizar si los cambios en la expresion de las proteinas dADD1 inducen cambios
en la abundancia de genes localizados en regiones heterocromaticas.

5. MATERIALES Y METODOS

e (Cepas de moscas

La linea “white” se usé como cepa silvestre (w!??%). Todas las cepas se mantuvieron en
comida estandar a 25 °C (para 1 litro de medio: 100 gramos de levadura, 100 gramos de
azucar de cafia sin refinar, 16 gramos de agar, 10 ml de acido propidnico y 14 gramos de
gelatina. Se disolvieron todos los ingredientes excepto la levadura en 800 ml de agua del
grifo y luego disuelva la levadura. Autoclave inmediatamente durante 30 minutos.
Posteriormente, dejar enfriar el medio a 60° C y agregar acido propidnico, concentracién
final 0.01%, dejar reposar la botella hasta que se forme una gelatina). Las cepas transgenicas
se cruzaron con la linea w'!8; Sp/CyO; TM6B, Tb'/MKRS para balancear y tener todas en el
mismo fondo genético. Para realizar las cruzas se empled una temperatura de 28°C (ver
tabla 1).

Tabla 1. Cepas de moscas empleadas

Stock Lugar del que proviene Finalidad

UAS-dADD1 Kyoto ID 200280 sobreexpresién de todas las
isoformas de dADD1

Tub-GAL4 BLID 5138 “Driver” para inducir la
expresion en todo el
organismo

Act5C-GAL4 BLID 4414 “Driver” para inducir la
expresion en todo el
organismo

Sgs3-GAL4 BL ID 6870 “Driver” para inducir la

expresiéon en  glandulas
salivares de larva de tercer

instar
dadd1? Donado del laboratorio Dr. | Es una linea a la cual se le
Mitzi Kuroda removid el gen por lo cual
carece de la funcion de

dADD1
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UAS-XNP BL ID 26645 Promueve la
sobreexpresion de todas las
isoformas de XNP usando el
sistema Gal4

Xnp? BLID 26643 Alelo hipomorfo que se
realizd con un transposén
con el cual se elimind la
parte del promotor del gen
XNP y disminuye la cantidad
de ARNm producido

Xnp? BLID 26644 Alelo hipomorfo que se
realizd con un transposén
con el cual se elimina el
codoén de inicio XNP vy los
primeros 105 aminoacidos
de la region codificante

His2Av-RFP BLID 23651 Mosca transgénica
fluorescente que se wusé
para revisar el contenido de
cromatina en los distintos
fondos genéticos

e Generacidén de moscas transgénicas para sobreexpresar ADN de dos isoformas de
dADD1

Para generar las moscas transgénicas que sobreexpresan las isoformas dadd1-a y dadd1-b,
se tomd el cDNA que codifica para dichas isofromas y fue subclonado en el vector pUAST
gue contiene cinco secuencias UAS. Se llevaron a cabo una serie de digestiones para la
construccion de los vectores; el vector de donde se obtuvo el fragmento de “dadd1-a” fue
el pAc5.1/V5-HisdAdda-Flag en el cual previamente se habia insertado el fragmento dAdd1
de 3612 pb digerido con EcoRIl y Notl. Entonces el fragmento se extrajo digiriendo con las
mismas enzimas de restriccién (Roche) para obtener un fragmento de 3612 pb.
Simultaneamente, el vector pUAST se digirié con Notl y EcoRlI (Figura 9).

El vector que contiene el fragmento de “dadd1-b” fue el pAc5.1/V5-HisdAddb-Flag donde
se insertd el fragmento de dAdd1-b por medio de PCR insertando un sitio EcoRV con el oligo
forward. La insercion de este nuevo sitio de corte fue muy importante ya que el fragmento
gue codifica para dAdd1-b contiene un sitio EcoRI que lo fragmentaria a la mitad. Entonces
se decidio realizar la clonacién del fragmento con las enzimas de restricciéon Not1 y EcoRV
(Roche) para obtener un fragmento de 3378 pb. El vector pUAST se digirid con EcoRI y
posteriormente fue recortado con la enzima “Mung Bean nuclease” (Roche) para generar
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extremos romos para poder insertar el fragmento que proviene de la digestiéon con EcoRV.
Después se digirid con Notl para generar el otro extremo y poder tener una clonacién
direccional (Figura 9).

pUASTdAdd1-a ‘ ' pUASTdAdd1-b | ’
| 12504 pb ] 12282 pb

Figura 9. Esquema del vector pUAST con los respectivos insertos que contienen aAddl-a o
dAdd1-b. En este vector se ligaron los fragmentos obtenidos de los vectores pAc5.1/V5-his
y estas construcciones fueron las que se mandaron microinyectar para generar las moscas
transgénicas.

Se decidié empezar con estas dos isoformas debido a que ya se cuenta con el cDNA
completo de estas dos isoformas clonado en vectores de expresién pAc5.1/V5-his con
resistencia a ampicilina (ver Figura 9) proporcionados por Dra. Brenda Lépez Falcén ademas
gue las isoformas b y c son muy parecidas y solo difieren en un exén en la parte media (B.
Lépez-Falcon et al. 2014), con lo cual podemos discernir de sus posibles funciones
empezando con las isoformas a y b. Una vez obtenidas las construcciones deseadas se
realizaron midipreps empleando kit de QUIAGEN (QlAprep cat no 27106) para obtener la
cantidad necesaria de ADN para mandar microinyectar embriones de Drosophila.

La microinyeccién de los plasmidos con los respectivos fragmentos de cada isoforma se llevd
a cabo por la compafiia Best Gene (https://www.thebestgene.com/). Consistié en
microinyeccién de embriones de la linea w!8/w!!8 antes de la formacién de las células
polares ya que estas células daran origen a la linea germinal y es necesario inyectar antes
de este momento para poder heredar la construccidn. La microinyeccién se llevé a cabo con
los plasmidos pUAST que contiene cinco secuencias de levadura UAS (“Upstream Activator
Sequences”) inducibles por Gal4 también de levadura. Es un sistema ventajoso que permite
el control temporal y espacial de la expresion de genes ectdpicos que fue propuesto en 1993
por Brand y Perrimon (Brand and Perrimon 1993). Es un sistema de dos componentes, uno
de ellos es la proteina GAL4, que es un factor transcripcional endégeno de levaduras y no
presenta homdlogos en Drosophila. El segundo componente son las secuencias UAS a las
cuales se une GAL4 para activar la transcripcion de genes en Drosophila que se encuentran
rio abajo de la misma (Fischer, J.A,, Giniger, E., Maniatis, T.&Ptashne 1988) (Figura 10).
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Figura 10. El sistema UAS-GAL4 se puede usar como regulador de la expresién de genes en
Drosophila. Esquema el cual ejemplifica como se lleva a cabo la activacién especifica de un
gen haciendo uso del sistema UAS-Gal4. Uno de los individuos posee Unicamente la
secuencia activadora Gal4 y el otro posee solamente la secuencia UAS. Esto permite
asegurarnos que en toda la progenie de la F1 se active o inactive nuestro gen de interés
(gene X) (Tomado de St Johnston 2002).

En la tabla 2 se muestra la lista con la descripcion de las transgénicas que se obtuvieron
para la construccidn que contiene dadd1-a.

Tabla 2. Lineas transformadas con la construccién pUASTdadd1-a.

Numero de vial Etiqueta Localizacién (cromosoma)
1 16710-1-1M 3
2 16710-1-2M 3
3 16710-1-3M 2
4 16710-1-4M 3
5 16710-1-5M 3
6 16710-1-6M 3
7 16710-1-7M 3
8 16710-1-8M 3
9 16710-1-9M 2

En la tabla 3 se muestra una lista con la descripcidon de las moscas transgénicas que se
obtuvieron para la construccién que contiene dadd1-b.
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Tabla 3. Lineas transformadas con la construccion pUASTdadd1-b.

Numero de vial Etiqueta Localizacion (cromosoma)
1 16710-2-1M 2
2 16710-2-2M 3
3 16710-2-3M 3
4 16710-2-4M 3
5 16710-2-5M 3
6 16710-2-6M 2

Con el objetivo de poder inducir la expresion de las isoformas de dADD1, las lineas
transgénicas se establecieron cruzandolas con la mosca “balancer” w!?®: Sp/CyO; TM6B,
Tb1/MKRS y asi tener todas con el mismo fondo genético para no perder la insercidn de las
isoformas. Posteriormente, se realizaron cruzas con el “driver” Sgs-Gal4 (glandula salival) y
se extrajo en ARN total de las gldndulas salivales (siguiendo las instrucciones del proveedor
Trizol Invitrogen) para analizar con oligos especificos si se estaban sobreexpresando las
isoformas de manera individual sin afectar la expresion de las otras (Figura 11).

sgsGal4UAs-A
sgsGal4UAs-B
Gendmico
add2/add2

h20

® 2
— -
T T
T T
T @
%)
<<
o D

Sgsgald

3000 pb =

1000 pb = dAddl-a

500 pb — 470pb

S00pb e dAdd1-b
238pb

3000 pb =

1000 pb e

500 pb — <— rp49 pb

404

Figura 11. Las lineas transgénicas sobreexpresan especificamente cada isoforma cuando se
cruzan con un Gal4. En los primeros dos carriles se encuentran las lineas sin induccidn
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(progenitores de la cruza). El carril Sgs-Gal4 es la linea progenitor materna en ambos casos.
Los carriles 4 y 5 son los organismos resultantes de la cruza con la sobrexpresiones de cada
una de las isoformas. Finalmente se muestran los controles, ADN genémico “wild type”,
cDNA de la condicién nula dadd2'/ dadd2?! y H,0. Como control de carga se usé Rp49.

Para la amplificacion por PCR se mezclaron los siguientes componentes en un tubo estéril
de 0.5 ml: 2.5 ul de bufer 10x (Thermo®), 2 ul MgCl2 (Thermo®), 1 ul de dNTPS (Invitrogen®)
a 10mM cada uno, 1.5 pl del oligo A (10uM), 1.5 pl del oligo B (10uM), 0.5 pl de la enzima
“Taq DNA Polymerase” (Thermo®), 1 pl de cDNA (para obtener cDNA se convirtio 1 ug de
ARN total en 20ul finales) y 15 pl de agua estéril. Bajo las siguientes condiciones de
amplificacién: 94°C por 5 minutos (1 ciclo); 94°C por 30 segundos, 55°C por 30 segundos
para Rp49 y 60°C por 30 segundos para los oligos de ADD, 72°C por 30 segundos (30 ciclos);
72°C por 7 minutos (1 ciclo). El control de carga que se empled es Rp49 y finalmente se
visualizd por electroforesis en geles de agarosa al 1%.

. Inmunofluorescencia de cromosomas politénicos

Se seleccionaron larvas de tercer instar, que son aquellas que salieron del alimento
adhiriéndose a las paredes del tubo y presentan movilidad antes de prepararse para la
pupacion. Estas larvas fueron enjuagadas con agua destilada para quitar los excesos de
comida. Posteriormente las larvas se colocaron sobre un vidrio de reloj en una solucién de
NaCl 0.7%. Con la ayuda de un microscopio estereoscépico y unas pinzas de diseccidn se
tomé la larva por ambos extremos, la cola y la probdscide, extendiéndola cuidadosamente
hacia lados opuestos para extirpar las glandulas. Las glandulas fueron recolectadas y se
removieron los excesos de grasa y otros érganos. Los cromosomas politénicos fueron fijados
y extendidos siguiendo el protocolo reportado por Engels (1986). Primeramente, fueron
tratados los portaobjetos y cubreobjetos; los portaobjetos se lavaron en una solucién de 25
mL de Poli-L-lisina y puestos a secar durante una hora. Los cubreobjetos se lavaron en
solucién de 10 mL de sigmacote y puestos a secar durante una hora, posteriormente se
sumergieron en 10 mL de etanol al 100% y después se ponen a secar.

Se realizd la preparacidn de las soluciones de lisis y fijacidn para el proceso de “squash”. La
solucidn de lisis contiene: 69.38 ul de paraformaldehido 16% + 80.62 ul de H,O + 150 uL de
acido acético. La solucion fijadora esta compuesta por: 69.38 ul de paraformaldehido 16%
+227.62 ul de PBS 1X + 3ul de tritdn. Estas soluciones fueron separadas en el momento de
uso y se desecharon al pasar 2 horas.

Se tomaron 2 cubreobjetos tratados con Sigmacote® y se colocaron en uno 25 plL de la
solucidn fijadora en uno y en el otro 25 plL de la solucidn de lisis. Haciendo uso de las pinzas
de diseccidn, fueron colocadas dos pares de glandulas durante un periodo de 10 segundos
en la solucién de fijacién e inmediatamente después en la solucidn de lisis durante 1 minuto
y medio. Una vez transcurrido el tiempo se dejo caer suavemente sobre el cubreobjetos un
portaobjetos tratado con Sigmacote®. Se tomd el portaobjetos y con ayuda de una pinza se
deslizd de un lado a otro el cubreobjetos con el objetivo de romper el tejido, hasta el punto
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en que las glandulas quedaron esparcidas. Se cortd un fragmento de papel cromatografico
de 3MM “Whatman” aproximadamente del tamafio de un cubreobjetos, se colocé a lo
ancho de la muestra asegurandonos de abarcar todo el cubreobjetos y se deslizé el pulgar
apoyado de abajo hacia arriba varias veces con la finalidad de extender los cromosomas
politénicos "squash".

Las muestras fueron congeladas en nitrégeno liquido y finalmente fueron almacenadas a 4°
C en solucion de metanol para su posterior uso en la inmunotincion. Para hidratar las
preparaciones se enjuagan dos veces con PBS 1X durante 30 min. Después se incuban con
un anticuerpo de interés:

- anti-HP1a (C1A9 de DSHB 1:1000)
-anti-paddADD1 (New england peptide 1:50)
-anti-Histona H3K9me3 (Abcam 8898 1:50)
-anti-dXNP (New england peptide 1:10)

El respectivo anticuerpo se puso en leche Carnation en polvo al 1% (diluida en PBS 1X con
Igepal al 0.1%), y se deja incubando toda la noche a 4° C. Posteriormente las preparaciones
se lavaron 6 veces con Igepal al 0.1% diluido en PBS 1X por 15 minutos para después aplicar
el anticuerpo secundario (Alexa de Invitrogen) a una concentracion 1:100 Alexa Flour verde
488 antirabbit para a-H3K9me3, a-ADD y a-dXNP y 1:500 antimouse Alexa Flour rojo 564
para a-HP1 en leche Carnation en polvo al 1% (diluida en PBS 1X con Igepal al 0.1%) y se
deja incubar 3 horas a temperatura ambiente. Por ultimo, cada preparacién se lava 6 veces
con Igepal al 0.1% diluido en PBS 1X por 15 minutos en agitacién, se agregan 20 ul de
citifluor y se sellan. Las imagenes se tomaron en el microscopio confocal (Olympus FV1000)
con un aumento de 60x y posteriormente se analizaron en ImagelJ.

. Inmunotincién de glandulas salivales

Se extrajeron 15 pares de glandulas salivales o la mayor cantidad de glandulas que se
pudiera en media hora en PBS frio con inhibidores de proteasa (Aprotinina 10 pg/mL,
Leupeptina 10 pg/mL, 1x Complete Roche y PMSF 250 mM) bajo el microscopio
estereoscdpico. Posteriormente se fijaron con bufer 1X Ruvkun, mds metanol (afiadir 0,5 ml
de metanol al 100%) mas 2% de formaldehido y se incubaron durante 2 horas a 4 grados
Celsius con rotacién suave (Ruvkun 2x solucién: 160mM KCI, 40mM NaCl, 20mM EGTA,
30mM PIPES pH 7.4). Se realiz6 un lavado de rotacion de 5 minutos con Tris/Triton (100 mM
tris pH 7.4, 1% Triton X-100 y 1 mM EDTA) afiadiendo 1 ml. Se incubaron las glandulas
salivales en 1 ml de Tris/Triton X-100 (igual que el anterior) + 1% de B-mercaptoetanol
durante 2 horas a 37 °C con agitacién leve (300 rpm). Luego se realizé la permeabilizacion
con un lavado con 1 ml de bdfer BO3 (0.01 M H3BO3 pH 9.2 + 0.01 M NaOH) y luego se
incubaron en BO3 / 10 mM TDT a 37 ° C con agitacién leve (300 rpm) durante 15 minutos.
Al final del periodo de incubacién, se realizé un lavado con 1 ml de Bufer BOs solo. Para
bloquear, se incubaron las glandulas salivales en 1 ml de bufer B (PBS + 0,1% BSA + 0,5%
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Tritén X-100 + 1 mM EDTA) durante 2 horas a temperatura ambiente con rotacién. Para la
inmunotincion, eliminar todo el bufer B y se aifadié el bufer A (bufer B con 1% BSA) mas
anticuerpos de interés (en este caso usamos HPla C1A9 de Hybridoma Bank 1:3000)
durante la noche a 4°C con rotacidn. Al siguiente dia se dieron 3 lavados de 15 minutos cada
uno con bufer By después, las gldndulas se transfirieron al bufer B junto con el anticuerpo
secundario acoplado a un fluoréforo durante 2 horas bajo rotacién a 4°C (anticuerpo
secundario Alexa fluor 568 Invitrogen se utilizaron 1:3000). Posteriormente, se lavaron 2
veces durante 15 minutos a temperatura ambiente mientras se hace la rotacién con 1ml de
bufer C (bufer B sin EDTA). Incubar con un marcador de ADN como Hoechst (tomar 1pul de
caldo 10 mg/mL y disolver en 1 ml de bufer B) durante 10 minutos a temperatura ambiente
con rotacién. Se realizé un lavado con bufer By una vez con PBS, cada lavado de 10 minutos.
Finalmente, se montaron las glandulas salivales en un portaobjetos, haciendo una alberca
con un cubreobjetos. Se pusieron las glandulas salivales en el centro de la alberca y se
cubrieron con citifluor para posteriormente sellar todos los lados con esmalte de ufias claro.
Se observaron bajo un microscopio de fluorescencia o confocal.

. Ensayo tipo “Western blot”

Se colectaron 10 pares de larvas de tercer instar en PBS mas inhibidores de proteasas
(Aprotinina 10 pg/mL, Leupeptina 10 pug/mL, 1x Complete Roche y PMSF 250 mM) de cada
genotipo analizado. Las muestras se hirvieron en bufer de Laemmli y se cargaron en un gel
SDS-PAGE al 8% donde corrieron 10 minutos a 80 Volts y durante 2 horas a 110 Volts
(Maniatis, et al 1987).

Para realizar la inmunodeteccion, la membrana se bloqueé con leche Carnation en polvo al
10% en PBS 1X + 0.1% Tween20, en agitacidon durante 1 h. Se agregd la solucién con el
anticuerpo primario: Leche Carnation en polvo al 5% en PBS 1X + 0.1% Tween20 en una
dilucion de 1:3000 del anticuerpo a-BTubulina (E7 de DSHB) y 1:1000 del anticuerpo a-ADD
(New england peptide). Posteriormente se realizaron lavados con PBS+ 0.1% Tween20 y se
agregaron los anticuerpos secundarios acoplados a HRP (Zymed) 1:3000 “goat-antimouse”
y 1:5000 “goat-antirabbit” respectivamente. La detecciéon se realizé con el “Kit” de
Amersham para la deteccién por Quimioluminiscencia.

e Analisis de expresidn relativa gRT-PCR

Se extrajeron 10 pares de glandulas salivales y se guardaron en Trizol (Invitrogen). El ARN
se extrajo siguiendo el protocolo del proveedor, se cuantificé y almacend a -70°C en etanol
75% para su posterior utilizacién. La integridad del ARN se comprobd corriendo 1ul en un
gel desnaturalizante de agarosa al 1%. Para obtener cDNA se convirtiéd 1 ug de ARN total
disuelto en 20ul finales, mdas 1ul de oligo dT (Invitrogen), 1ul de dNTPs y agua inyectable.
Esta mezcla se calentd por 5 minutos a 65°C, se pasé por hielo y se le anadié 4ul de bufer
5%, 2ul DTT 0.1M y 0.5ul de inhibidor de RNAsa, se mezcld con pipeta y se puso 2 minutos a
37°C, finalmente se afiadid 1ul de transcriptasa reversa (ThermoFisher) y se dejé en el
termociclador por 1 hora a 37°C. Para inactivar la enzima se le dio un ciclo de 15 minutos a
65°C.
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Para analizar las distintas isoformas de dADD1 se cuentan con varios oligos, a continuacién,
se muestra un esquema (Figura 12) con las distintas isoformas y los oligos que se requieren
para ver cada isoforma de manera especifica.
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Figura 12. Esquema de los ARNm de dadd1 generados por “splicing” alternativo. Los
dominios ADD (verde) y MADF (azul) se representan como recuadros. Los oligos utilizados
para amplificar los ADNc se indican mediante flechas horizontales y el numero
proporcionado por la unidad de secuenciacién.

Las secuencias de los oligonucleétidos que se emplearon para la amplificacién de transcritos
sefialados en la Figura 15 se muestran en la siguiente tabla:

Tabla 4. Oligonucledtidos empleados para amplificar el transcritos

Nombre Forward Reverse

Su(var)3-9 GTGCGCTTCAAGAACGAACT GCGGCCTTTTGGCAATTACT
Su(var)205 GGGCAAGAAAATCGACAACCC | GGCCATTATTGTCGGAGGCA
Act5C GGTTGCAGCTTTAGTGGTCG GGCACAGTATGGGAGACACC
Sgs8 TGCTCGTTGTCGCCGTC GCCGCTCAAGACCCTCCATA
Psi TCCAGGGAAAGAACGACGAA | CGCTCCAGATTGCTGGTTGA
Kraken CGGAACTTTCGCCAGAGACAA | CTATCCGGCGAATCAGGCAT
Toy CGTTGCGGAACGAACATCAT CATCGTTGCAATCGGTTGTG
Lgs GTACCACAACAGCAAACCCC TGGGCTTGGTCGCCTACTTT
Cin ACACGGTACAAAAGACCGCC TCCACTTGCACTACGCAATCT
Msps GTATCGCAGTCCTATGCGCT CTACGGATTGAGCCGATGGT
vtd CATAATGTCCCTTCGCCTGC TCGACACCTCCAGTTTCTTTCC
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CG7742 ATGGCCAAGTGGAACGAACT AATCCTCTGGCACTGAACCG
NipB TTTGGCGAGCAAAACCACTC CCGTACGGAGACACCAGTAT
Ank TTTCGTTCTTACGTGCTGCTC TGTGCAAAGGGGTGAATCCT
Cta ACGCGGCTTTGAGGAGTAC GACTAGCTACCACAATATCC
RI TCGTATTGCAGATCCCGAGC TGCAAGAGCTTCCTCGACAG
Lt TTTGAGGAGGCAATGGAACTT | CAGCCAGGCCGTCATAAAGA

La RT-qPCR se llevo a cabo por duplicado y se utilizé el instrumento LightCycler Fast Start
DNA Master SYBR Green 1 (Roche). Para realizar la mezcla para el tiempo real se empled
2.5 ul de cDNA diluido (para hacer el cDNA se convirtié 1 ug de ARN total en 100 pl) mas 7.5
pl de mix (1ul de cada oligo 2.5 picomolar, 2 pl de mix con syber green y 3.5 ul agua
inyectable de la farmacia). Las condiciones de PCR fueron de 95 °C durante 10 minutos,
seguidas de 40 ciclos a 95 °C por 10 s, la temperatura de alineacién para 10s,y 72 °C por 18
s. Latemperatura de alineacién fue de 65-60 °C. El ciclo de umbral (Ct) se utilizé para evaluar
los niveles relativos de respeto al gen de control interno Rp49. Se compararon los niveles
relativos de genotipos mutantes con los niveles correspondientes de la cepa silvestre para
obtener la diferencia utilizando la férmula 2-AACT = [(CT gen de interés — CT control interno)
muestra A — (CT gen de interés — CT control interno) muestra B]. Se midié la abundancia de
transcritos con duplicados técnicos y se analizaron tres réplicas bioldgicas independientes.

e Inmunoprecipitacion de la cromatina en glandulas salivales

En cada uno de los ensayos se emplearon 120 pares de glandulas salivales previamente
disectadas en PBS mas inhibidores de proteasas (Aprotinina 10 pg/mL, Leupeptina 10
pug/mL, 1x Complete Roche y PMSF 250 mM). Las glandulas se guardaron conforme se
fueron extrayendo en pequenos lotes de 20 a 30 pares de glandulas a -70°C. El
entrecruzamiento de las glandulas se realizé afadiendo formaldehido al 1% final en 100 pl
de PBS y se incubaron por 15 minutos a 37°C. Las glandulas se lavaron 2 veces con 1ml de
PBS. Finalmente se guardaron en 100 ul de PBS a -70°C.

Al momento de realizar el experimento, las glandulas se descongelaron en hielo, se lavaron
2 veces con PBS y se juntaron los lotes hasta obtener 120 pares. Posteriormente se le afiadid
150 pl de bufer de lisis nuclear de sarcosinato (Tabla 5) mas inhibidores de proteasas.

Tabla 5. Bufer de lisis nuclear de sarcosinato

Concentracion final
10 mM

Concentracion de reactivos stock
Tris.HCl, pH 8, 1M
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NaCl 100 mM

Deoxicolato de sodio 0.1%
Lauroil sarcosinato de sodio 0.5%
EDTA 1mM
EGTA 0.5 mM

+ inhibidores de proteasa (complete | **Afadir fresco cada vez
1 tableta 100x, PMSF 100

Se realizd la incubacion en el bufer mencionado en la tabla anterior colocdndose en hielo
por 20 minutos y posteriormente se realizd el proceso de sonicacién en un aparato
Biotuptor (Configuracion 30on/300ff) durante 11 ciclos (para obtener fragmentos de
cromatina de 200-800 pares de bases). Una vez finalizados los ciclos de sonicado se le
afiadié triton-100 a una concentracion final de 1%. Los tubos se centrifugaron a 13,000 rpm
por 10 minutos a 4°C y el sobrenadante se transfirié a tubos que contienen perlas con
“prelimpiado” (estas perlas magnéticas estuvieron previamente incubadas una hora con un
anticuerpo irrelevante) y se dejaron en rotacidn por 1 hora a 4°C. Las perlas se colectaron
con la gradilla magnética y el extracto se transfiriéd a un nuevo tubo que contenia las perlas
previamente acopladas al anticuerpo de interés, en este caso HP1a (C1A9 de DSHB) y un
anticuerpo irrelevante, que fue el “Mock” (IgG de ratéon empleado como control negativo).
Las muestras se dejaron durante toda la noche en rotacion a 4°C. A las 12 horas se
colectaron las perlas con la gradilla magnética, el sobrenadante se desechd y se lavaron las
perlas 2 veces con bufer de baja sal, seguido de un lavado con bufer de alta sal,
posteriormente un lavado con cloruro de litio y finalmente un lavado con bufer TE. Los
fragmentos de cromatina se recuperan eluyendo 2 veces con 100 ul de bufer de elucién IP
preparado en el momento (0.1 M NaHCO3, 1% SDS) (cada elucion se incuba a 65°C por 15
minutos, posteriormente se recupera el sobrenadante removiendo las perlas). Al finalizar,
se mezclaron los 2 eluyentes y se afiade NaCl (10ul de 5M), EDTA (4ul de 0.5M), Tris (8ul de
1M) para revertir el entrecruzamiento por 2 horas a 65°C (este paso puede prolongarse
hasta 6 horas).

Se afiadié 2l de Proteinasa K grado ARN 20mg/ml por 2 horas a 65°C y finalmente se realizé
la extraccion del ADN con fenol:cloroformo:isoamilico (25:24:1). Se afiadié 1 pl de glicégeno
20 mg/ml para dejar precipitando toda la noche junto con 1/10 de volumen de 3M de
acetato de sodio, pH=5.2 junto con 2 voliumenes de etanol toda la noche a 4°C. Al siguiente
dia se centrifugd durante 20 minutos a 13000 rpm a 4°C, se lavé una vez con etanol al 70%
para remover la sal y se dejé secar el tubo. El pellet resultante se disolvié en 20ul de H,0O
inyectable. El ADN recuperado se analizé mediante PCR tiempo real que se llevé a cabo por
duplicado (2 réplicas técnicas) y se empled el reactivo LightCycler Fast Start DNA Master
SYBR Green 1 (Roche). Para realizar la mezcla para el tiempo real se empleé 2.5ul de ADN
diluido 1:100 para el input o directo del ChIP, mas 7.5ul de mix (1ul de cada oligo 2.5 pico
molar, 2ul del mix con syber green y 3.5ul agua inyectable de la farmacia). Las condiciones
de PCR fueron de 95 °C durante 10min, seguidas de 40 ciclos a 95 °C para 10s, la
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temperatura de alineacion para 10s, y 72 °C para 18s. La temperatura de alineacidon fue de
65-60 °C. Se emplearon los siguientes olinucleotidos disefiados para la regién promotora de
estos genes:

Tabla 6. Secuencias de los oligonucleétidos empleados para amplificar ensayos de
inmunoprecipitacion de la cromatina

Nombre Forward Reverse

Het-A ACAGATGCCAAGGCTTCAG GCCAGCGCATTTCATGC

Sgs8 TTTGGCACTTACCAATGACGGCGA TTCCATTGATCCTATAACACATTT
Psi TCCAGGGAAAGAACGACGAA CGCTCCAGATTGCTGGTTGA

Ank TTTCGTTCTTACGTGCTGCTC TGTGCAAAGGGGTGAATCCT

Cta ACGCGGCTTTGAGGAGTAC GACTAGCTACCACAATATCC

Lt TTTGAGGAGGCAATGGAACTT CAGCCAGGCCGTCATAAAGA
Hsp70Aa GGTCGTTGGCGATAATCTCC CTGCAACTACTGAAATCAAC

El enriguecimiento relativo al anticuerpo irrelevante o “mock “ (IgG de ratén) se calculd
empleando la siguiente formula % Input = 100*log2(dCt normalizado ChIP), donde dCt
normalizado ChIP = Ct muestra - [Ct input®*Input factor de dilucién)]

6. RESULTADOS

6.1.- La sobreexpresion de dADD1 causa letalidad en el organismo y ruptura de la
cromatina

Con base en los resultados obtenidos en los trabajos previos del laboratorio donde se
muestra que dADD1 esta involucrado en la union de HP1a a los telémeros, ademads del
hecho de que mutaciones en ATRX se han asociado con varios tipos de cancer, incluyendo
glioblastoma y céncer de pancreas (Mukherjee et al. 2018; Singhi et al. 2017) decidimos
hacer una busqueda bioinformatica de los niveles de transcritos de ATRX en una variedad
de cénceres somaticos humanos utilizando la base de datos COSMIC (Catalogue Of Somatic
Mutations In Cancer) (Harsha et al. 2018) y THPA (The Human Protein Atlas) (Uhlén et al.
2015), esto con la finalidad de evaluar tanto la presencia de niveles mas altos de la proteina
como los niveles mas bajos.

Esta busqueda fue realizada por la Dra. Amada Torres que se encontraba realizando una
estancia postdoctoral con la Dra. Viviana Valadez en ese momento. Ella encontré que ATRX
se presenta con valores altos de TPM (“Transcripts Per Million”) en todos los tipos de células
revisadas en la base de datos de THPA, principalmente en tejidos como la paratiroides y las
glandulas tiroideas, corteza cerebral y endometrio. Los umbrales utilizados para categorizar
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como “sobreexpresion” y la “subexpresiéon” de los niveles normales se explica en la base de
datos. La proteina estd presente en casi todos los tipos de tejidos humanos
(https://www.proteinatlas.org/) y (https://cancer.sanger.ac.uk/cosmic ).

Las alteraciones en su expresidon se encuentran en el 7,79% de los casos notificados
(795/10,202 casos). La Dra. Torres realizé una consulta filtrada en la base COSMIC donde
reportd 174 (4.45%) casos de sobreexpresion y 39 (0.99%) subexpresion que tuvieron
niveles modificados de ATRX, donde en paréntesis se muestra el porcentaje respecto al total
de casos registrados (n = 3910), respectivamente. La Dra. Torres curd los datos de forma
manual para seleccionar los pacientes sin antecedentes de tratamiento para descartar
posibles efectos secundarios de cualquier tratamiento, lo que nos dio un total de 144 casos
de sobreexpresion y 33 de subexpresion.

En la figura 13a se muestra la distribucidn de la sobreexpresién de ATRX en diferentes tipos
de tumores como tumores de pulmén (19%, franja color mostaza) y de mama (26%, franja
color rosa fuerte) que son los tipos mas abundantes de cancer con alteraciones en la
expresion; no encontramos ningun registro de tumores del sistema nervioso central
representados en este grupo. La figura 13b muestra los tipos de tumores asociados con una
menor cantidad de expresion de ATRX, como pulmén (38%, franja color mostaza) y tracto
aerodigestivo superior (18%, azul claro). La subexpresion no estd correlacionada con
cambios en el niumero de copias del gen, lo que indica que, como en los casos de
sobreexpresion, estos cambios podrian ser el resultado de otros eventos moleculares como
la represién génica o quizas mutaciones en secuencias reguladoras y de codificacién.

En la parte inferior de la Figura 13, se seleccionaron tejidos que representan los distintos
casos que encontramos y que en la base de datos THPA tuvieran varias imagenes con
inmunotinciones empleando el anticuerpo de Santa Cruz sc-15408 que reconoce a ATRX de
humanos. En la Figura 13c podemos ver la localizacién nuclear en las células glandulares de
una paciente sana. En la figura 13d se muestra un tejido con cancer de seno que presenta
bajos niveles de ATRX, y en la 13e y 13f podemos ver niveles altos de la proteina ATRX en
muestras de cancer de seno. La inmunotincién del tejido pulmonar sano con el mismo
anticuerpo se muestra en g y en h se observa una inmunotincion baja.

Las Figura 13i y 13j son ejemplos de carcinoma de pulmdn en los que ATRX se sobreexpresa
con tincion fuerte y localizacién nuclear. Estos datos asocian la sobreexpresion de ATRX con
varios tipos de tumores somaticos, por lo tanto, un analisis mas profundo de los efectos
moleculares de la sobreexpresion ATRX es esencial para estudiar su papel como uno de los
factores que pueden conducir a la aparicion o mantenimiento de un fenotipo tumoral
transformado.
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Figura 13. Distribucion de los casos por tipo de cancer, presentada en porcentaje con a)
sobreexpresion de ATRX y b) subexpresion de ATRX. ¢) Muestra de tejido mamario sano (id
del paciente: 3544) de una paciente de 45 afios que presenta inmunohistoquimica contra
la proteina ATRX, d) Muestra de carcinoma de conducto mamario (id del paciente: 1874) de
una paciente de 80 anos. e) Muestra de carcinoma de conductos mamarios (id del paciente:
4193) de una paciente de 43 afios con alta sefial de ATRX. f) Muestra de carcinoma lobular
(id del paciente: 4789) de un paciente de 49 afios con una alta sefial de ATRX. g) Tejido sano
pulmonar (id del paciente:1678) de una paciente de 57 afios que presenta
inmunohistoquimica contra la proteina ATRX, h) Adenocarcinoma de mujer de 51 afios (id
del paciente: 2041) que muestra baja sefial de ATRX, i) Carcinoma de células escamosas de
hombre de 64 afios (id del paciente:4090), j) Carcinoma de células escamosas de hombre,
de 72 afios (id:4896). Imagenes tomadas de la base de datos THPA.

Con las observaciones encontradas que muestran que ATRX se sobreexpresa en una amplia
variedad de canceres humanos (Figura 13), se decidid estudiar cuales serian los efectos
moleculares de la sobreexpresion de las proteinas dADD1 en el modelo de Drosophila.

Como una primera aproximacion para estudiar el papel de las proteinas dAddl en el
desarrollo del organismo, se sobreexpresaron todas las isoformas de dAdd1l de manera
ubicua con el sistema UAS-GAL4 y se observé una letalidad del 100% (Tabla 7). Se lograron
resultados similares cuando se sobreexpresaron las isoformas de manera individual, ya sea
dADD1a o dADD1b, y en todos los casos los organismos no alcanzaron el estadio de larva,
muy probablemente murieron en las primeras etapas de desarrollo (datos no mostrados).
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Tabla 7. Efecto de la sobreexpresion de dADD1 en la viabilidad de los organismos

Genotipo Viabilidad ? (%)
+/+;Tub-GAL4/+ 352/372 (94)

+/ UAS-dADD1;+/+ 361/361 (100)
+/+; UAS-dADD1a/+ 558/558 (100)
+/+; UAS-dADD1b/+ 273/273(100)
+/UAS-dADD1;Tub-GAL4/+ 0/361 (0)
+/+;Tub-GAL4/UAS-dADD1a 0/558 (0)
+/+;Tub-GAL4/UAS-dADD1b 0/273 (0)

2El nimero de moscas adultas esperadas de acuerdo con la clase mas saludable en cada cruza

Como la sobreexpresion resulté letal en el organismo, decidimos analizar las glandulas
salivales de las larvas del 3° instar. El ADN de estas células se encuentra amplificado cerca
de 1000 veces por un proceso llamado endoreplicaciéon, ademds los cromosomas
politénicos tienen una arquitectura bien definida y pueden diferenciarse zonas
eucromaticas y heterocromaticas (Jamrich, Greenleaf, and Bautz 1977).

Se realizd la sobreexpresidn de todas las isoformas de dAddl en las glandulas salivales
haciendo uso del sistema GAL4 (Sgs3-Gal4 que es el “driver” de glandulas salivares) y se
obtuvieron cromosomas politénicos. En el cromosoma tipo “wild type”, se muestra el
patron caracteristico de bandas (representan cromatina mas compacta) e interbandas
(cromatina mas abierta y transcripcionalmente activa) (l. F. Zhimulev et al. 2004), también
podemos ver el cromocentro (cuadro discontinuo en 14ay 14a'), los teldmeros (cuadros de
linea continua en 14ay 14a") y la integridad general de los cromosomas. Las caracteristicas
estructurales faciles de visualizar son la alineacion muy cercana de la cromatida a lo largo
del cromosoma, a menudo con poca o ninguna separacion visible entre las cromatidas. Esta
estrecha alineacion se debe en parte, al emparejamiento de los cromosomas somaticos, en
el que los cromosomas homdlogos se alinean uno al lado del otro de una manera
dependiente de la secuencia (Stormo and Fox 2017)(Figura 14a). La sobreexpresiéon de
dADD1 resulta en una pérdida general de la estructura de la cromatina (Figura 14b), el
cromocentro se vuelve fragil (comparar los cuadros discontinuos de las Figuras 14ay 14b),
hay una pérdida del patron de bandas en algunas regiones en los brazos cromosémicos, en
los teldmeros (flechas y cuadros de lineas continuas en la Figura 14b y una imagen
amplificada en 14b'") y copias de cromosomas disociados.
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Figura 14. Modificar los niveles de expresién de dADD1 da como resultado una
desorganizacion cromosémica. a) Cromosoma politénico “wild type”. EI ADN se tifid con
DAPI (se muestra en gris), las flechas apuntan a regiones teloméricas, el cromocentro se
muestra dentro del cuadro punteado y un aumento del cromocentro se muestra en a’, un
aumento de los telémeros se observa en a’’. b) Cromosoma politénico de glandulas salivales
en las que se sobreexpresaron todas las isoformas de dADD1 utilizando el sistema UAS-
GAL4, las flechas apuntan a regiones teloméricas y el cromocentro esta en el cuadro
discontinuo, en b' se muestra un aumento del cromocentro y en b”” un aumento de una
region telomérica. La barra de escala es de 20 um. c) Andlisis semicuantitativo de los niveles
de transcritos de las isoformas de dADD1 en las glandulas salivales. Los carriles en el gel
corresponden a 1) “wild type”, 2) H;0, 3) UAS-dadd1,5gs3-GAL4. El transcrito de Rp49 se
utilizd como control. Todas las isoformas de dADD1 estdn sobreexpresadas (ver carril 1 vs
3). d) Western blot de extractos de proteinas totales de glandulas salivales donde se usaron
anticuerpos pan-dADD1 y anti-B tubulina. Los carriles corresponden a 1) “wild type” y 3)
UAS-dadd1; Sgs3-GAL4, los marcadores de peso molecular se muestran al lado izquierdo de
los paneles. En el lado derecho los anticuerpos utilizados para cada membrana se
especifican. e) Representaciéon esquematica de las isoformas de la proteina dADD1. Se
muestra el dominio ADD compartido por todas las isoformas en verde; una linea discontinua
delimita la regidn comun. Los dominios MADF de las isoformas dADD1b y c se muestran en
azul. dADD1a es de 1199 aa (130 kDa), dADD1b es 1125 aa (127 kDa) y dADD1c es 979 aa
(112 kDa).
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Para confirmar la sobreexpresion de ARNm de dAddl, analizamos los niveles de los
transcritos de dADD (a, b y ¢ en las glandulas salivales), empleando los oligos especificos
para cada isoforma de la figura 12, obtenidas del genotipo UAS-dADD1,;Sgs3-Gald y
comparamos con las glandulas salivales “wild type”. Los oligos de Rp49 se utilizaron como
control. Se descubrié que todos los niveles de ARNm de las isoformas eran de dos a tres
veces mas altos que los “wild type”, (comparar los carriles 1 y 3 en la Figura 14c). Ademas,
utilizamos el anticuerpo pan-dADD1 descrito anteriormente para realizar un ensayo tipo
Western blot con extractos de proteinas totales de las glandulas salivales (Brenda Lépez-
Falcon et al. 2014) y encontramos una sobreexpresion de las proteinas dADD1 al menos
tres veces en comparacién con los niveles de proteina “wild type” (comparar los carriles 1y
3 en la Figura 14d).

Como los brazos de los cromosomas se veian notablemente mas delgados, se quiso
descartar que hubiera cambios en la cantidad de ADN ni en los ciclos de replicacidn. Para
esto se usaron métodos indirectos, como emplear la fluorescencia, para ver la cantidad de
ADN tefiido con un colorante (DAPI) y se analizaron las imagenes obtenidas en el
microscopio confocal respecto a la intensidad de la sefial (Figura 15a). Para ver la cantidad
de cromatina en las gldndulas salivales, se evaluaron los cambios en el contenido de ADN e
histonas tanto en condiciones “wild type” como sobreexpresadas, se utilizé una linea
transgénica que expresa la histona H2Av fusionada a un fluoréforo rojo y no se observé un
cambio cualitativo significativo entre las condiciones de sobreexpresién de dADD1 versus
“wild type” (Figura 15b). Al no observar cambios, se puede concluir que el fenotipo
observado no se debe a diferencias en la cantidad de ADN, sin embargo, no puede
descartarse que se deba a problemas en la cohesién de las cromatidas hermanas. La
sobreexpresiéon de las proteinas dADD1 podria estar alterando los procesos de
condensacion y segregacion de los cromosomas debido a que hay un reporte de interaccién
directa entre estas proteinas y mod(mdg4), y esta proteina participa en esos procesos.
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Figura 15. La cantidad de ADN y cromatina no se modifica durante la sobreexpresién de
dADD1. a) Cuantificacién del ADN en las glandulas salivales sobreexpresando todas las
isoformas. Se realizdé una prueba t no emparejada para determinar la significacién. No se
encontraron diferencias significativas. b) Visualizacién H2Av-RFP de glandulas salivales con
una linea transgénica H2Av-RFP (sefal roja) usada como “wild type” y la sobreexpresién de
dADD1. c) Andlisis de los transcritos de dADDa y dADDb por medio de RT-PCR 1) Sgs3-GAL4,
carril 2) UAS-dADD1a, carril 3) UAS-dAD1b, carril 4) Sgs3-GAL4/UAS-dADD1a y carril 5) Sgs3-
GAL4/UAS-dAD1b. Se utilizd Rp49 como control. Se cuantificaron los parametros de area
(d) e intensidad (e) de las condiciones de tipo salvaje y sobreexpresién. Se realiz6 ANOVA
unidireccional ordinaria para determinar la significacién. No se encontraron diferencias
significativas. Para cada genotipo contamos el nimero de nicleos wt n = 303, UAS-dADD1;
Sgs3-GAL4 n = 307, Sgs3-GAL4/UASAADD1a, n = 296, Sgs3-GAL4/UAS-dADD1b n = 219. Las
cuantificaciones se realizaron utilizando el programa ImageJ.

El fenotipo observado de la pérdida general de patrones de bandeo y compactacion
cromosémica cuando sobreexpresamos dADD1 fue algo inesperado ya que recientemente
datos publicados del laboratorio indican que dADD1 participa en el silenciamiento y
compactacion de los retrotransposones teloméricos y previene las fusiones teloméricas
(Chavez et al. 2017). Por lo tanto, esperabamos que la sobreexpresién pudiera conducir a
un efecto opuesto, es decir, mayor compactacion en ciertas regiones de los cromosomas.
Por el contrario, se observd una descompactacion de regiones heterocromaticas, como el
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cromocentro y los teldmeros, indicando una sensibilidad de estas regiones a los cambios en
los niveles de dAdd1. Con anterioridad habiamos descrito una interaccion fisica y genética
con la proteina HP1a, que es un factor importante para la formacién de la heterocromatina
en estas regiones (Lopez-Falcén et al. 2014) lo que nos llevd a la siguiente pregunta de este
trabajo que se aborda en el punto 6.2.

6.2 La proteina HP1a se deslocaliza en respuesta a la sobreexpresiéon de las proteinas
dADD1

HPla es uno de los factores involucrados en la compactaciéon de la cromatina (Joel C.
Eissenberg and Elgin 2014) y estd compuesta por dos dominios altamente conservados, el
cromodominio en la parte N-terminal (CHD) (Grewal and Jia 2007) y un dominio
cromoshadow en la parte C-terminal (CSD), que estan separados por una regién “Hinge” de
longitud variable. Las proteinas HP1 se unen especificamente a H3K9 dimetilada y
trimetilada (H3K9me2 y H3K9me3) a través de su CHD (Hendzel et al. 1997b; Hirota et al.
2005). Los dos dominios presentan una funcidon critica para la formacién de
heterocromatina (Azzaz et al. 2014), ya que el CHD reconoce la marca de H3K9 para dirigirlo
a heterocromatina, y el dominio CSD facilita la dimerizacidn de las proteinas HP1y a su vez
puede tener interaccion con otras proteinas que portan el motivo pentapéptido
conservado, PxVxL, como lo es el caso de las metiltransferasas para depositar una nueva
marca de heterocromatina (Hinde, Cardarelli, and Gratton 2015).

Como se menciondé en los antecedentes, HP1a interacciona con dADD1 (Brenda Lépez-
Falcén et al. 2014; Alekseyenko et al. 2014) y por lo tanto surgié el interés de conocer si el
efecto de la sobreexpresion de dADD1 afectaba a este factor y era crucial para
heterocromatinizar. Entonces se realizaron inmunolocalizaciones de HP1a en cromosomas
donde sobreexpresamos todas las isoformas de dADD1 y se observaron por medio de
imagenes tomadas en el microscopio confocal. En general se percibieron muchos
cromosomas con una menor cantidad de senal de HP1a en el cromocentro, ademas de que
con anterioridad ya habiamos observado un patrén de pérdida de bandas (Figura 14). Para
evaluar si habia una correlacién entre la pérdida del patrén de bandeo y la localizacion de
HP1a, cuantificamos el nimero de cromosomas que presentaban un patrén de pérdida de
bandas y dividimos los cromosomas en tres grupos de acuerdo con la severidad de la
pérdida del patréon de bandas:

e organizados (bandas bien definidas, cromocentro con senal HP1a)

e moderadamente afectados (aun con sefial HP1la en el cromocentro, pero con
irregularidades en el patron de bandas)

e severamente afectados (muy poca o ninguna sefial de HP1a en el cromocentro,
muchos defectos en el patron de bandeo y grosor del brazo cromosémico)

En la Figura 16a se muestran ejemplos de cada fenotipo y el resultado de esta clasificacién.

Los cromosomas “wild type” conservaron el patrén de bandas a lo largo de los brazos y
también la sefial pericentromérica de HP1a (98,3%). En los cromosomas que sobreexpresan
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dADD1 (> dADD1), la gran mayoria no mantienen una estructura de cromatina organizada
y presentan menor sefial de HP1a (90.3%). Al observar estos datos decidimos cuantificar el
area de la seial de HP1a en los cromocentros y se puede observar una disminucion de esta
area en los cromosomas que sobreexpresan dADD1 (Figura 16b). Para evaluar si existe una
correlacién entre la pérdida del patrén de bandas en el cromosoma con la pérdida de HP1a
en el cromocentro, se midieron los resultados obtenidos de cada genotipo vy la intensidad
de la sefial de HP1a, y observamos que, de hecho, los cromosomas que tienen una pérdida
severa del patron de bandas tenian menos HP1a unido al cromocentro (Figura 16c). Estos
experimentos indican que la sobreexpresion de dADD1 resulta en una pérdida de la
estructura de regiones heterocromaticas que se localizan a lo largo de los brazos de los
cromosomas y también una disminucion de la seial de HP1a en el cromocentro.
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Genotype Chrgmosome Observed phenotype HP1a signal
banding pattern
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n=60
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Figura 16. La sobreexpresion de dADD1 induce la deslocalizacion de HPla, que se
correlaciona con la pérdida de la sefial de HP1a. a) Clasificacion del grado de los fenotipos
y la cantidad de sefal de HP1a observada en los cromosomas de politénicos. La primera
columna indica los genotipos analizados; la segunda columna muestra la clasificacién de los
cromosomas de acuerdo con su patron de bandas en organizado, moderado y gravemente
afectado (ver el texto para una explicacién detallada sobre la clasificacion). Diferentes tonos
de rojo indican la intensidad de la sefial HP1a. La tercera columna muestra un ejemplo de
cada uno de estos cromosomas donde el ADN se observa por la tincion DAPI (se muestra en
gris), la tincidon contra HP1a (rojo) y la barra de escala de 20 um. b) El area de la sefial HP1a
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disminuye en los cromosomas donde se sobreexpresa dADD1, el drea se cuantificé con el
programa Imagel. El nimero de cromosomas analizados para cada la condicidon se muestra
con "n” y se realizé una prueba t no emparejada. c) Correlacién entre HP1ay la pérdida del
patréon de bandas cromosémicas. **** equivale a un valor de p <0.0001, se realizé una
ANOVA unidireccional, wt oraganizado n=59, > dAdd1 moderado= 40, > dAdd1 severo=25.

Una posibilidad de la pérdida de HPla era que esta proteina cambiara su localizacién
subnuclear, ya que dejo de estar unida al cromocentro. Para determinar si este era el caso,
realizamos inmunofluorescencias de HP1a en las glandulas salivales con los ntcleos intactos
para evaluar si la pérdida de HP1a de la cromatina fue el resultado de un cambio en su
localizacion subnuclear. Dirigimos la expresién de dADD1a, b y todas las isoformas usando
el “driver” Sgs3-GAL4 y analizamos la localizacion de HP1a mediante inmunofluorescencia.
En las glandulas salivales “wild type”, HP1a aparece como un punto focalizado Unico que
marca el cromocentro (J C Eissenberg and Elgin 2000) (ver Figura 17a), donde el 92% de los
nucleos contados presentaron este Unico punto y su localizaciéon es nuclear ya que no se
observa en citoplasma. La sobreexpresién de todas las isoformas genera un cambio en la
distribucién de HPla, donde el 70% de los nucleos presentan una distribucidn amplia.
Cuando se realiza la sobreexpresién de manera individual podemos ver que la
sobreexpresion de dADDla produce una distribucion amplia de HPla en 48% de los
nucleos. Por el contrario, las células que sobreexpresan dADD1b exhibian una distribucién
amplia en el 18% de las células analizadas y 19% de ellos mostraban una distribucién de
HPla en dos puntos focales, pero la mayoria tenia una distribucién de HP1a tipo “wild
type”. Si examinamos los porcentajes con mayor detalle, la sobreexpresién combinada de
dADD1a y dADD1b es responsable de casi el 70% (48% mds 18% = 66%) de la distribucidn
amplia de HP1la Figura 17b. Sin embargo, dADD1a tiene el efecto mas marcado en la
distribucién de HP1la, esto podria ser el resultado de la interaccion entre estas dos
proteinas (Alekseyenko et al. 2014; Swenson et al. 2016; Brenda Lopez-Falcén et al. 2014).
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Figura 17. La sobreexpresion de las proteinas dADD1 cambia la distribucién de HP1a en las
glandulas salivales completas. a) Inmunohistoquimica de una glandula salival “wild type”
con el anticuerpo contra HP1a (wt), UAS-dADD1,Sgs3-GAL4 (> dAdd1), Sgs3-GAL4/UAS-
dADD1a (> dAdd1la) y Sgs3-GAL4/UAS-dADD1b (> dADD1b), HP1a (sefial roja), ADN (seial
gris) y barra de escala de 100 um. La columna de la derecha muestra una imagen ampliada
de varios nucleos con una barra de escala de 5 um. b) Distribucion de HP1a en los nucleos,
se le asignd una escala de"1" para focal, "2" para dos puntos y "4" para amplio, “n"
representa el nimero de nucleos analizados en cada genotipo. . **** equivale a un valor
de p <0.0001, se realizé una la prueba de Kruskal-Wallis. c) Clasificacion de las distribuciones
de HP1a (senal roja) encontradas en los nucleos, focal, dos puntos y amplio, la barra de
escala esde 5 um.

Para determinar si existian diferencias en didametro del nicleo cuantificamos el area de los
nucleos para ver si cambiaba con la sobreexpresion de dADD1, pero no pudimos encontrar
diferencias significativas cuando lo comparamos con los nucleos control, esto también nos
dio una idea que no estaba incrementando la cantidad de ADN dentro del nicleo y por eso
medimos la intensidad del DAPI y no observamos diferencias. Estos datos sugieren que la
sobreexpresién de dADD1 no afecta el tamafio de los nucleos aun cuando parece haber una
descompactacién de la cromatina ni la cantidad de ADN en estas las células (Figura 15).

Como se menciond anteriormente, las isoformas de la proteina dADD1 conservan una
region comun que incluye el dominio ADD, la diferencia entre ellas es la presencia en la
parte del carboxi-terminal de dominios MADF adicionales en la isoforma dADD1b que no
estan presentes en la isoforma dADD1a (Figura 14e). Por lo tanto, es posible que la region
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comun tenga un papel esencial en la alteracién de la localizacién focal de HP1a. El dominio
ADD reconoce y se une a H3K9me3 en combinacidon con H3K4 sin ninguna modificacién; por
lo tanto, consideramos como una posibilidad que la sobreexpresion de dADD1 pudiera
"competir" con HP1a para unirse al H3K9me3.

6.3 La marca de H3k9me3 disminuye en respuesta a la sobreexpresion de las proteinas
dADD1

Se anticiparon al menos dos escenarios posibles, en el primero las proteinas dADD1 podrian
"agotar o eliminar" a HP1a del cromocentro de las glandulas salivales directamente a través
de interacciones proteina-proteina. En el segundo escenario podria existir una competencia
entre HP1a y dADD1 por el sitio de unién H3K9me3.

Se ha demostrado ampliamente que la modificacién postraduccional de H3K9me3 es
necesaria para mantener la heterocromatina pericéntrica y que esta marca de histona se
enriquece en el cromocentro de los cromosomas politénicos (Schotta et al. 2002). Cualquier
perturbacion de esta marca conduce a la pérdida de HP1a del cromocentro (Rudolph et al.
2007; Wood et al. 2010). La heterocromatina constitutiva se establece temprano en el
desarrollo. En Drosophila, comienza durante MBT (“Mid-Blastula Transition”) (en el ciclo
13 del desarrollo embrionario de Drosophila) (Seller, Cho, and Farrell 2019). El modelo
propuesto involucra un complejo que contiene una metiltransferasa (Eggless / SetDB1) de
histona H3 lisina 9 y HP1a. La marca de histona H3K9me (di o tri metilada) actia como un
sitio de unién para HP1a, que se une a través de su CHD a estas marcas de cromatina (Jacobs
et al. 2001). Posteriormente también participa la metiltransferasa Su(var)3-9 que se encarga
de depositar la marca de trimetilacién y forma un complejo con HP1a (Yamamoto and
Sonoda 2003). Por lo tanto, se decidié evaluar si esta marca se conservaba en las células
gue sobreexpresan dADD1.

Se realizé una doble inmunotincién de H3K9me3 y HP1a en cromosomas politénicos de
células “wild type” o que sobreexpresan dADD1. Las imagenes confocales representativas
se muestran en la Figura 18a. En los cromosomas “wild type”, las sefiales H3K9me3 (verde)
y HP1a (rojo) se enriquecen en el cromocentro como se ha descrito anteriormente (Schotta
et al. 2002), todos los cromosomas “wild type” analizados presentaron ambas sefiales
(100%) (Figura 18a, primera columna).
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Figura 18. La sobreexpresién de las proteinas dADD1 perturba la sefial de H3K9me3. a)
Inmunotincion de cromosomas politénicos “wild type”, Sgs3-GAL4/UASdADD1a (> dAdd1a)
y Sgs3-GAL4/UAS-dADD1b (> dADD1b), ADN (la tincién DAPI se muestra en gris), HP1a
(senal roja), H3K9me3 (sefial verde) y la fusion de colores, la barra de escala es de 20 um.
b) El drea de sefial de HP1a se cuantificd mediante ImageJ, asi como la intensidad de |a sefial
de HPla y H3K9me3, “n" representa el nimero de cromosomas analizados en cada
genotipo; Se realizd una prueba ANOVA unidireccional ordinaria para determinar si fue
significativo p <0.05 *, <0.01 **, <0.001 ***, <0.0001 ****

Al sobreexpresar las isoformas dADDl1a o b, el patron de bandas del cromosoma se
mantiene, pero hay menos sefial de HP1a (Figura 18a columna media y derecha), y el area
cuantificada de HP1a se ve ligeramente menos afectada con la sobreexpresion de dADD1b.
Sin embargo, este efecto podria deberse a que la mayoria de los cromosomas tenian una
sefial de HPla "dividida" (se muestra un cromosoma representativo en la Figura 19a,
columna derecha y grafico de area de la Figura 18b) como si el cromocentro fuera mas fragil
y propenso a "romperse" con el procedimiento mecanico para obtener los cromosomas.
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Estos resultados coinciden con los observados en la figura anterior (Figura 17a), donde la
sobreexpresion de dADD1b produce mayor presencia del fenotipo de dos foci en la seial
de HP1a.

>dADD1a >dADD1b >dADD1a

>dADD1b
T

Figura 19. La sobreexpresién de las isoformas dADD1 a y b, perturba la sefial H3K9me3 y
dADD1. a) Inmunotincién de cromosomas politenicos wild type, y sobreexpresion de las
proteinas dADD1 a y b, ADN (sefial gris), HP1a (sefal roja), H3K9me3 (verde) y “merge”,
barra de escala 20 um. b) Inmunotincién de los cromosomas politenicos a partir de
proteinas dADD1 de tipo silvestre y sobreexpresidon. Genotipo: Sgs3-GAL4/ UAS-dADD1a y
Sgs3-GAL4/UAS-dADD1b, ADN (sefial gris), pan-dAdd1 (verde), HP1a (sefial roja) y “merge”,
barra de escala 20 um.

Estos resultados indican que la sobreexpresion de dADD1 no compite con HP1a para unirse
a su sitio de reconocimiento en la cromatina, pero podria afectar de alguna manera al
cromocentro titulando los complejos que contienen HP1a. Uno de los complejos que se
forma en el cromocentro y que afectaria estas dos sefiales es el que se forma de la union
de HP1la junto con la metiltransferasa Su(var)3-9, que es una enzima con actividad de
histona metiltransferasa, gracias a su dominio SET, es especifica para la lisina 9 de la histona
3 (Tschiersch et al. 1994; Greil et al. 2003a; Figueiredo et al. 2012). HPla y la
metiltransferasa interaccionan por medio del dominio CSD (Schotta et al. 2002; H. Ito et al.
2012; Swenson et al. 2016), por medio de este dominio también interaccionan HP1a y XNP
(que es el dominio helicasa/ATPasa para completar el homdlogo de mamiferos) (Bassett et
al. 2008). Por medio de una busqueda bioinformatica, encontramos que dADD1 tiene un
pentapéptido putativo de unién a HP1a, PxVxL, conocido por unirse a la interfaz del dominio
CSD (Meyer-Nava et al. 2020). Hipotetizamos que un exceso de proteinas dADD1 podrian
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estar saturando el dominio CSD y evitando que se unan otras proteinas a HPla y eso
afectaria los complejos que se unen al cromocentro. Las proteinas que podrian verse
afectadas cuando dADD1 esta saturando el sistema son: Hip/HP4 (Schwendemann et al.
2008; Hines et al. 2009), Su(var)3-7 (Cléard and Spierer 2001; Delattre et al. 2000), Kdm4A
(Alekseyenko et al. 2014; Lin et al. 2008; Swenson et al. 2016), Ssrp (Kwon et al. 2010),
Su(var)2-HP2 (Shaffer et al. 2002; Mendez, Mandt, and Elgin 2013), HP6 (Joppich et al.
2009), egg (D. H. Lee et al. 2019) y G9a (D. H. Lee et al. 2019) entre otras que aun
desconocemos.

6.4 Los niveles de dADD1 determinan cambios en la abundancia de transcritos
heterocromaticos

Algunos genes se encuentran integrados en la heterocromatina y necesitan este contexto
circundante para su correcta expresion y también requieren la presencia de HPla
(Cryderman, Vitalini, and Wallrath 2011). Dado que HP1a se deslocalizé de muchas regiones
tras la sobreexpresién de dADD1, se decidié analizar si los transcritos de genes ubicados en
heterocromatina, tenian una expresién anormal.

Para realizar el siguiente experimento se seleccionaron algunos genes que previamente
habian sido descritos por medio de la técnica de perfilado de cromatina DamlID, que es un
protocolo para mapear los sitios de unidn de proteinas de unién a ADN y cromatina. DamID
identifica los sitios de unidn expresando la proteina de unién al ADN de interés con una
proteina de fusidn con la metiltransferasa del ADN. La unién de la proteina de interés al
ADN localiza la metiltransferasa en la region del sitio de unidn. La metilacidon de adenina no
ocurre naturalmente en eucariotas y, por lo tanto, se puede concluir que la metilacién de
adenina en cualquier regién ha sido causada por la proteina de fusion, lo que implica que la
regidn estd ubicada cerca de un sitio de unién. DamID es un método alternativo a ChlIP-on-
chip o ChIP-seq (Greil et al. 2003b). Estos genes se encuentran ubicados en regiones
pericéntricas y necesitan de HP1a para su expresién adecuada en glandulas salivales. Entre
ellos se encuentran: “cinnamon” (cin), “mini spindles” (msps), CG7742 (Fanti et al. 2003),
light (/t), “rolled” (r/)(Lu et al. 2000) y concertina (cta)(T. J. R. Penke et al. 2016). Estos genes
se ubican en diferentes cromosomas y regiones heterocromaticas (Greil et al. 2003b; T. J.
R. Penke et al. 2016). Ademads decidimos evaluar otros genes porque estan silenciados en
las glandulas salivales, como “Kraken” (kra) y ”P-element somatic inhibitor” (psi) o porque
son parte de los complejos necesarios para la cohesién cromosdmica adecuada, como
“verthandi” (vtd) y “Nipped-b” (Hallson et al. 2008). También evaluamos genes
eucromaticos como controles negativos ya que no estan regulados directamente por HP1a
o Su (var)3-9.

Usando PCR tiempo real (qRT-PCR), se analizé la abundancia de transcritos de estos genes
en glandulas salivales “wild type” (barra gris), glandulas salivales que sobreexpresen
dADD1a (barra roja) o b (barra azul oscuro) y también glandulas salivales de organismos
nulos dADD1 ( ) (ver Figura 20). Con anterioridad habiamos encontrado una
colocalizacidon de las proteinas HPla y dADD1 particularmente en el cromocentro de
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cromosomas politénicos y también en algunas bandas a lo largo de los brazos (Brenda
Lépez-Falcdn et al. 2014) por lo que decidimos evaluar todas las condiciones posibles de
expresion de dADD1.

Para normalizar los datos se utilizé Rp49 (un gen que codifica una proteina ribosomal) ya
que los niveles de este transcrito se mantuvieron muy similares entre todos los genotipos.
Para tener la certeza de que el experimento se estaba llevando a cabo de forma adecuada
primero se realizo el andlisis de los transcritos de las isoformas sobreexpresadas de manera
individual dADD1a o b (Fig. 20a panel superior etiquetado como "controles"). Como era de
esperarse cada isoforma se sobreexpresé mas de 3 veces (Fig. 20a comparar barras rojas vs
barras grises, barra azul vs barra gris).

Posteriormente se analizaron los transcritos de las proteinas encargadas de mantener
silenciados estos genes, como lo son Su(var)3-9 (la metiltransferasa que pone la marca de
trimetilacién) y Su(var)205 (el gen que codifica HP1a) y sus niveles de expresidn no se vieron
afectados en todos los genotipos analizados (Fig. 20a). Esto sugiere que los efectos
previamente observados sobre la pérdida de la localizacién de HP1a y H3K9me3 (Figs. 17 y
18) no se deben a un defecto en la transcripcidn de estos genes.

De igual manera los genes eucromaticos como Act5C y Sgs8, asi como los genes regulados
por Su (var) 3-9 no fueron afectados (Fig. 20b y c). Los Unicos genes afectados fueron los
genes regulados por HP1a tales como toy y /gs (Fig. 20d) y los genes regulados por las dos
proteinas Su(var)3-9/HP1a como Ank (Fig 20e) y genes pericéntricos como cta y light (Fig.
20f).
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Figura 20. La sobreexpresion de dADD1 da como resultado el silenciamiento transcripcional
y la ausencia de la proteina HP1a en algunos genes. Analisis gRT-PCR(a-f), “wild type”
( ), nulo dADD1 ( ), Sgs3-GAL4/UAS-dADD1a (barras rojas) y Sgs3-
GAL4/UAS-dADD1b (barras de color azul oscuro). Tres réplicas bioldgicas independientes
junto con dos replicas técnicas fueron realizadas. Los datos se muestran como expresion
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relativa a la transcripcion de Rp49. Se realizé una prueba de ANOVA unidireccional ordinaria
para determinar si era significativo con valores de p: (p <0.05 *, <0.01 **, <0.001 ***,
<0.0001 **** ns, no significativo). a) controles, b) genes de eucromatina, c) genes
regulados por Su(var)3-9, d) genes regulados por HP1a, e) genes regulados por Su(var)3-9
y HP1la, f) genes pericéntricos. Se realizaron ensayos de inmunoprecipitacion de la
cromatina usando el anticuerpo C1A9 (anti-HP1a) y la 1gG de ratén como control en
glandulas “wild type” (barra gris oscuro), glandulas sobreexpresando todas las isoformas (>
dADD1 barra con lineas), glandulas nulas (barra blanca) (g-n). Psi, Sgs8 y Hsp70 son genes
eucromaticos sin la presencia de HP1a (g, h y n) por lo que no hay enriquecimiento vs la
condicién “wild type”. El promotor del retrotransposén Het-A (i) y Cin (j) se evaluaron como
regiones teloméricas y subteloméricas en las que se localiza HP1a. Cta (k) y Lt (I) son
pericentroméricos, y HP1a también los regula. Ank esta regulado por Su(var)3-9 y HP1a (m).
Las barras de error representan la desviacion estandar. Valores p (p <0.05 *, <0.01 **,
<0.001 ***,<0.0001 **** ns, no significativo).

Debido a que aun no contamos con datos de ChIP-seq en estas células, decidimos analizar
los datos de ChIP-seq del Laboratorio de la Dra Kuroda previamente publicados. En estos
experimentos se utilizé una etiqueta para identificar los sitios a los que se une dADD1a en
experimentos ChlP-seq en células S2 (Alekseyenko et al. 2014) y asi evaluar la presencia de
dADD1a en los mismos genes de la Fig. 20 (a-f). Aunque las células S2 son embrionarias, la
posicién de los genes en el cromosoma no cambia, y tampoco lo hace la heterocromatina
constitutiva; por lo tanto, los datos de ChlP-seq ayudan a obtener mas informacion sobre la
posicion de dADD1la en regiones heterocromaticas. Se encontré que dADDla no estd
presente en genes eucromaticos como sgs8 y actina, ni en su(var)205 y su (var)3-9, ni en
genes controlados por Su(var)3—9 como psi y kraken (Figura 21), esto coincide con que la
transcripcion de estos genes que no fue alterada. Cuando se examinaron los genes
controlados exclusivamente por HPla (J C Eissenberg et al. 1990), solo se encontrd a
dADD1a en toy y Igs, que estan ubicados en el cromosoma cuatro, que es principalmente
heterocromatico, mientras que en cin no hay presencia de dADD1a. Cabe resaltar que el
efecto en la transcripcion es diferente en estos genes cuando no hay dADD1 o cuando se
sobreexpresa, y pareciera que es mayor la afectacién cuando hay un exceso, como si se
satura el sistema. En los genes controlados por HP1a/Su(var)3—9, dADD1a se localiza en Ank
pero no en CG7742 (ver Figura 21) y esto correlaciona con el cambio en la expresidon
analizado en la figura 20e, ya que a mayor expresién de dADD1 se ve que hay mas expresion
en el transcrito de Ank. También existe la presencia de dADDla en los genes
pericentroméricos, It y cta, donde dADD1a se encuentra en el promotor, pero también
sobre el del cuerpo del gen. Esto nos sugiere que la presencia de dADD1 tiene un efecto en
la regulacién de la transcripcién de estos genes, principalmente los que se encuentran en la
heterocromatina.
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Figura 21. Localizacién de la proteina dADD1a en los genes analizados. La proteina dADD1a
(picos rosados) se encuentra principalmente en el promotor, y a través de los cuerpos del
gen en los genes pericéntricos (cta y It). También en Ank que se encuentra controlado por
HP1a/Su (var)3-9. dADD1a no estd presente en genes eucromaticos como Sgs8, Actina y
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Hsp70Aa. Tampoco se encuentra presente en genes controlados por Su (var)3-9 como Psiy
kraken, de igual forma que genes exclusivamente controlados por HP1a como toy o Igs.

La mayoria de los genes de la Figura 20a-f se encuentran regulados a la baja en los
organismos nulos dADD1 o en la sobreexpresién de las isoformas dADDla o b. Es
importante mencionar que todos estos genes tienen la presencia de dADD1 en células S2
(Figura 21). Los unicos dos genes que mostraron una sobreexpresién en condiciones nulas
de dADD1 o de ganancia de funcién fueron Igs y Ank (Fig 20d y e). Un gen interesante fue el
gen de respuesta a choque térmico Hsp70, el cual parece aumentar su transcripcidn tanto
en la falta de dADD1 como en la sobreexpresion de la isoforma a, mas no la b (Figura 20b).

La disminucidon de la transcripcién de varios genes en las distintas condiciones de
sobreexpresion de dADD1 o nulas en dADD1 también puede deberse a su localizacién en el
cromosoma o en el tipo de cromatina a la que se encuentran asociados. Por ejemplo, cta y
light estan en regiones pericéntricas (Figura 22) y tuvieron el mismo comportamiento, es
decir se disminuyd su transcripcion en cualquiera de las condiciones de dADD1 respecto al
“wild type”. Los genes Igs y Ank se encuentran ubicados en el cromosoma 4 (Figura 22) que
es altamente heterocromatico, pero no son pericéntricos ni teloméricos. Por lo tanto, la
falta o aumento de dADD1 podria dar diferentes resultados dependiendo del gen analizado
y su localizacién en el cromosoma. En la literatura se ha descrito que la regulacion a la baja
de los genes pericéntricos se debe a la pérdida de HP1a (J C Eissenberg et al. 1990; Joel C.
Eissenberg and Elgin 2014).
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Figura 22. Representacion de los cromosomas politénicos de Drosophila y la ubicacién de
los transcritos analizados en la Fig. 20. Los numeros debajo de cada cromosoma
corresponden a ubicaciones del mapa citogenético. Los genes regulados por HPla se
muestran en rojo, los genes regulados por Su (var)3-9 se muestran en verde y en amarillo,
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los genes que estadn regulados por ambas proteinas. Los genes eucromaticos se representan
con lineas azules. Un circulo negro representa el cromocentro.

Para investigar los cambios en la unién de HPla en estos genes que fueron afectados
respecto a su transcripcion, se realizé una inmunoprecipitacion de la cromatina seguida de
PCR cuantitativa (ChIPgPCR). Primero, se analizaron dos genes que no estan regulados por
HP1a, los cuales son Psiy Sgs8, que no muestran ningin enriquecimiento de HP1a versus el
control (anticuerpo 1gG, ver Figs. 20g y h). Posteriormente se analizé una region que
sabemos que es blanco de HP1a, el promotor de Het-A, como podemos ver en la Fig. 20i,
donde hay un enriquecimiento de HP1a en esta regidn en los organismos “wild type”. En
organismos que carecen de proteinas dADD1, HP1a ya no estd presente en este sitio,
coincidiendo con la publicacion anterior (Chavez et al. 2017); de igual forma la
sobreexpresién de todas las proteinas dADD1conduce a la pérdida de HP1a en esta regidn
telomérica. El mismo efecto se puede ver en light, Anky cin (Fig 20l, my j). En el caso de
light y ank, se puede observar que la pérdida de HP1a conduce a efectos opuestos en la
transcripcion, light se regula negativamente y Ank estd regulado positivamente, esto indica
gue hay un papel diferencial para HP1a y posiblemente para dADD1 en estos sitios.

Sorprendentemente, aunque en el gen cin se pierde HP1a, tanto en la sobreexpresién como
en la condicién nula, la transcripcidon no se ve afectada (Fig. 20 d y j). Cta, que también es
un gen con localizacién pericéntrica, obtuvo menores niveles de transcritos en todas las
condiciones analizadas, conserva HP1la en las glandulas nula (Fig. 20k). Otro resultado
inesperado fue cuando se analizé la expresién de Hsp70Aa; en organismos nulos de dADD1
y en la sobreexpresién de dADD1a, el gen se esta sobreexpresando, esta respuesta podria
ser indirecta, ya que la proteina dADD1 no se encuentra presente en el gen de Hsp70Aa y
este transcrito se sobreexpresa en condiciones de estrés, sin embargo, en condiciones nulas
HP1a se enriquece en el promotor de este gen (Fig. 20n). Este dato podria ser interesante
ya que pudiera existir un mecanismo de regulacion transcripcional, por ejemplo, este gen
podria estar regulado por la presencia de HP1a.

En general, los datos encontrados en el presente trabajo indican que la expresidon incorrecta
de dADD1, ya sea aumentada o nula, tiene un impacto importante en la estructura de la
cromatina y algunas veces en la localizacién de HP1a, lo que conduce a diferencias en la
expresiéon de genes principalmente heterocromaticos. Esto sugiere que dADD1 coopera con
HP1a para mantener la expresién de estos genes. La transcripcion de genes de eucromatina
no se vio afectada pero un gen interesante de analizar posteriormente seria el gen de
respuesta a calor Hsp70Aa que parece estar regulado positivamente en las condiciones que
analizamos dADD1. Nuestros resultados indican que dADD1 podria ser un regulador de este
gen (Elmallah, Cordonnier, and Vautrot 2019).
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6.5 La localizacion de dXNP en cromosomas politénicos se altera con cambios en la
expresion de dADD1

En el trabajo previo de nuestro laboratorio se identific6 a dXNP como un interactor de
dADD1 (Brenda Lépez-Falcdn et al. 2014), ya que dXNP carece de un sitio de unién al ADN,
se propuso que otras proteinas la llevaban a sus sitios blanco en la cromatina. Debido a lo
anterior, se decidié analizar si la sobreexpresion de dXNP fenocopia la pérdida de
heterocromatina observada en la sobreexpresion de dADD1. La sobreexpresidon de la parte
helicasa/ATPasa se realizd de la misma forma usando el sistema UAS-GAL4 y el mismo
“driver” de gldndulas salivales Sgs3. De primera instancia se observé la distribucion de HP1a
en las glandulas salivales completas donde se encontré que la distribucién focal de HP1a se
mantiene. Sin embargo, cuando se realizé la comparacién de la sobreexpresion de dXNP en
las glandulas salivales respecto a las “wild type”, la cromatina parece mas compacta, y la
sefial HP1a, aunque presente se puede observar disminuida (ver Fig. 23a).

Observando esto, se midid el area de los nucleos y se encuentran significativamente mas
pequefios cuando se sobreexpresa dXNP (Fig. 23b). No se cuantifico la cantidad de ADN, ni
se hicieron experimentos respecto a la replicacion, es decir si presentaban menor cantidad
de ciclos de endoreplicacién en este genotipo. Otra posible explicacidn de este fenotipo es
que se estén reclutando otras proteinas que promuevan la formacion de heterocromatina
de forma independiente de HP1a. Finalmente se observaron los cromosomas politénicos y
se aprecié que en condiciones “wild type”, estas proteinas colocalizan y también se observd
la localizacidon telomérica de dXNP, como se esperaba (Fig. 23d primera fila e imagenes
ampliadas). Tras la sobreexpresién de dXNP, el nimero de bandas aumentaba, asi como la
sefial en ciertas regiones heterocromaticas, como los teldémeros (Fig. 23d). Entonces se
puede concluir que se estd sobreexpresando correctamente dXNP y que esta
sobreexpresién afecta el tamafio del nlcleo, a pesar de que se sigue observando la sefial de
HP1a.
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Figura 23. La sobreexpresion de dADD1 provoca cambios en la unidon de dXNP. a)
inmunotincion de una glandula salival “wild type” con el anticuerpo HPla (wt) y
sobreexpresion de dXNP (> dXNP) Sgs3-GAL4/UAS-dXNP. HP1a (sefial roja), ADN (sefial gris)
y fusidén de colores (barra de escala 100 um). En la columna de la derecha se muestra la
ampliacion de varios nucleos (barra de escala de 5 um). b) Cuantificacién del area del nucleo
que muestra una reduccion en el area nuclear, wt n = 341 y >dXNP n = 344. c¢) Andlisis de
RT-PCR de los niveles de transcritos de dXNP en glandulas salivales. Los carriles en el gel
corresponden a los siguientes genotipos 1)“wild type” (wt) 2) Sgs3-Gal4/UASXNP (>dXNP),
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3) xnp?/xnp? (condicién heteroalélica en la que disminuyen los transcritos de dxnp), 4)
dadd1? / dadd1? (nulo dADD1) y 5) UAS-dadd1;Sgs3-GAL4 (>dADD1). El transcrito de Rp49
se utilizd como control; los nimeros en la parte inferior son las cuantificaciones de la
intensidad de las bandas con respecto a Rp49 . d) Inmunotincién de cromosomas politénicos
“wild type” (wt), Sgs3-GAL4/UAS-XNP (> XNP), dadd1? / dadd1? (nulo dAddl) y UAS-
dADD1,Sgs3-GAL4 (> dADD1), ADN (tincién DAPI en gris), HP1a (sefal roja), dXNP (sefal
cian) y fusién de colores. La columna derecha presenta un aumento de las regiones
teloméricas.

En organismos nulos para dADD1 o bien en la sobreexpresion de dADD1, la seiial dXNP
disminuye, y solo se conservan pocas bandas con la sefial de la proteina dXNP en los
cromosomas politénicos (ver Fig. 23d color cian ultimas dos filas). Posteriormente, se
examinaron los transcritos producidos por el gen dXNP y se expresan normalmente en
todos los genotipos analizados (comparar lineas 1 vs 4 y 5 en la figura 23c). Por lo tanto, la
falta o la sobreexpresiéon de dADD1 no afecta la transcripcién de dXNP, solo la ubicacidn de
la proteina en la cromatina. Estos resultados demuestran que ante la pérdida de dADD1,
dXNP pierde su localizacion en la cromatina y esto podria conducir a la pérdida de la
compactacion de la cromatina. Curiosamente, tras la sobreexpresién de dXNP, parece que
la cromatina se compacta de manera general y esto a su vez coincide con la presencia de
mas bandas dXNP en cromosomas politénicos. El que los fenotipos sean completamente
opuestos podria dar indicios de lo que hace cada dominio en la proteina completa de
mamiferos. Usando Drosophila podemos observar que al incrementar la presencia del
dominio ADD la cromatina se ve mas laxa, lo cual podria inhibir la correcta formacién de la
heterocromatina como se ha propuesto en conjunto con HP1a y una metiltransferasa. Por
otro lado, el dominio Helicasa (dXNP) podria estar actuando como Helicasa/ATPasa y
favoreciendo la compactacién de la cromatina, inclusive podria estar interactuando con
otros factores de transcripcidn que promuevan el cerrado de la cromatina.

7. DISCUSION

Cada vez son mas las evidencias que indican que los mecanismos epigéneticos son
importantes para la regulacion de la expresién genética y la estabilidad del genoma. La
cromatina es una macromolécula que presenta un alto nivel de dinamismo y dada su
importancia y participacién en diversos procesos, como la transcripcion y duplicacién, ha
sido blanco de estudios durante los ultimos afos. Entre los procesos mas estudiados se
encuentra la regulacién de la transcripcidn génica. La complejidad de los mecanismos se
refleja en la gran cantidad de proteinas que intervienen en el proceso. A nivel mundial son
varios los laboratorios que estudian el papel de la pérdida de funcién de muchos factores
transcripcionales y remodeladores de la cromatina en células cancerosas, y muchas bases
de datos han podido concentrar estos datos para entender mejor esta importante
enfermedad. Justamente una de las lineas de investigacion del laboratorio es la proteina
ATRX que toma mayor relevancia como un factor involucrado en la regulacién
transcripcional y la estabilidad del genoma en células de mamiferos.
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Se han asociado mutaciones de pérdida de funcion de ATRX con varios tipos de cancer,
desde glioblastoma hasta cancer de pancreas (Singhi et al. 2017). El nimero de estas
mutaciones ha aumentado en los ultimos afios, y muchas de ellas afectan los dominios que
son esenciales para la funcién de la proteina (Schwartzentruber et al. 2012). Si bien la
mayoria de los estudios se han concentrado en la pérdida de funcién, también hay informes
gue muestran la sobreexpresién de ATRX en diferentes tipos de cancer. Muchos genes se
desregulan y sobreexpresan durante el proceso de transformacién de las células. Durante
la investigacion que se llevd a cabo en este trabajo encontramos varios casos de cancer en
células o en tejido somatico que tienen sobreexpresién de ATRX en las principales bases de
datos a las que tuvimos acceso (Figura 13). En la bibliografia hay una unica publicacion
donde se ha evaluado la sobreexpresion de ATRX en ratén observando los mismos fenotipos
gue con la pérdida de funcidon (Berubé et al. 2002), que son retraso del crecimiento,
defectos del tubo neural y una alta incidencia de muerte embrionaria. Ademas, si los
ratones sobrevivian el nacimiento tenian un alto indice de muerte perinatal, asi como
convulsiones, anomalias craneofaciales leves y comportamiento anormal (Berubé et al.
2002).

La sobreexpresion de las proteinas dADD1 dio como resultado la pérdida de la estructura
de la cromatina, y causd una descompactacion general y la disociacion de las fibras de
cromatina alrededor del cromocentro (Figs. 14 y 16). Estos fenotipos fueron mas fuertes
cuando la sobreexpresion se realizé con todas las isoformas de dADD1. En las glandulas
salivales “wild type”, los niveles de transcripcion de dADD1 son bajos en comparacién a
otros transcritos analizados (ver Fig. 20). Estos resultados indican que los niveles de dADD1
en los cromosomas politénicos deben mantenerse constantemente regulados en
cantidades 6ptimas para lograr una correcta estructura de cromatina. El complejo de
cohesinas es un factor importante para mantener unidos los brazos de los cromosomas. En
Drosophila se ha caracterizado la distribucién del complejo formado por Vtd (Rad21), Smc1,
Nip-B, SAy Smc3 (Pherson et al. 2019) y podria existir un complejo entre estas proteinas o
una interaccién indirecta aun no reportada (Meyer-Nava et al. 2020).

El dominio ADD estd compuesto por un dominio PHD y un dedo de zinc del tipo GATA
(Argentaro et al. 2007). Es notorio que mutaciones en los genes que codifican para
proteinas que contienen el dominio PHD, estan involucrados en distintas enfermedades en
humanos como leucemia, cancer de mama y melanoma asi como en distintos sindromes
como el “Weaver, Rubinstein—-Taybi” y “Borjeson Forssman Lehmann” que afectan a las
lineas germinales como lo hace el sindrome de ATRX (Baker, Allis, and Wang 2008). En todas
estas enfermedades se han reportado mutaciones en los PHD y se propone que la mala
interpretacion o la falta del reconocimiento de modificaciones de las histonas es la causa
de los padecimientos por lo tanto es importante entender su funcionamiento.

Eustermann et. al (2011) e Iwase et. al (2011) observaron que el dominio ADD de la proteina
ATRX de humano reconocia la trimetilaciéon de la lisina 9 de la histona H3 y la lisina 4 cuando
se encuentra libre de modificaciones y describieron los aminoacidos importantes para que
se lleve a cabo el reconocimiento de esta marca. Ademads, Dhayalan et. al. 2011 realizaron
un modelo 3D del dominio ADD donde muestran los aminoacidos importantes para el
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reconocimiento de esta marca. En Drosophila el dominio ADD también tiene la capacidad
de reconocer esta marca (Lopez-Falcén et al. 2014; Alekseyenko et al. 2014).

Recientemente, en el laboratorio de la Dra Kuroda se identifico a dADD1 como un fuerte
interactor de HPla, y también de otros factores, como las metiltransferasas
Eggless/dSETDB1 y Su(var)3-9. Estas metiltransferasas participan en la formacion vy
mantenimiento de la heterocromatina pericéntrica (Schwartzentruber et al. 2012; Brower-
Toland et al. 2009). La pérdida de cualquiera de estas metiltransferasas o un cambio en sus
niveles afectan la heterocromatina pericéntrica, la metilacién de H3K9 vy la localizacién de
HP1la. Dado que dADD1 interactia con estas histonas metiltransferasas, una posibilidad es
que la sobreexpresion de dADD1 produce el rompimiento de la estequiometria de los
complejos que contienen estas proteinas, y esto a su vez afecta la actividad de las
metiltransferasas, que conduce a la pérdida de la marca de metilacién, y a la perdida de
HP1la (ver Figuras 17 y 18). Es fundamental considerar que para el mantenimiento y la
propagacion de H3K9me3, es necesaria HP1a, ya que recluta Su(var) 3-9; por lo tanto, la
interrupcion de la unidon de HP1la desde el cromocentro podria conducir a los cambios
observados en H3K9me3.

Si tomamos los datos anteriores de la bibliografia junto con nuestros datos, podemos
presentar la posibilidad de un “loop” donde dADD1 se recluta a la heterocromatina a través
de la unién del dominio ADD a H3K9me3 y recluta a la enzima “Eggless” (Alekseyenko et al.,
201; Seller et al., 2019). A su vez, Eggless contribuiria a la trimetilacién de las zonas aledafias,
facilitando una mayor unién de dADD1. Este puede ser un mecanismo que mantiene
dominios ricos en dADD1 en heterocromatina y promueven la formacién de gotas ricas en
heterocromatina (Fig. 17) (Larson and Narlikar 2018; Meyer-Nava et al. 2020). Muramatsu
et al., (2013) realizaron la mutacion de la metiltransferasa que pone la marca de H3K9me3
en células ESCs de ratén, y observaron que no se recluta correctamente HP1a ni ATRX a la
heterocromatina. En células de ratdon se ha observado que ATRX esta involucrado en la
deposicidon de la variante H3.3 junto con la chaperona DAXX (Goldberg et al., 2010).

En Drosophila, se ha demostrado que DAXX “Death-associated protein 6” coopera con ASF1
" Anti-silencing factor 1” para la deposicidn de H3.3 y también con dXNP en ciertas regiones
heterocromaticas (Fromental-Ramain C., Philippe Ramain 2017). También se sabe que la
falta de dXNP no modifica la incorporacion de la variante H3.3, aunque se observa una
localizacion de la proteina dXNP en sitios donde se realiza el intercambio de esta variante,
como es el locus de "heat shock” (Schneiderman et al. 2012). En la literatura, hay informes
de mutantes que fenocopia la pérdida de organizaciéon del cromocentro que observamos
cuando sobreexpresamos dADD1. Mutantes que afectan niveles de H3.3 o un mutante que
sustituye a la lisina 9 de la cola de la histona 3 por una arginina conduce a una
desorganizacion del cromocentro (Pencik et al. 2016; T. Penke et al. 2018). Seria bastante
interesante en un futuro evaluar cual es el papel de las isoformas de dADD1 en la
incorporacion de la variante H3.3 y si la afectacidon en la incorporacion de la H3K9me3
(Anexo 1).
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Siguiendo con la regulacion del locus de “heat shock”, ademas de la explicacion mediante
la deposicidn de la variante H3.3 también cabe la posibilidad que el locus esté regulado por
HP1a, por ejemplo, un grupo demostré que Jra, el homdlogo de Drosophila de c-Jun,
interactua y recluta a HP1a en la regién de su propio cuerpo del gen (Jra). A su vez, HP1a
recluta a la histona desmetilasa KDMA4A para reducir los niveles de metilacién de H3K36, lo
gue da como resultado altos niveles de acetilacion de histonas en la regién del cuerpo del
geny, por lo tanto, promueve transcripcién de este gen. Estos datos hablan de un bucle de
autorregulacién para promover su propia transcripcion via HP1a (Y. Liu and Zhang 2015).

La reduccién de la sefial de H3K9me3 y HP1a en el cromocentro cuando se sobreexpresa
dADD1, explica parcialmente la pérdida de la estructura global de la cromatina observada
en los cromosomas politénicos. Nuestro grupo ha demostrado que dADD1 también
interactua fisica y genéticamente con la ATPasa dXNP; y esta proteina no tiene un dominio
de unién a ADN o cromatina, por lo que probablemente se esta uniendo por medio de
dADD1 y de otros interactores que conservan un dominio de reconocimiento al ADN o a la
cromatina (Lopez-Falcon et al. 2014). La sobreexpresion del dominio helicasa/ATPasa
(dXNP) podria estar ocasionando cambios en el posicionamiento de los nucleosomas, como
se ha visto cuando se desregulan otros remodeladores de la cromatina y conducen a
cambios importantes en la estructura general de la cromatina (Corona et al. 2007), aunque
esta idea habria que analizarla con mayor profundidad con diversos experimentos. dXNP
es importante para el mantenimiento de beta heterocromatina y se ha demostrado que
interactla también con HP1a (Bassett et al. 2008; Emelyanov et al. 2010). Los niveles de las
proteinas dADD1 pueden cambiar la localizacion de HP1a, y también afectar la union de
dXNP a la cromatina que conduce a una desregulacion de la actividad ATPasa y la pérdida
de la estructura de la cromatina (ver Fig. 23) (Emelyanov et al. 2010).

La sobreexpresion de dXNP en el ojo y el ala durante el desarrollo temprano causa
apoptosis a través de la via JNK (N. G. Lee et al. 2007; Hong et al. 2009). En otros estudios,
la sobreactivacion de JAK-STAT y STAT92E produce la interrupcion de HP1a y pérdida de la
estabilidad de la cromatina (Xu et al. 2014). En contraste, reducir los niveles de STAT92E
fosforilada, causa inestabilidad en la heterocromatina (Shi et al. 2008). JNK y JAK-STAT son
dos de las sefiales que juegan un papel principal durante la determinaciéon del destino de
una célula (Ahmed-de-Prado, Diaz-Garcia, and Baonza 2018). Estos datos pueden ser
notables para nuestro trabajo ya que la sobreexpresion de las proteinas dADD1 podria
conducir a la apoptosis a través de la via de JNK, y es bien sabido que la activacién anormal
de JAK-STAT por fosforilacion esta relacionada a canceres humanos (Pencik et al. 2016) (ver
Anexo 2,3,4vy5).

Continuando con la sobreexpresién de dXNP, en los cromosomas politénicos (ver figura 23)
seria importante en un futuro demostrar si existe mas o menos endoduplicacion en estos
cromosomas donde se observa un area nuclear menor, o simplemente se encuentran mas
condensados, y esto se podria observar mediante marcadores del ciclo celular y
cuantificando la cantidad de ADN, ya que es bien sabido que estos cromosomas tienen 10
rondas de endoreplicacidon que producen 2°=1024 copias de ADN (Lilly and Duronio 2005;
Igor F Zhimulev and Koryakov 2009).
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Otro dato importante es que cuando se sobreexpresan por separado las isoformas de dADD
en fondo “wild type” también causan 100% de letalidad (Tabla 7), y al parecer la condicion
nula de estas proteinas parece tener un 40% de supervivencia (Chavez et al. 2017). Al
sobreexpresar cada una de las isoformas en el fondo nulo se logra apenas un 20% de
supervivencia, lo cual sugiere que para el organismo es un fenotipo mas penetrante en la
letalidad tener las proteinas en exceso que no tenerlas (datos no mostrados). Esto podria
explicarse con la desregulacién que se da a nivel transcripcional, ademas de evaluar en qué
momento clave del desarrollo embrionario se estan muriendo para determinar la posible
interaccidn o participacidon en una via de regulacidn, o la unién con un factor transcripcional
importante en el desarrollo del embridn.

En una publicacién previa del laboratorio, en un fondo nulo de daddl demostraron que
HP1a se restaurd a la regidn telomérica cuando el rescate se realizé con dADD1a pero no
con dADD1b (Chavez et al. 2017). dADD1 también interactua significativamente con las
proteinas asociadas a teldbmeros como HP2, lo que sugiere que dADD1 puede ser
importante para la regulacion de telémeros. HP2 a su vez interacciona con HP1la en los
teldmeros, lo cual podria contribuir al estado de compactacion general de la cromatina en
esta region (Alekseyenko et al. 2014).

En eucromatina, tanto dADD1 como dXNP probablemente interactian con HP1b, que es un
pardlogo de HPla que tanto en humanos como en Drosophila se localiza tanto en
heterocromatina como eucromatina (Nielsen et al. 2001), y esto puede ser uno de los
mecanismos por el cual estas proteinas se reclutan para la eucromatina (Alekseyenko et al.
2014). Recientemente se comprobd que el cromodominio de HP1b se une a H3K9me3 de
manera similar al cromodominio de HP1a, pero con menor afinidad (D. H. Lee et al. 2019).
Dado que H3K9me3 se localiza muy especificamente en heterocromatina y HP1b se localiza
en la eucromatina, puede existir un gradiente donde se pueden seguir formando pequenas
islas heterocromaticas y tal vez no se encuentran bien aisladas para que HPl1a se una.
dADD1 también interactia con Bonus, donde Bonus, dADD1 y HP1b se pudieran estar
asociando a la marca de trimetilacién probablemente en conjunto con otras marcas. El
mecanismo y el orden exacto aun se desconoce, pero se deben realizar mas trabajos para
comprender la naturaleza de esta interaccion y la funcidn de este complejo en la
eucromatina.

En Drosophila este es el primer estudio donde se evalla el efecto de la sobreexpresion del
dominio ADD, utilizando el homdlogo de humano ATRX. En investigaciones futuras seria
bastante interesante evaluar cual es el fenotipo sin llevar a la letalidad del organismo y
observar la conversion al cancer. Ademas, con este estudio pudimos entender mejor la
sobreexpresiéon de ATRX en células tumorales y que parece bastante tdéxico para la
estabilidad cromosomal tener un exceso de esta proteina, lo que muy posiblemente
contribuya al fenotipo canceroso.
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8. CONCLUSIONES

v
v

La sobreexpresion de dADD1 de forma ubicua causa letalidad del organismo.

La sobreexpresion de dADD1 altera la estructura de la cromatina, principalmente
afecta las estructuras heterocromaticas como el cromocentro y los telémeros.

La sobreexpresion de dADD1 induce la deslocalizacién de la proteina HP1la del
cromocentro y esto a su vez correlaciona con la pérdida del patrén de bandeo.

El drea de la sefial de HP1la en cromosomas politénicos se ve reducida cuando se
sobreexpresan todas las dADD1, a o b.

La proteina HP1a cambia su distribucion en las glandulas salivales cuando se estdn
sobreexpresando todas las isoformas, a o b de dADD1.

La sefial de la marca de H3k9me3 se ve disminuida cuando aumentamos la expresion
de dADD1la o b.

Las proteinas dADD1 se requieren para la correcta transcripcion de genes
heterocromaticos

La sobreexpresion de dADD1 afecta la unién a la cromatina de la proteina HP1a en
algunos genes heterocromaticos.

La union de dXNP se ve afectada cuando incrementamos o disminuimos la expresion
de dADD1 en cromosomas politénicos.

9. PERSPECTIVAS

Determinar si la letalidad que observamos con la sobreexpresiéon de todas las
isoformas es por medio de apoptosis, por la via de la Jun quinasa como en la
sobreexpresion de XNP (Ver Anexo 2-5).

Determinar si la sobreexpresién de dXNP casusa un fenotipo de menor area nuclear
debido a menos rondas de duplicacidon o a mayor compactacion de la cromatina.
Realizar un RNA-seq en las glandulas salivales de condicidon nula para evaluar que
transcritos se estan afectando con la falta de dADD1.

Analizar si existe una asociacion entre la falta de las proteinas dADD1 vy la falta de la
deposicion de H3.3 como posible analogia de lo que sucede en mamiferos (ver
Anexo 1).

Llevar a cabo un ensayo de ChlIP-seq de la isoforma b de ADD1 para poder discernir
entre los blancos de las distintas isoformas.

Construir moscas que sobreexpresen la isoforma c para ver si presentan el mismo
fenotipo o inclusive hacer combinaciones entre las isoformas para observar distintos
fenotipos.

Evaluar la presencia de dADD1 en el locus de Hsp70 y su posible papel en respuesta
a estrés por choque térmico.
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11. ANEXOS

Para evaluar si las proteinas dADD1 o XNP de Drosophila estaban involucradas en la
deposicion de la variante H3.3 como en mamiferos, realice inmunotinciones de
cromosomas politénicos. Las mutantes y el protocolo se encuentran descritos en materiales
y métodos, con la dilucidn de anticuerpo H3.3 millipore a una concentracién de 1:10 y la
polimersa serina 5 fosforilada 1:500.
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Anexo 1. Las ausencia de las proteinas dAdd1 incrementa la deposicion de la variante H3.3
a) Inmunotincion de cromosomas politénicos “wild type”, dadd1?/ dadd1? (nula) y dadd1?/
dadd1?; xnp?/xnp3? (condicidn heteroalélica en la que disminuyen los transcritos de dxnp
mas la condicion nula), ADN (la tincién DAPI se muestra en azul), H3.3 (sefial verde),
Polimersa serina 5 fosforilada (sefal roja), y la fusién de colores, la barra de escala es de 20
pum. b) La intensidad de la sefial de H3.3 en unidades arbitrarias se cuantific6 mediante
Imagel, “n" representa el nUmero de cromosomas analizados en cada genotipo; Se realizd
una prueba ANOVA unidireccional ordinaria para determinar si fue significativo p <0.001
**%_ c) Western blot de extractos de proteinas unidas a la cromatina (modificado de
Berstein & Wysocka) de glandulas salivales donde se usaron anticuerpos H3.3 y H4. Los
carriles corresponden al genotipo indicado en la parte superior, los marcadores de peso
molecular se muestran al lado izquierdo de los paneles. En la parte inferior se muestra un
numero que fue la cuantificacién de la intensidad de la banda de H3.3 respecto H4 y se
observa una mayor proporcién de H3.3 en la mutante.
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Tabla 8. Efecto de la sobreexpresiéon de dADD1 en el ala

Genotipo Viabilidad Fenotipo ala quemada
MS1096GAL4/+; UAS-dadd1/+ 93/107 72/93 (77)
MS1096GAL4/Y; UAS-dadd1/+ 14/107 0/14 (0)

. Ensayo de tunel

El ensayo de tunel (Terminal deoxynucleotidyl-transferase-mediated dUTP Nick end Labeling) se
realizé en discos de ala de larvas de tercer estadio hembra siguiendo las instrucciones del proveedor
del kit “In Situ Cell Death Detection kit TMR red”, Roche (no de catalogo 11684795910). Los discos
se montaron en glicerol al 80%, galato de n-propilo al 4% en 1X PBS y se almacenaron en la oscuridad
hasta la observacion en microscopia confocal.

. K

Anexo 2. La sobreexpresidn de dADD1 causa una muerte celular masiva en el disco del ala

MS1096Gal4-UASGFP/+; +/+
MS1096Gal4-UASGFP/+;UAS-dADD1/+

por apoptosis. a) En la parte superior se muestra el control de la mosca adulta hembra vy el
disco del ala que muestra un fenotipo de tipo salvaje MS1096GAL4-UASGFP / +.b) En la
segunda columna se muestra que la sobreexpresién de dADD1 (MS1096GAL4-UASGFP / +;
UAS-dADD1/ +) que causa alas quemadas en moscas adultas hembras y cuerpos apoptoticos
en la bolsa del disco del ala. ADN (azul), TUNEL (rojo), dominio de expresion MS1096GAL4-
UASGFP (verde) y “merge”.
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MS1096GAL4-UASGFP/+

MS1096GAL4-UASGFP/+;UAS-dADD1/+

Anexo 3. La sobreexpresion de dADD1 origina defectos en las macroquetas. a)L a primera
columna muestra una mosca control donde podemos ver un ala “wild-type” y un
acercamiento. EN la columna derecha podemos ver la sobreexpresién de dADD1
(MS1096GAL4-UASGFP / +; UAS-dADD1 / +) que provoca el fenotipo de ala quemada cerca
de un 40% (ver tabla 8). Las moscas que no tiene el ala quemada presentan venaciones
extras como se muestra en la fotografia de abajo. Se anadieron flechas blancas para
observar que todas las vellosidades tienen el mismo sentido en la condicién wt, no siendo
el caso en la mutante. b) En la parte inferior observamos el térax de una hembra adulta
como fenotipo de “wild type” MS1096GAL4-UASGFP / +y la caricatura representativa a su
lado donde deben de estar las macroquetas. A la derecha se muestra la sobreexpresién de
dADD1 (MS1096GAL4-UASGFP / +; UAS-dADD1 / +) que provoca la pérdida de macroquetas.
La segunda fila es una caricatura con un resumen de las pérdidas de las macroquetas
observadas con un numero rojo.
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e Inmunotinciones de discos imagales de alas de larvas del tercer instar

Los discos de alas se obtuvieron de larvas hembras de tercer estadio ys e siguié el protocolo
exacto descrito por la Dra. Claudia Villicaiia (Villican, Cruz, and Zurita 2013) . Brevemente,
se disecaron discos imagales en 1X PBS frio y se fijaron con paraformaldehido al 4% durante
30 min a temperatura ambiente. Los discos se lavaron con PBT (1X PBS mas Triton X-100 al
0,2%), se bloquearon durante 1 h con albumina de suero bovino al 0,1% en PBST 1X con
NaCl 250 mM a 4C. Los anticuerpos primarios se afiadieron a diluciones apropiadas durante
la nochea 4 C*:

HP1a C1A9 de Hybridoma Bank 1:3000
anti-Histona H3K9me3 Abcam 8898 1:100
anti-Histona H3S10P 1:1000

P-JNK (Abcam) 1:100

Al dia siguiente se lavaron los discos con PBT. Los anticuerpos secundarios se agregaron
junto con Hoechst (0.1 ug / ml) durante 2 h a temperatura ambiente, se lavaron
nuevamente con PBST y después de eliminar PBST, los discos se montaron en glicerol al
80%, galato de n-propilo al 4% en 1X PBS y se almacenaron en la oscuridad hasta la
observacion en microscopia confocal.
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MS1096GAL4- UASGFP /+

HPla

MS1096GAL4- UASGFP /+;UAS-dADD1/+

HP1la

Anexo 4 La sobreexpresion de proteinas dADD1 perturba la sefial de HP1a y H3K9me3 en el
disco del ala. a) Inmunotincidn del control del disco del ala que muestra un fenotipo de tipo
salvaje MS1096GAL4-UASGFP / +. Inmunotincién del disco del ala que sobreexpresa dADD1
donde ADN (azul), HP1a (rojo), dominio de expresion MS1096GAL4-UASGFP (verde),
H3K9me3 (amarillo) y “merge”.
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H3S10p Merge

MS1096GAL4-UASGFP/+
MS1096GAL4-UASGFP/+; UAS-dADD1/+

MS1096GAL4-UASGFP/+
MS1096GAL4-UASGFP/+; UAS-dADD1/+

Anexo 5. dADD1 no afecta el ciclo celular, pero induce la apoptosis a través de JNK. a)
Inmunotincién del control del disco del ala que muestra un fenotipo de tipo salvaje
MS1096GAL4-UASGFP / + versus sobreexpresion de dADD1 con ADN (azul), H3S10P (gris),
dominio de expresién MS1096GAL4-UASGFP (verde) y Merge. b) Inmunotincién del control
del disco del ala que muestra un fenotipo de tipo salvaje MS1096GAL4-UASGFP / + frente a
la sobreexpresion de dADD1 con ADN (gris), P-JNK (magenta), dominio de expresién
MS1096GAL4-UASGFP (verde) y Merge.
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Abstract

The human ATRX gene encodes hATRX, a chromatin-remodeling protein harboring
an helicase/ATPase and ADD domains. The ADD domain has two zinc fingers that
bind to histone tails and mediate hATRX binding to chromatin. dAtrx, the putative
ATRX homolog in Drosophila melanogaster, has a conserved helicase/ATPase
domain but lacks the ADD domain. A bioinformatic search of the Drosophila
genome using the human ADD sequence allowed us to identify the CG8290
annotated gene, which encodes three ADD harboring- isoforms generated by
alternative splicing. This Drosophila ADD domain is highly similar in structure and in
the amino acids which mediate the histone tail contacts to the ADD domain of
hATRX as shown by 3D modeling. Very recently the CG8290 annotated gene has
been named dadd?1. We show through pull-down and ColP assays that the
products of the dadd1 gene interact physically with dAtrx, and HP1a and all of them
mainly co-localize in the chromocenter, although euchromatic localization can also
be observed through the chromosome arms. We confirm through ChIP analyses
that these proteins are present in vivo in the same heterochromatic regions. The
three isoforms are expressed throughout development. Flies carrying
transheterozygous combinations of the dadd? and atrx alleles are semi-viable and
have different phenotypes including the appearance of melanotic masses.
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Interestingly, the dAdd1-b and c isoforms have extra domains, such as MADF,
which suggest newly acquired functions of these proteins. These results strongly
support that, in Drosophila, the atrx gene diverged and that the dadd7-encoded
proteins participate with dAtrx in some cellular functions such as heterochromatin
maintenance.

Introduction

The human ATRX gene (hATRX) was described approximately 20 years ago as the
main gene mutated in ATRX syndrome (Alpha-Thalassemia with mental
Retardation X-related). ATRX is localized on the X chromosome in position
Xql13.1-q21.1. Individuals with mutations in this gene present several phenotypic
charateristics that may include mental retardation, craniofacial and urogenital
deformities, psychomotor failure and alpha-thalassemia [1]. Since its description,
there have been important advances in the characterization of the molecular
functions of the protein encoded by this gene. In humans, there are mainly two
isoforms named hATRX (289 kDa) and hATRXt (t, from truncated, 200 kDa)
that are encoded by this gene [2]. Both proteins contain an amino-terminal
domain which is composed of PHD and GATA-like zinc fingers, named ADD
after the three proteins that contain this domain (ATRX, DNMT3b and
DNMTS3L). It was recently demonstrated through different in vitro and in vivo
approaches that this domain recognizes the combination of K9me3 and
unmethylated K4 residues of the histone H3 tail [3]. This domain directs the
protein mainly to pericentric heterochromatin [4]. Mutations described in
patients afflicted with the syndrome mainly affect the important amino acids that
form the "pocket" of the ADD domain for the histone H3 tail recognition. The
hATRX protein additionally has a helicase/ATPase domain, which classifies it as a
member of the SNF2 subfamily of chromatin remodelers [5]. The hATRX SNF2
domain has in vitro ATPase activity, which can be stimulated both by DNA and
nucleosomes [6]. About 50% of the mutations described in patients fall in the
ADD domain, whereas the other 50% affect the SNF2 helicase/ATPAse and other
protein domains [7]. hATRX, as many chromatin remodelers, has been identified
as a component of a complex that includes the histone variant H3.3 chaperone
DAXX (Death domain Associated protein). This particular histone variant is
incorporated at different chromatin regions, such as promoters, enhancers and
heterochromatic regions, and it has been proposed to have dual functions in
promoting both an active chromatin state and the maintenance of hetero-
chromatin [8]. hATRX ATPase activity is important for incorporation of the
histone variant H3.3 by the chaperone DAXX into specific regions of the
chromosomes, such as telomeres and pericentric heterochromatin [9].
Genome-wide studies have identified hATRX as a protein that is able to bind to
DNA regions that can acquire a G4 structure conformation, such as telomeres and
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repetitive G-rich regions [9]; however, the important domain that mediates this
interaction it is not yet known.

It is clear though that both the ADD and helicase/ATPase domains play crucial
roles during development [1]. The ATRX gene is highly conserved through
eukaryotic evolution, but in invertebrates and particularly in Drosophila, it
encodes proteins that lack the ADD N-terminal domain, i.e., the dAtrx; and
dAtrx isoforms are encoded by the same gene but lack an ADD domain. The
dAtrx; isoform interacts with HP1a and is localized to heterochromatin, whereas
the dAtrx, isoform is localized to euchromatin [10].

We decided to determine if there was a gene in Drosophila that could encode
proteins with the conserved the amino-terminus of the vertebrate ATRX.
Performing in silico analyses, we demonstrate that the annotated gene CG8290,
recently named daddl1 [11], encodes three proteins with a conserved ADD domain
that physically interact with dAtrx;. Using a genetic approach, we found that these
proteins have important functions during Drosophila development and that they
cooperate with dAtrx; in certain functions. The evidence leads us to propose that
the dAdd1 proteins are orthologs of the amino-terminus of the ATRX protein in
vertebrates.

Materials and Methods
Ethics statement

All animal handling was approved by the Instituto de Biotecnologia Bioethics
Comittee, Permit Number 344 (2011/02/10), which follows NOM-062 animal
welfare mexican law. All efforts were made to minimize animal suffering. Animals
were sacrificed by CO, euthanasia.

Protein domain structure illustration

The domain organization of dAdd1 isoforms (Fig. 1C) and the representation of
the fragments assayed by pull-down were performed using the DOG 1.0 Illustrator
of Protein Domain Structures [12]. For gene representation we used FancyGene
[13].

Alignments and phylogenetic inference analyses

Multiple alignments were performed with CLUSTALX2 2.1 [14] and the
parameters for the Phylogenetic Inferences were used as estimated by ProtTest 2.4
program [15] for selection of models of protein evolution. The Maximum
Likelihood Phylogenetic Analysis was computed by PhyML 3.0 [16] with the
parameters: Substitution model: WAG (ADD) & LG (Helicase/ATPase) [17];
Bootstrap: 1000; Proportion of invariable sites: 0.12 (Both); Gamma shape
parameter: 2.15 (ADD) & 0.81 (Helicase/ATPase). The tree was edited using
Interactive Tree Of Life (iTOL) v2 [18] with Protein Domain Architecture

information of the containing proteins as predicted by ScanProsite [19].
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Figure 1. The ADD domain of the hATRX protein is conserved in the dAdd1 proteins of Drosophila. A. ADD domain prediction in the protein sequence
alignment of hATRX and dAdd1 proteins. Conserved cysteines are shown as yellow letters within a cyan box. The amino acids involved in H3K9me3 and
H3K4meO0 recognition are marked by green and red boxes respectively. The GATA-like C2-C2 zinc finger and the C4-C4 imperfect PHD are marked by green
and red boxes respectively. B. Ribbon representation of ADD domain of hATRX on red (left) and dAdd on green (center) CPH models-3.0 server was used to
create the model of the ADD domain of dAdd1. Structural superposition of ADD domains of hATRX and dAdd1 (right). C. Domain organization of dAdd1 (a-c)
isoforms. All of them have an N-terminal ADD domain. A C-terminal MADF domain is present in two (dAdd1-b, and dAdd1-c isoforms) copies. D. Maximum
Likelihood Phylogenetic Analysis of the ADD domain and the corresponding Protein Domain Architecture information of the containing proteins as computed
by PhyML [16] and ScanProsite [19], respectively. The numbers shown represent bootstrap values. Note that the ADD harboring protein underwent a gene
fission event during the evolution of insects. Also note that the homologous proteins within the Drosophila genus have acquired a tandem MADF domain
during its divergence from other insects. This domain is likely to be functional given its conservation within the genus. For the parameters used, refer to
Material and Methods.

doi:10.1371/journal.pone.0113182.9001

Protein structure homology model

In an attempt to determine a protein-modeling of ADD domain (101 amino acid
residues), we generated by SWISS-MODEL [20], a three-dimensional structural
model of a protein target, based on identity sequence related with structures
deposited in the Protein Data Bank. Basically the steps used in homology
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modeling are the following: template identification, amino acid sequence
alignment, model building and model verification (model quality) [21]. The
crystal structure of the transcriptional regulator ATRX from Homo sapiens [22]
PDB entry 3qla chain A, was used as a template for homology modeling. The
identity between these two proteins was 37% and the structural similarity was
0.42. Tt is important to mention that the procedures implemented in SWISS-
MODEL allow the modeling of sequences which share at least 35% identity with a
known three dimensional structure. Although the resulting models do not
represent the real 3D structure, it is accurate enough to learn about the general
topology and a possible residue arrangement of the ADD protein sequence.

Fly stocks

1118

The wild-type flies used in this study were Oregon R (OreR) or w' "°, and fly
stocks were maintained at 25°C with standard food. The stocks that carried the
atrx alleles were obtained from the Bloomington Stock Center. The stocks that
carried daddl and Su(var)2-5 alleles were obtained from the Drosophila Genetic
Resource Center (DGRC), Kyoto Institute of Technology. The xnp/atrx alleles
(called atrx for simplicity) were described by Bassett AR, et al., (2008) [10]. The
daddl alleles: dadd1™"""*> (w%;P{GawB}""""%’/Cy0) and dadd1™""**
(y*w*;P{GawB}NP 1240/CyO, P{UAS lacZ.UW14} UW14), carry a P-element
insertion at -225 and -223 bp from the translation initiation codon of the daddI
gene, respectively. The Su(var)2-5° allele is a missense mutation that has been
characterized molecularly by Eissenberg et al., (1992) [23]. This is a single
mutation in the open reading frame: a G-A transition in the first nucleotide of
codon 26, resulting in the substitution of methionine for valine that affects the
chromodomain. The Su(var)2-5° allele is an X-ray induced mutation, in which
only the first 10 amino acids of HP1a are translated [23]. The position effect
variegation (PEV) reporter line BL1 is an inversion allele of the hsp70-lacZ
transgenic reporter, with the reporter gene positioned adjacent to a 3L pericentric
heterochromatin mass [24].

Genetic crosses

All stocks were outcrossed with w'''%; Sp/CyO; TM6B, Th/MKRS flies for five
generations. Chromosomes with the alleles of interest were followed by segregation
with specific balancer chromosomes. To reassure the presence of the atrx alleles in
these lines, females carrying alleles atrx’, atrx’ and atrx’ chromosomes were
outcrossed with males from parental atrx’ allele and viability was assayed and
compared to the previously reported viability [10]. The stocks that carried the atrx
alleles were established and balanced with TM6B, Tb for chromosome 3. The stocks
that carried the dadd]I alleles were established and balanced with the CyO balancer
for chromosome 2 and followed by white complementation. Fly crosses were
performed according to standard procedures, three biological replicates were
performed. At least 100 flies were examined for each genotype.
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Antibodies

The dAtrx; antibody was previously described [25]. All antibodies were generated
by New England Peptide (NEP). The pan-dAddl antibody was generated using
the peptide: QGGEVYCCSTCPYVFCKSC wich recognizes dAddl-a, b and ¢
isoforms. For the dAdd1-a isoform, the CDLIKALGSPSVLP peptide was used and
for the dAdd1-b isoform the CDKQFCQQLVLAM peptide was used. Specificity of
these antibodies was assayed by their capability to recognize dAdd1-a or dAdd1-b
fused to GST (see pull-down section and antibody specificity assays section for
details) by western blot (Fig. S1). The HP1a antibody was obtained from the
Developmental Studies Hybridoma Bank DSHB at the University of lowa (C1A9).
The HA antibody was obtained from Roche (Ref.11867423001). Antibodies used
for mock immunoprecipitations were purified 1gG from mouse GenScript (Cat.
A01007); and purified IgG from rabbit Invitrogen (Cat.02-6102).

Antibody specificity assays
To test the specificity of the pan-dAdd1 antibody, a Western blot was performed
with 100 pg of S2R+ protein extracts either using as primary antibody the non-
depleted pan-dAddl1 antibody fraction or a supernatant from where the pan-
dAddl antibodies were depleted (Fig. S1A). Depletion was performed by
incubating the pan-dAdd1 antibody in PBS, Tween 0.01%, 5% nonfat milk for 2
hours in the presence of the dAdd1-GST fusion protein blotted onto a
nitrocellulose membrane, after the incubation period, supernatant fraction was
saved (depleted fraction). The GST-dAdd1 fusion protein harbors the dAdd1
QGGEVYCCSTCPYVECKSC peptide (aa 122-137) that was used to raise the pan-
dAdd1 antibody.

To test the specificity of the dAdd1-a and dAdd1-b antibodies, GST-dAdd1-a or
b fusion proteins were expressed in bacteria, blotted onto a nitrocelulose
membrane and incubated with either anti-dAdd1-a (Fig. S1B) or anti-dAdd1-b
(Fig. S1C) showing that the different antibodies recognize their specific substrate.
Detection was performed with the PIERCE quimioluminiscence substrate.

Immunostaining of polytene chromosomes

Polytene chromosomes for immunostaining were obtained from wild type

OreR or w'!"® lines or from Xnp®«\VASTIVNHAL G003 GAL4 (w!!!5;
P{wtmCSes3-GALLPDI TP Jarvae, The Xnp®er'UASTIVNHAL gllele is described in
[10], and the Sgs3-GAL4 (w''"%; PwmC=S83-GALAPDITpT driver line was used to
direct Xnp/dAtrx (called dAtrx for simplicity throughout this manuscript)
expression to salivary glands from third instar larvae. Both latter lines were
obtained from the Bloomington Drosophila Stock Center.

Immunostaining of polytene chromosomes was performed with slight
modifications of the protocol described in [25]. Salivary glands from third instar
larvae were fixed in solution I (PBS, 3.7% paraformaldehyde and 1% Triton X-
100) and then in solution II (3.7% paraformaldehyde, 50% acetic acid). The
chromosomes were spread on poly-L-Lysine coated microscope slides. Anti-HP1a
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(DSHB) antibody was used at 1:300, anti-dAtrx; antibody at 1:100, pan-dAddl at
1:50 and anti-HA (Roche) at 1:50. Secondary antibodies were Alexa fluor 488 used
at 1:500 and Alexa fluor 568 or 594 used at 1:100 (Invitrogen). Images were taken
on a confocal laser-scanning microscope (Olympus FV1000) at the
Laboratoratorio Nacional de Microscopia Avanzada (LNMA, UNAM).

For the double dAdd1/dAtrx immunostaining we followed an epitope tagged
version of dAtrx; (dAtrx;-HA) because the dAdd1 and dAtrx; antibodies were
raised in the same species and could not be used together for this experiment.

Pull-down assays

We generated fusion proteins of several fragments of dAtrx; and the dAdd1
proteins. All the clones used in this work were nucleotide-sequenced. The
Drosophila 1LD28477, LD24316 and LD37351 cDNA (BDGP Gold collection of
Drosophila Genomics Resource Center) were amplified by PCR and cloned in the
EcoR1, Notl, Smal, Xhol or Sall sites of the pGEX-4T1 or pGBKT?7 vector (details
are available upon request). The dAtrx; and dAdd1 fragments were expressed as
GST fusion proteins in a bacterial system. For interaction assays, over-expression
of dAtrx; fragments fused to GST in bacteria was induced with 0.4 mM IPTG
during 3 h. GST-dAtrx; fragments were purified using glutathione-sepharose
(Amersham) according to manufacturer’s instructions. The dAdd1 fragments
were expressed and labelled with $*° using an in vitro transcription/translation
system (TNT-Quick-Coupled Transcription/Translation System from Promega).
Pull-down assays were performed according to the manufacturer’s instructions.

Cell culture transfection and co-immunoprecipitation

The dAdd1-a ¢cDNA was cloned into EcoRI/Notl sites of pAc5.1/V5-HisA vector
(Invitrogen). Drosophila S2R+ cells were maintained in Schneider medium with
10% fetal bovine serum and 100 pg streptomycin/0.25 pg amphotericin. Cells
were cotransfected with 10 pg of each construction by the calcium method
(Invitrogen). Fourty-eight hours after transfection, the cells were collected and
lysed. Lysates were clarified by centrifugation at 15.7 g at 4°C. ColPs were
performed as indicated in [26]. For embryo-stage immunoprecipitations: embryo
nuclear extracts were prepared as described [27]. The Co-IP was performed as
described in [28]. Antibodies used for mock immunoprecipitations were purified
IgG from mouse GenScript (Cat. A01007); and purified IgG from rabbit
Invitrogen (Cat.02-6102).

RT-PCR assays

RNA was obtained using the Trizol reagent (Invitrogen®) from embryos (0-3 and
3-21 hour post-fertilization), 1%, 2% and 3™ instar larvae (L1, L2 and L3), pupae
(P), pharate (Ph) and female and male adults Oregon R flies (F and M). 10 pg of
total RNA was converted to cDNA using reverse transcriptase enzyme
(Invitrogen) and oligo-dT and random primers (Stratagene®). To assess the
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presence of the transcripts the following oligonucleotides were used for the PCR
reaction: dAddl-a forward (5'CATCTTACGGGCAAAGTGGT-3"); dAddl-a
reverse (5’ CAGGCTGGCCAATATCGTGG-3"); dAdd1-b forward (5'GCTTGT-
CATCGGGCATATCT-3"); dAdd1-b reverse (5’ GCTCATAAGCAGCCAGCAG-
T-3"); dAdd1-c forward (5’ ACAGCGGCAGCAACGGAAGC-3"); dAdd]1-c reverse
(5'GCGGAAGTCCTTGCAGCGGT-3'); rp49 forward (5'TCAAGATGACCATC-
CGCCCA-3"); rp49 reverse (5'GTTCTCTTGAGAACGCAGGC-3"). rp49 was
used as an RT- PCR control.

Chromatin Immunoprecipitation

S2R+ cells or third instar larvae salivary glands from wild type organisms were
fixed in 1% formaldehyde. The fixation reaction was stopped by adding glycine
(125 mM). Cells or salivary glands were washed and resuspended in lysis buffer,
and sonication was performed until the size of chromatin reached between 200
and 800 bp. Pre-clearing, antibody incubations, immunoprecipitation and
phenol:chlorophorm extractions were performed as described in [25]. For the
‘mock’ condition, a pre-immune sera against dAtrx or an anti-GFP antibody was
used. The following oligonucleotides were used: rover forward (5'-CAACCAAG-
ACCAACCTACCC-3"); rover reverse (5'-GCTCATTTTAGTCTGTCCGC-3")
[29]; for TAS-L, TAS3L_ChIP1 (5'-TGACTGCCTCTCATTCTGTC-3") and
TAS3L_ChIP2 (5'-TATCATCTCGTTCATCCGCC-3") [30]. qPCRs were per-
formed using the light cycler DNA master SYBR green 1 run in a Lyght cycler 1.5
(ROCHE), and the quantification of %INPUT was performed as in [31].

B-galactosidase quantitative assay

Detection of [-galactosidase in adult flies was performed as in Gu and Elgin
(2013) [32]. For quantitative B-galactosidase assays, flies were homogenized in
300 pl of assay buffer (50 mM potassium phosphate, 1 mM MgCI2, pH 7.5),
followed by spinning to pellet the debris. An aliquot of 50 pg of protein extract
was transferred to CPRG solution (1 mM chlorophenol red b-D-galactopyrano-
side in assay buffer) and the O.D. at 574 nm was measured at intervals over a 2-
hour period. The B-galactosidase activity was calculated as a function of the
change in O.D.

Results

The ADD domain of Atrx is highly conserved in Drosophila and
other invertebrates

We searched for genes encoding proteins with the ADD domain in the Drosophila
genome using the ADD region (aa 169-268) of the hATRX protein with the
BLAST (Basic Local Alignment Search Tool) of the NCBI (National Center of
Biotechnology Information). Using this approach, we identified the CG8290
annotated gene, which putatively encodes three annotated proteins that have a
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conserved amino-terminal ADD domain that is 52% homologous and 36%
identical to the hATRX ADD domain (Fig. 1A, B). Protein alignment (Fig. 1A)
showed that there is a high conservation at the position of the cysteins that
coordinate de zinc atoms in the GATA-like and PHD zinc fingers. This
conservation is not as high when we align DNMT3L, a methyltransferase that also
has an ADD domain (data not shown). The ADD domain in the Drosophila
CG8290 encoded proteins is more similar to the one in hATRX than in DNMT3L
(data not shown). While this work was in preparation for publication Alekseyenko
et al., (2014) named the CG8290 gene daddl [11].

In the hATRX protein, there are some amino acids in a "hydrophobic pocket"
that mediate the interaction between the H3K9me3 and unmethylated H3K4
(H3K4me0) histone tail combination. In general, it is noteworthy that the whole
"hydrophobic pocket" binding site is conserved between the ADD in Drosophila
and in hATRX (aa 110-126 in dAdd1) [33]. There are also many conserved amino
acids that are not part of the "hydrophobic pocket", such as the histidine 189 and
proline 190 of hATRX (which correspond to aa 96 and 97 in dAdd1l) that are
mutated in ATRX syndrome [22]. We constructed a three-dimensional model of
the ADD domain found in the dAdd1 proteins (aa 64 to 164) and compared it to
the hATRX ADD domain (Fig. 1B). The human and Drosophila domains mainly
overlap in the GATA-like and PHD zinc fingers helices 1, 2 and 3 (h1, h2 and h3,
respectively), and the pocket that is important for recognition of H3K9me3 and
H3K4me0 is also conserved (Fig. 1C). In the recently published work by
Alekseyenko et al., (2014), the capability of this domain to bind to the H3K9me3
tail was assayed, confirming it preferentially binds to this histone modification
[11].

We also compared the native structure of the ADD domain of dAdd1 to the
ADD domain of DNMT3L (data not shown) and found less overlaping when we
superimpose the structures. This led us to propose that during ATRX evolution,
the protein may have undergone a fission event. To obtain insight into the
evolutionary history of ATRX, we decided to perform a rooted phylogenetic
inference analysis using homologous sequences of the ADD and the helicase/
ATPase domains from ATRX of higher eukaryotes. We found that the shared
common ancestor of higher eukaryotes possessed a protein with both the ADD
and helicase/ATPase domains, but in insects, it underwent a fission event by
which the two domains were separated, generating two different genes (Fig. 1D,
Fig. S2) (perhaps involving gene duplication with subsequent partial degenera-
tion, as has been proposed for cmi and TRR proteins or the monkey king (mkg)
gene family in Drosophila) [34,35].

Another interesting feature is that, in Drosophila, ADD harboring-proteins
acquired other domains such as MADF (myb/Sant-like domain in Adf1, shown in
blue hexagons), suggesting novel functions for these proteins (Fig. 1D). MADF
domains can recognize repetitive sequences on DNA, for instance in Adfl and
Dip3 the MADF domain directs the binding of these transcription factors to
specific promoter sequences [36]. All these data led us to propose that the proteins
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encoded by daddl could represent the orthologs of the amino terminal half of the
hATRX protein.

The dAdd1 proteins are expressed throughout development and
are preferentially nuclear proteins that can bind to different
chromatin regions

Through RT-PCR analyses of cDNAs obtained from different developmental
stages (see Material and Methods and Fig. 2A), we found three transcripts dAdd1-
a, dAddI-b and dAddl-c (Fig. 2A, and B top panel). The transcripts (dAddl-a,
dAddl-b, dAdd1-c) corresponded to the ones derived from alternatively spliced
transcripts of CG8290 described in FlyBase [37]. All of these transcripts are
deposited maternally into the embryo and are later expressed through all stages of
development (Fig. 2B, 0-3 lanes).

Interestingly when we amplify the dAddI-b transcript, another higher molecular
weight band appears (Fig. 2B top panel). We sequenced this fragment and it
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Figure 2. The dAdd1 proteins are expressed throughout development. A. Scheme of the dadd7 mRNAs generated by alternative splicing. The
nucleotide sequence of the ADD and MADF domains are represented as gray boxes. Primers used to amplify cDNAs representing mRNAs encoding Add
isoforms are indicated by horizontal arrows. B. The dadd1 transcripts were detected throughout all Drosophila stages of development by RT-PCR. Detection
of exons from different dadd? mRNAs in cDNA generated from total RNA isolated from embryos (0-3 and 3-21 hour), 1%, 2" and 3" instar larvae (L1, L2
and L3), pupae (P), pharate (Ph) and female and male adults (F and M). rp49 was used as a RT- PCR control. Sequence of the specific primers used to
detect and sequence exons from each different dadd?7 mRNA are described in Material and Methods section. Molecular weight markers on the left of the
panels represent base pairs. C. The dAdd1 (a-c) protein isoforms are mainly nuclear. Detection of dAdd1 (a-c) proteins by Western blotting using the pan-
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corresponds to a transcript that retains the fifth intron. The presence of this
putative transcript varies throughout development being more abundant in larval
stages. Bioinformatic analyses indicate that retention of the fifth intron in this
transcript would generate a stop codon which will in turn translate into a protein
that conserves only one MADF domain. Further analyses are being carried out to
assess the presence of this putative protein.

We found that there are three proteins derived from these transcripts that have
similar predicted molecular weights ranging from 112 kDa to 130 kDa (Fig. 1C).
Interestingly, the dAdd1-b and dAdd1-c proteins have several MADF domains in
their carboxy-termini. We designed an antibody that recognizes the three dAdd1
isoforms (called pan-dAdd1, see Materials and Methods), and we tested the
antibody’s specificity through Western blot and depletion with a GST-dAdd1
fusion protein (Fig. S1A and Materials and Methods section). In the immunoblots
we observe two main bands (112 and 130 kDa). Based on the predicted molecular
weight of the proteins, the signals of these high-molecular weight bands probably
represent the three proteins but cannot be resolved by standard SDS-PAGE
electrophoresis.

We found that the dAdd1 proteins are enriched in the nuclear fraction of S2R™
cells (Fig. 2C). Because the proteins are nuclear and have putative chromatin and
DNA binding domains, we analyzed their location on chromatin. We made
polytene chromosomes preparations from third instar larvae, and using
immunostaining with the pan-dAdd1 antibody, we found that the dAdd1 proteins
are located in several bands and interbands in the polytene arms (Fig. S3). The
signal is also present in heterochromatic regions such as the chromocenter and on
the fourth chromosome, and it co-localizes with the dAtrx signal in this region
and in other heterochromatic regions (Fig. 2D and Fig. S3).

To determine whether dAdd1 colocalizes with dAtrx, we expressed an epitope
tagged-dAtrx; (dAtrx;-HA) [10] in larval salivary glands. This tagged dAtrx;-HA
version localizes to the same sites as wild type dAtrx; [25] and does not alter
dAdd1 distribution (compare Fig. 2D and Fig. S3). We found that dAdd1
colocalizes with dAtrx;-HA in the chromocenter and in other heterochromatic
regions (Fig. 2D insets).

These results opened the possibility that dAdd1 proteins with an ADD domain
could interact with the ADD-less Drosophila dAtrx and cooperate in some cellular
functions in the organism.

The dAdd1 proteins interact directly with the dAtrx,_ protein

To test the proposed interaction hypothesis, we performed co-immunoprecipi-
tation experiments using different antibodies generated against the dAdd1
proteins and dAtrx; (see Materials and Methods). As a first approach we
coimmunoprecipitated dAdd1 with the pan-dAdd1 antibody and tested whether
we could detect dAtrx;. In addition to detecting dAdd1 (Fig. 3A, top panel,
pan-dAdd1 blot) we found dAtrx; in the immunoprecipitate (Fig. 3A top panel,
dAtrx; blot, IP lane), the specific bands obtained in the IP are marked with a
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precipitated proteins was determined by Western blotting using the specific antibody. 10% of the nuclear extract (corresponding to approximately 50 pg of
protein) used for the IP was loaded as the INPUT fraction. 20% of the total extract (corresponding to 150 g of protein) was loaded as the INPUT fraction.
Molecular weight markers on the left of the panels represent kDa. B. ColP assay of dAdd1-a and dAdd1-b with dAtrx,_ . S2R+ cells total extract (TE); pre-
clearing (PC); unbound protein fraction (UB); IP was performed with anti-dAtrx, . Mock is the IP performed with an unrelated antibody. The presence of
dAdd1-a and dAdd1-b in the precipitated proteins was determined using the specific antibody. 20% of the total extract (corresponding to 150 pg of protein)
was loaded as the INPUT fraction. The 250 kDa band observed in the INPUT lane is an unspecific band. Molecular weight markers on the left of the panels
represent kDa. C. Representation of the fragments assayed by Pull-down. The important fragments for the interaction between dAtrx and dAdd are shown in
dashed boxes. D. Pull-down assay. The first lane of all panels (except the coomassie panels) shows the 10% of the total amount of transcription/translation
labeled protein (dAdd1 fragments) used for each experiment (input). The rest of the lanes are the experimental interaction (GST-dAtrx fragments and dAdd1
fragments) and the control interaction (GST and dAdd fragments) for each analyzed polypeptide. Coomasie staining of the loaded GST-fused proteins is
shown in the bottom panels.

doi:10.1371/journal.pone.0113182.9003

white arrow. We also performed the reciprocal immunoprecipitation with the
dAtrx; antibody, and we show that at least one of the dAdd1 proteins,
approximately 130 kDa, co-immunoprecipitates with dAtrx; (Fig. 3A bottom
panel, IP lane) the specific band is marked with a black arrow. The signal in both
cases is specific because it cannot be detected when we used an irrelevant antibody
to perform the immunoprecipitation assay (mock lane in all the blots).

To further characterize which of the dAdd1 proteins are in the observed
immunoprecipitated band, we performed a coimmunoprecipitation assay using
S2R" total extracts with antibodies generated against dAdd1-a or dAdd1-b. We
found that both, dAdd1-a and dAdd1-b coimmunoprecipitate with dAtrx; (Fig. 3B,
top and bottom panels), the white arrows indicate the specific bands corresponding
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to the co-immunoprecipitated proteins. In the dAdd1-a blot (Fig. 3B, top panel)
there is a high molecular weight band, near the 250 kDa weight marker, this band is
unspecific because it also appears in the immunoprecipitation performed with a
purified rabbit IgG antibody (Fig. 3B, mock lane). The fact that both proteins,
dAdd1-a and dAdd1-b, can immunoprecipitate with dAtrx; indicates that the
interaction domain is most likely conserved in both proteins or that a third protein
is mediating the interaction.

To map the dAdd1 protein domain(s) important for the interaction with
dAtrx;, we performed a series of pull-down assays. We generated several
fragments of dAtrx; and dAddl proteins and expressed them as GST-fusion
proteins in a bacterial system or expressed and labeled them with $*° using an in
vitro transcription/translation system (see Materials and Methods, Fig. 3C). We
tested four different fragments of the dAdd1-a protein. Two of these fragments are
present in the three isoforms (dAddl 1-225, dAdd1 1-625). When we assayed the
dAdd1 1-225 fragment with three different dAtrx; fragments, we observed that it
binds to all of the tested fragments of dAtrx; but this fragment also binds to the
negative control GST, although with less affinity (Fig. 3D top panel on the right).
In contrast, the larger fragment that contains aminoacids 226-625 (fragment
dAdd1 1-625) binds specifically to the amino-terminal fragment of dAtrx; (dAtrx
1-221) (Fig. 3D top left panel).

We also tested the dAddl1-a (355-1199) and dAddl-a (620-1199) fragments.
The first fragment, which contains amino acids 355-625 binds to two dAtrx;
fragments (1-221 and 368-1103), corresponding to the amino-terminal and SNF2
fragments, whereas the second dAdd1-a fragment (620-1199), which lacks amino
acids 355-625, fails to interact with any of the tested dAtrx; fragments (compare
second and third panels from top to bottom on the right of Fig. 3D).

In these analyses, we also found that a fragment that includes the MADF
domains (dAddl1-b 538-1125) interacts with the amino terminal and SNF2-
containing fragments of the dAtrx; protein (Fig. 3D from top to bottom: fourth
panel on the right) but this fragment also binds to the negative control GST.

From these data, we conclude that the dAdd1 domain that interacts with dAtrx;
is conserved in all dAdd1 isoforms. Thus, all dAdd1 isoforms can directly interact
with the amino-terminal domain of dAtrx; (a.a. 1-221) through their amino-
terminal domain (a.a. 1-625). Interestingly, this dAtrx; fragment is only conserved
in the long isoform, and it does not overlap with the HP1a interaction domain
[22]. In contrast, it does overlap with the DREF interaction domain, which was
reported by our group [25]. Based on these results, we conclude all dAdd1
isoforms can interact directly with the dAtrx; protein.

atrx and dadd1 interact genetically

At this point we have demonstrated that dAdd1 and dAtrx physically interact; and
therefore, we wanted to know whether they genetically interact in the fly. For this
purpose, we made transheterozygous atrx and dadd] flies. For these analyses, we
used three atrx alleles [20]. atrx! is a deficiency that uncovers dAtrx as well as
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three more adjacent genes; atrx” is an hypomorphic allele that affects both the
long and short dAtrx isoforms and atrx’ is an hypomorphic allele that affects only
the long isoform. The survival of heteroallelic atrx flies is affected, as previously
reported, and they do not present any other obvious phenotype (Table 1, [10]).
We also used two P-element insertion lines, dadd1™"'*** and dadd1™"""*”,
These insertions lie at 83 or 81 bp, respectively, from the daddl transcriptional
start site (Fig. 4A). To determine whether the insertions affected the levels of the
dAddl proteins, we extracted total proteins from adult flies of the different
genotypes and analyzed the presence of the dAddl proteins through Western
blotting using the pan-dAddl1 antibody (Fig. 4B). We found that the levels of the
dAdd1 proteins are diminished in homozygous dadd1™"'?*’/dadd1™""**° indivi-
duals, with respect to the heterozygous dadd1™""?*°/+ or +/+ flies (Fig. 4B). We
also analyzed the daddl mRNA levels of dadd1™""**°/+ or dadd1™""7*/+
individuals through semi-quantitative RT-PCR and found that the daddl mRNA
levels are diminished in the mutant individuals compared to the daddl wild type
flies (Fig. S4). These results indicate that these alleles are hypomorphic. Similar
results were obtained with the dadd1™""?*/ dadd1™""”*’ heteroallelic flies (data not
shown) and thus we used for the rest of our tests the dadd1™"?*’ allele. 44% and
90% of the dadd1™""***/dadd1™""**" and dadd1™"'**’/dadd1™"""* flies reach
adulthood respectively, showing that the higher lethality present in dadd1™""?*’/

Table 1. Interaction between dadd1, and atrx.

atrx"/+ 789/789 (100) 0/789 (0)
atrx®/+ 202/202 (100) 0/202 (0)
atrc®l+ 7751789 (98) 0/775 (0)
atrx'/atrx? 80/202 (40) 0/80 (0)
atrx'/atrx® 387/789 (49) 0/387 (0)
atrx®/atrx® 130/228 (57) 0/130 (0)
dadd1NP1240., 180/180 (100) 0/180 (0)
dadd1NPo795), 255/255 (100) 0/255 (0)
dadd 11240 dacg 1NF1240 91/206 (44) 0/91 (0)
dadd1NP7240)gaccf1VFO7930 163/180 (90) 0/163 (0)
dadd1NP1240) 1 atrx I+ 454/454 (100) 32/454 (7)
dadd 1NP1240) 1 atrx®/+ 568/568 (100) 11/568 (2)
dadd 1NP1240 1 atrx®)+ 632/632 (100) 14/632 (2)
dadd NP9 atrx I+ 152/152 (100) 5/152 (3)
dadd1"F07%3) 1 atrx?/+ 322/322 (100) 11/322 (3)
dadd1"F07%3) 1 atrx’/+ 243/243 (100) 7/243 (3)
dadd1"F1240 v atrx[atrx® 76/105 (72) 9/76 (12)
dadd1"F1240v; atrx?/atrx® 106/141 (75) 8/106 (8)
dadd1NFPO793) 1 atrx?latrx® 161/219 (73) 15/161 (9)

2The number of flies obtained over the number of flies expected according to the healthiest class in each cross. Percentage is in parentheses.
PNumber of adult individuals with melanotic masses (Fig. 4B) observed over the total number of that particular class. Percentage is in parentheses.

doi:10.1371/journal.pone.0113182.t001
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Figure 4. Genetic interaction between dadd? and atrx. A. Scheme of dadd? showing the position of the EP elements insertions (gray triangle) in
dadd1NF71240 and dadd1VF07%2 alleles, introns are represented by white boxes while exons are represented by gray boxes. The start codon at position 308 pb
is also shown. B. dadd1"F7240 is an hypomophic dadd? allele. Western blotting assay probed with the pan-dAdd1 antibody. Each lane contains 150 pg of
proteins from adult flies of the indicated genotype. B-tubulin was used as a loading control. Note the low levels of the dAdd1 proteins in homozygous
individuals with respect to +/+ individuals. This demonstrates the allele is hypomorphic. The 250 kDa band observed in the wild type lane is an unspecific
band. Molecular weight markers on the left of the panels represent kDa. C. Some dadd1/atrx individuals present melanotic masses. Melanotic masses that
appear during larval (upper panel) and adult stages (lower panel) of mutant dadd1/atrx individuals are shown. Wild type individuals (w’’"® for larvae and
OreR for adult) are shown to the left for comparison.

doi:10.1371/journal.pone.0113182.9004

dadd1™""?*° individuals (56%) compared to the one presented by the dadd1™"'?*°/
dadd1™""”* flies (only 10%) may be caused by other lethals present in the
dadd1™"?*° chromosome (Table 1). The heteroallelic dadd1™"?*)dadd V"7
individuals are fertile and do not present any other obvious phenotype.

Survival of the transheterozygous daddl/atrx flies is mildly affected, and a small
percentage of these flies present melanotic masses, both in third instar larvae and
adult individuals. The percentage of melanotic masses is higher in flies carrying
two different alleles of atrx in combination with one allele of daddl (Fig. 4,
Table 1). We obtained similar results for all the combinations of atrx and daddl
alleles (Fig. 4, Table 1,). The masses also appear during larval stages, and these
individuals fail to advance further in development (Fig. 4C). Similarly, adult flies
presenting melanotic tumors die within the first 10 days post-eclosion (data not
shown). These data provide evidence that, besides the physical interaction we
showed in the previous sections, there is a genetic interaction between dAdd1 and
Atrx functions that is essential for fly development.
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The dAdd1 proteins co-localize with HP1a in heterochromatic
regions and cooperate with dAtrx in the maintenance of
pericentric heterochromatin

As dAdd1 proteins interact with dAtrx;, we thought that they could be involved in
heterochromatin maintenance; therefore, we analyzed their interaction with
HP1la.

As mentioned before, the HP1a interaction domain in the dAtrx; protein
(245aa-CxVxL-249aa, [10]) does not overlap with the interaction domains of the
dAddl1 proteins. It is possible that dAdd1-a, b or ¢, dAtrx; and HP1a can co-exist
in the same protein complex. If this is true, then we should be able to
coimmunoprecipitate HP1o with the dAdd1 proteins. We expressed a V5 epitope-
tagged dAdd1 version in S2R" cells and detected the presence of HP1a in an
immunoprecipitation (IP) assay of the V5-dAdd1 protein with the V5 antibody
(Fig. 5A, lower panel, white asterisk). Although the signal is faint it is specific
because it cannot be detected in the mock control IP (Fig. 5A). This finding
indicates that dAdd1-a is able to co-immunoprecipitate with HP1a.

We also show that dAdd1 and HP1a co-localize in heterochromatin regions and
in the chromocenter of wild type polytene chromosomes (Fig. 5B yellow arrow).
The dAdd1 signal is also observed in regions where no HP1a signal is detected
(Fig. 5B green arrow).

The coimmunoprecipitation and immunolocalization analyses suggest that the
dAdd1 proteins could be located in different regions of the chromatin. To analyze
the binding of these factors at several heterochromatic and euchromatic regions in
more detail, we performed chromatin immunoprecipitation (ChIP) assays using
different antibodies against HP1a, dAtrx; and the dAdd1 proteins with chromatin
from third instar larvae salivary glands and S2R™ cells (see Material and Methods).

HP1la is not enriched in the TAS (Telomeric Associated Sequences) regions
[38]. On the other hand, Antao et al., (2012) [30] found through a proteomic
analysis of chromatin segments (PICh) that dAtrx and of the product of CG8290
are enriched in the telomeric associated sequences (TAS-L) but they did not find
HP1a. Thus, we looked for the presence of HP1a, dAtrx; and the dAdd1 proteins
in the telomeric region (TAS-L). Our ChIP experiments show, similar to Antao et
al., (2012) [30], that dAtrx; and the proteins, but not HP1a, are enriched in the
TAS-L region (Fig. S5). We also found that dAtrx; and the dAdd1 proteins
colocalize in a region that can potentially form a G quadruplex structure (G4)
(Fig. S5).

In search for heterochromatic regions where the proteins did not co-localize we
tested the rover retrotransposon, which we know is a constitutive heterochromatic
region enriched in H3K9me3 mark [29]. Here we found dAtrx; is present but the
dAddl proteins are not enriched in this region. This result indicates that dAdd1
and dAtrx; do not colocalize at all the heterochromatic regions in the genome
(Fig. S5). Next, we looked for an euchromatic region, we decided to use the sgs8
promoter which is actively transcribing in third instar salivary glands [29]. We
observed that in this euchromatic region there is some enrichment of dAdd1
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Figure 5. The dAdd1 proteins co-localize in heterochromatic regions with HP1a and cooperate with dAtrx in the maintenance of pericentric
heterochromatin. A. ColP assay of dAdd1-a and HP1a. Total extract (TE) from transiently transfected S2R* cells with dAdd1-a-V5, P1 and P2 are pre-
clearing 1 and 2 (see Material and Methods); unbound protein fraction (UB); IP performed with anti-V5 (upper panel); Mock is the IP performed with purified
mouse IgG. The presence of dAdd1-a-V5 was determined using the anti-V5 antibody. The presence of HP1a was determined using the anti-HP1a (CIA9)
antibody (lower panel). Molecular weight markers on the left of the panels represent kDa. B. Polytene chromosomes preparations from wild-type OreR third
instar larvae were simultaneously stained with anti-HP1a (red signal) and pan-dAdd1 (a-c) antibody (green signal). Merge bands containing both factors can
be visualized mainly in the chromocenter (yellow signal). C. dadd1 is a suppressor of position effect variegation. Quantitative f-galactosidase assay. The
graphs show that dadd? alleles can suppress position effect variegation measured by the enzymatic activity of Lac-Z. WT= wild type flies with CyO and TM3
chromosome balancers; C= control flies derived from F1 progeny of paternally delivered dadd1 alleles; M= Maternal depletion, F1 progeny flies of
maternally delivered dadd? alleles; Z=zygotic depletion, flies derived from crossing males carrying the dadd1 alleles to females carrying the BL1 allele;
M+Z= maternal and zygotic depletion, flies derived from crossing females carrying the dadd1? alleles to males carrying the BL1 reporter allele. The bottom
graph shows that transheterozygous dadd1, atrx flies have an additive effect in the suppression of position effect variegation.

doi:10.1371/journal.pone.0113182.9005

proteins whereas dAtrx; is not enriched as expected (Fig. S5). This finding is
supported by the fact that in the immunolocalization experiments shown above,
we also observe dAdd1 in euchromatic regions in the chromosome arms (Fig. 2D
and Fig. S3).

The results obtained in the ChIP analyses could represent the capability of the
different dAdd1 proteins to bind different regions of the chromatin. The fact that
dAtrx; and the dAdd1 proteins are not always together, as shown in the ChIP and
the immunolocalization analyses, provide evidence that the dAdd1 proteins have
functions independent of that with dAtrx;. This result also shows that dAtrx; can
bind to chromatin regions independent of the dAdd1 proteins, most likely
through interactions with other factors such as DREF [23].

The colocalization of HP1a, dAtrx; and dAddl1 in the chromocenter raises the
possibility that the dAdd1 proteins are involved in the maintenance of
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heterochromatin. In a model for the maintenance of pericentric heterochromatin
proposed by Eustermann S, et al, (2011) [4], the ADD domain of the hATRX
protein, reinforced by the interaction with HP1a, recognizes pericentric
heterochromatin. Once hATRX is recruited its helicase/ATPAse domain directs
deposition of the histone variant H3.3 [4].

It has not been determined conclusively whether Drosophila dAtrx is involved
in the deposition of the histone variant H3.3, but both HP1a and dAtrx; localize
at the chromocenter of polytene chromosomes and act as suppressors of position
effect variegation for the w™* allele, an inversion that lies near pericentric
heterochromatin [10].

Following this hypothesis we tested the daddl capability to suppress position
effect variegation. We used the BL1 line, which carries a LacZ reporter construct
that lies near the centromere [24,32]. In this assay, we can determine whether
daddl is involved in the establishment, crossing virgin females carrying the dadd1l
alleles to males carrying the reporter BL1 (maternal effect), or maintenance,
crossing males carrying the dadd] alleles to females carrying the reporter BL1
(zygotic effect), of heterochromatin [32] (see Material and Methods).

The results show that daddl does not have a relevant role in the establishment
of pericentric heterochromatin (compare M (maternal) bar and C (control) bar in
Fig. 5C top graph). When we analyzed the zygotic effect, virgin BL1 females
crossed to daddl male carrying alleles, the activity of LacZ was consistently higher
in daddl mutants (compare Z (zygotic) bar to C (control) bar in Fig. 5C top
graph), indicating that the dadd]I alleles can suppress position effect variegation
and that dadd]l has a role in the maintenance of heterochromatin rather than in
the establishment of heterochromatin.

Next, we tested whether a combination of daddl and atrx alleles enhances the
suppression of position effect variegation in a cooperative manner. In fact, this is
what we observed. Our results show that transheterozygous daddl/atrx flies
suppress position effect variegation more efficiently than heteroallelic flies
carrying either the daddl or atrx alleles (compare third and fourth bars in Fig. 5C
bottom graph).

Overall, these results indicate that dAdd1 proteins are capable of interacting
with proteins, such as HP1a, that are involved in the establishment of
heterochromatin and that they cooperate with dAtrx; in the maintenance of
heterochromatin.

Su(var)205 interacts genetically with dadd1, and atrx

We showed that daddl/atrx individuals present melanotic masses. The
Su(var)205° is a loss-of-function HP1a allele because it carries a mutation in
aminoacid 26 within the chromodomain. We tested whether the loss of function
of HP1a in the presence of daddI and/or atrx mutations affects the presence of the
melanotic masses found in dadd1/atrx individuals.

Transheterozygous Su(var)205° flies carrying the daddl, or atrx' or atrx” alleles
do not present melanotic masses, whereas Su(var)205° flies carrying atrx’ (which
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Table 2. Su(var)205 interaction with dadd1, and atrx.

Su(var)205%/+ 0/487 (0)
Su(var)205%/+;atrx’l+ 6/366 (2)
Su(var)205%/dadd1NP1240 0/201 (0)
dadd 1NP1240) 1 atrx®/+ 3/69 (4)
Su(var)205%/dadd1NP724%; atrx’/+ 16/111(14)

@Number of adult individuals with melanotic masses (Fig. 4B) observed over the total number of that particular
class. Percentage is in parentheses.

doi:10.1371/journal.pone.0113182.t002

affects only the long isoform of dAtrx) present melanotic masses in a small
percentage (Table 2). The penetrance of melanotic masses in dadd™""**°/+; atrx’|+
(4%) or Su(var)205°/+; atrx’/+ (2%) individuals increases to 14% in Su(var)205°/
dadd"""***atrx’/+ individuals where mutations in the three genes are together
(Table 2). These data show that the presence of melanotic masses in
transheterozygous daddl, atrx and Su(var)205 flies most likely involves
misregulation in the maintenance of heterochromatin.

Discussion

In vertebrates, hATRX is a protein with an ADD domain and an SNF2-helicase/
ATPase motif. Through evolution, the SNF2 domain of hATRX has been highly
conserved, but in invertebrates, the ADD domain is lost (Fig. 1D, [39]). In this
article, we describe the characterization of the Drosophila dAdd1 proteins as
orthologs to the amino-terminal region of Atrx. The daddl gene expresses the
dAdd1 proteins, which have an ADD domain (Fig. 1C), throughout development
(Fig. 2B). The 3D structure of the dAdd proteins ADD domain (Fig. 1B) is more
similar to the one found in hATRX than to the ADD domains found in other
proteins. Drosophila dAdd1 and the ADD-less dAtrx interact physically (Fig. 3A,
3D) and genetically (Tables 1 and 2), and they interact with HP1a in
heterochromatic regions (Fig. 5B).

The human hATRX gene encodes an SNF2 helicase/ATPase protein that has
many different functions. It is part of a complex that includes the histone variant
H3.3 chaperone DAXX, and it is involved in the deposition of this histone variant
in pericentric and telomeric heterochromatin [7,40,41]. The hATRX protein can
also bind to regions in the genome that can potentially form G-quadruplex
structures and it has been proposed that this binding alleviates the quadruplex
conformation and allows the deposition of H3.3 [9,42]. Its participation in the
deposition of histone variant H3.3 requires the helicase/ATPase activity, although
it has not been determined whether this activity is also required for the binding
and recognition of the G-quadruplex structures of the DNA. In addition to the
SNF2 helicase/ATPase domain, hATRX also has an amino-terminal domain
composed of two zinc fingers, a GATA-like finger and a PHD finger called the
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ADD domain. This domain is able to recognize the H3K9me3 histone mark in
combination with unmodified H3K4 through a "hydrophobic pocket", which is an
unusual feature for a PHD zinc finger [33]. The interaction between hATRX and
histone H3 chromatin marks has been shown to maintain hATRX binding to
pericentric heterochromatin. A model has been proposed in which hATRX is
directed to pericentric heterochromatin through the ADD domain, and this
interaction is reinforced by the interaction between hATRX and HP1a. In this
model, the SNF2 helicase/ATPase domain then directs histone H3.3 deposition or
performs other required ATP-dependent functions [4].

daddl encodes three polypeptides that contain an ADD domain that is highly
similar to the hATRX ADD domain (36% identity and 52% of similarity, [11] and
this work). The comparison of the 3D-structure analyses of the ADD of
Drosophila dAdd1 and hATRX reveal that these domains overlap and that the
histone recognition pocket is conserved.

Our phylogenetic inference analysis using the ADD domain of hATRX indicates
that the ATRX gene underwent a fission event. This fission has been described in
at least another chromatin-binding-protein encoding gene, cara mitad (cmi),
which is the homolog of the amino-terminal portions of mammalian MLL2 and
MLL3 [32].

It is intriguing that there are three spliced isoforms encoded by the daddl gene.
The dAdd1-a isoform contains the ADD domain and no other putative domains,
while the other two spliced isoforms have additional domains called MADF (myb/
SANT-like domain in Adfl). The MADF domains are a subfamily of the SANT
domains. They are DNA-binding domains found in all Drosophila species. In the
case of Adfl, the first Drosophila factor identified to have an homology to the Myb
oncoprotein [43], the MADF domain recognizes and binds certain sequences in
repetitive regions [44], although there are some examples in which the MADF
domains can also bind proteins, and apparently the specificity lies in the domain’s
isoelectric point [45].

The predicted isoelectrical point of the three MADF domains in the dAdd1
proteins is basic, which could indicate that they can bind to DNA.

The acquisition of new domains indicates that these proteins most likely have
diverged functions. One indication of this could be the pattern of the
immunolocalization of dAdd1 in polytene chromosomes, where not all the signals
derived from the pan-dAdd1 antibody co-localize with dAtrx;. This indicates that
the dAdd1 isoforms could also have roles independent of their interaction with
dAtrx;

The survival of transheterozygous individuals carrying the daddl/atrx alleles is
compromised, and some of the larvae and adult individuals show melanotic
masses. We found that these proteins also colocalize with HP1a and that dAdd1-a
immunoprecipitates with HP1la. Diminished HP1a levels in dadd1/atrx flies
enhance the incidence of melanotic masses. Our results are supported by the
recent report of Alekseyenko et al., (2014), in which it is demonstrated that dAdd1
physically interacts with HP1a and that dAdd1 is a suppressor of variegation [11].
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The generation of melanotic masses involves problems in the differentiation of
hematopoietic cells in the flies. The differentiation of hematopoietic cells takes
place in the early embryonic head mesoderm and in the lymph gland of late larvae,
and three different types of cells are derived from the prohemocytes; the
plasmatocytes, crystal cells and lamellocytes. Several different pathways regulate
the differentiation of these cells [46]. One of the pathways involves a balance in
the expression of the Pnr-o and Pnr-f3 proteins, which is controlled by the JAK/
STAT pathway [48]. Jak hyperactivation results in the proliferation of hemocytes,
lamellocyte differentiation and the generation of melanized pseudotumors.
Pseudotumors or melanotic masses are formed by crystal cells and lamellocytes
[47]. On the other hand, Stat is a positive regulator of plasmatocyte
differentiation, and one of the downstream factors regulated by Stat is the GATA
factor Pannier [48]. Importantly, our group had already identified pannier (pnr)
as a gene regulated by dAtrx; and another transcriptional factor DREF [25]. In
that report, we concluded that dAtrx; is recruited to the pnr gene promoter
through DREF, and that it acts as a co-repressor of pnr gene expression.

Furthermore, the data obtained from the genetic interactions between the
daddl, atrx and Su(var)205° alleles indicates that melanotic masses are derived
from problems in the proteins involved in heterochromatin maintenance, such as
dAtrx; and HP1a. The position effect variegation assay indicated that the dAdd1
proteins are involved in the maintenance of heterochromatin. Thus, an attractive
hypothesis is that dAdd1, dAtrx; and HPla cooperate and promote hetero-
chromatinization at the promoters of the genes involved in the JAK/STAT
pathway, including pnr. Lack of these proteins could lead to misregulation of the
effectors of the pathway, giving rise to the melanotic masses. Experiments are
being carried out to test this hypothesis.

In the human ATRX syndrome, the majority of the mutations identified so far
affect the ADD or the SNF2 helicase/ATPAse domains. The fact that the domains
are separated in flies provides a new important tool to study the individual roles
these domains have in the development of the organism.

Supporting Information

Figure S1. dAdd1 antibodies recognize specifically the dAdd1 proteins. a)
Western blot using the pan-dAdd1 antibody. The dAdd1 isoform signals (lane 1)
observed with the pan-dAddl antibody are no longer observed in lane 2. This
demonstrates that the GST-dAdd1 fusion protein which harbors the peptide used
to raise the pan-dAddl antibody is able to deplete them from this fraction. The
dAddl signals are no longer observed (lane 2) showing that the pand-dAddl
specifically recognizes the dAdd1 isoforms (see also Materials and Methods). b)
Anti-dAdd1-a antibody recognizes the dAdd1-a protein. Indicated GST fusion
proteins were loaded and blotted onto a nitrocelulose membrane. The Western
blot was performed with an anti-dAdd1-a antibody (top panel) or an anti-GST
antibody (bottom panel). The dAdd1 specific signal is observed only where the
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GST-dAdda-1 fusion protein harboring the peptide used to raise the antibody was
loaded (GST-dAddl aminoacids 620-1199) (left lane, top panel). The antibody
does not recognize a fusion protein that lacks this peptide (right lane, top panel).
The GST antibody recognizes the aforementioned two GST-dAdd1 fusion
proteins (bottom panel). Extra bands (asterisks, right lane, bottom panel) may be
fusion protein degradation. c) Specificity test for the dAdd1-b antibody. Indicated
GST-fusion proteins were induced in E. coli. Induced extracts were loaded and
blotted onto nitrocellulose membranes. The Western blot (upper panel) was
performed using the anti-dAdd1-b antibody. A specific signal is observed (lane 3,
black arrow in the blot and in the Ponceau staining) which corresponds to the
induced GST-dAdd1-b fragment (aa 530-1125) and not GST or GST-dAdd1-a (aa
620-1199) (lanes 1 and 2 respectively). Faint bands in the first two lanes are
unspecific signals.

doi:10.1371/journal.pone.0113182.s001 (TIF)

Figure S2. The atrx gene suffered a fission event in the Insecta class. Maximum
Likelihood Phylogenetic Analysis of Helicase/ATPase domain and the corre-
sponding Protein Domain Architecture information of its containing proteins.
The numbers shown represent bootstrap values. It can be seen that the common
ancestor to plants and animals had a protein with both, the ADD and the helicase/
ATPase domains, but insects show the homologous domains in different proteins.
Since it is more likely that only one fusion event, instead of two independent
acquisitions of the same domain, occurred during the evolution, the most
parsimonious explanation is to consider a model in which a gene fission event
occurred within the Insecta class. For the parameters used, see Material and
Methods section.

doi:10.1371/journal.pone.0113182.5s002 (DOCX)

Figure S3. The dAdd1 proteins localize at many chromatin regions in polytene
chromosomes. Wild type polytene chromosome staining was performed with the
pan-dAdd1 antibody (red). The dAdd1 proteins localize in heterochromatic
regions such as the chromocenter and the fourth chromosome (inset, white
arrow). Staining along the chromosomes arms and in euchromatic regions is also
observed.

doi:10.1371/journal.pone.0113182.s003 (TIF)

Figure S4. Alleles dadd1™""**° and dadd1™"°”*? are hypomorphs.
Semiquantitative RT-PCR from wild type and mutant dadd] flies. dadd1 mRNA
level is lower in the dadd1™""?* (upper panel) and dadd1™**”*? (lower panel)
heterozygous flies than in the daddl wild type flies (w'''®). In homozygous
dadd1N?"?*°/dadd 1N?'?*° (upper panel), dadd] is even lower that in the
heterozygous condition. rp49 transcript levels remained unchanged in the mutant
alleles.

doi:10.1371/journal.pone.0113182.s004 (DOCX)

Figure S5. The dAdd1 proteins co-localize in vivo with dAtrx; and HP1la in
some chromatin regions. ChIP assay using total extracts from third instar salivary
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glands (SG) prepared from wild-type larvae and S2R+ cells. Graphs represent the
percentage of input precipitated using the different antibodies for the same
regions. Note that in the rover region only dAtrx; is enriched. Three independent
biological replicates were performed.

doi:10.1371/journal.pone.0113182.s005 (TIF)
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Background: dADD1 and dXNP proteins are the orthologs in Drosophila melanogaster of the ADD and SNF2
domains, respectively, of the ATRX vertebrate’s chromatin remodeler, they suppress position effect variegation
phenotypes and participate in heterochromatin maintenance.

Results: We performed a search in human cancer databases and found that ATRX protein levels were elevated in
more than 4.4% of the samples analyzed. Using the Drosophila model, we addressed the effects of over and under-
expression of dADD1 proteins in polytene cells. Elevated levels of dADD1 in fly tissues caused different phenotypes,
such as chromocenter disruption and loss of banding pattern at the chromosome arms. Analyses of the
heterochromatin maintenance protein HP1a, the dXNP ATPase and the histone post-translational modification
H3K9me3 revealed changes in their chromatin localization accompanied by mild transcriptional defects of genes
embedded in heterochromatic regions. Furthermore, the expression of heterochromatin embedded genes in null
dadd1 organisms is lower than in the wild-type conditions.

Conclusion: These data indicate that dADD1 overexpression induces chromatin changes, probably affecting the
stoichiometry of HP1a containing complexes that lead to transcriptional and architectural changes. Our results place
dADD1 proteins as important players in the maintenance of chromatin architecture and heterochromatic gene

Background

The major factors involved in chromatin dynamics are
ATP-dependent chromatin remodeling complexes, which
contain an ATPase catalytic subunit, which provides the en-
ergy necessary for their function. One of these ATPases is
ATRX, first described as a putative member of the helicase
superfamily due to its homology with RAD54 that has been
implicated in nucleotide excision repair and transcription
[1, 2]. Mutations in the human gene are the main cause of
a syndrome that includes alpha thalassemia, profound de-
velopmental delay, mental retardation, genital abnormal-
ities, and facial dimorphism, among other manifestations
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[2]. The ATRX gene is highly conserved through eukaryotic
evolution; for example, mouse and human proteins have
87% homology [3], whereas invertebrates like Drosophila
melanogaster have 66% [4].

The human mutations usually generate a change in pro-
tein functionality and mostly fall into the helicase-ATPase
domain in the carboxy terminus, or the ADD motif
(named after the three proteins that carry it, ATRX-
DNMT3-DNMT3L), composed of a PHD and a GATA-
like zinc fingers, which recognize the H3K9me3 and the
unmethylated H3K4 combination of histone marks [5].
This domain directs the protein mainly to pericentric het-
erochromatin [6]. Although there has also been described
that the ATRX PxVxL motif can target ATRX through
HPla, and mutations in this motif [7] reduce the
localization of ATRX in the heterochromatin [6].
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Mutations that affect the function of ATRX have re-
cently been proposed as markers of poor survival in soft
tissue sarcomas [8]. It has been highlighted that inactivat-
ing mutations in the ATRX/DAXX/H.3.3 complex in cells
displaying alternative lengthening of telomeres (ALT)
phenotype, including pancreatic neuroendocrine tumors
[9], glioblastoma multiform, oligodendrogliomas, medullo-
blastomas [10] and neuroblastomas [11], support the po-
tential role of ATRX as a tumor suppressor. Endogenous
expression of ATRX suppressed the ALT pathway on
bone osteosarcoma epithelial human cells [12]. Also, in a
murine model of ATRX overexpression, several pheno-
types were observed, such as neural tube defects, growth
retardation, high mortality, and problems in locomotion
and behavior in organisms that survived postnatally [13].

In Drosophila, the two main domains of the human
ATRX protein are encoded by two different genes dxnp
and daddl. dXNP proteins conserve a helicase/ATPase
domain but lack the ADD domain. The daddl gene en-
codes three ADD harboring isoforms generated by alter-
native splicing. Our group and others have shown a
physical interaction of these proteins with HP1a and also
their localization to heterochromatic regions [14, 15].
We found that in somatic cells, mutations in daddl
affect chromosome stability, induce telomeric defects in
the fly such as telomeric fusions, and loss of retrotrans-
poson silencing. Lack of dADD1 caused delocalization of
HPla protein from the telomeres, with slight distur-
bances at other chromosomal sites [16].

Genomic instability is an indication of cancer, and it is
supposed to promote tumorigenesis in pre-cancerous le-
sions, as well as karyotypic diversity during cancer pro-
gression. Some of the hypothesis identifies two potential
pathways, the loss of tumor suppressor gene functions
and/or activation of oncogenes [17].

There have been studies linking different levels of ex-
pression of ATRX as drivers of specific phenotypes that
give rise to disease and cancer [13, 18, 19]. In the
present study, we searched human somatic cancer data-
bases and found that the ATRX gene is overexpressed
in a wide variety of human cancers. Using a Drosophila
model of ATRX, we modified the expression levels of
dADD1 proteins and evaluated the effects of this over-
expression in polytene cells. When dADDI1 proteins
have higher than wild-type levels, the polytene chromo-
somes lose compaction and banding pattern. HP1a pro-
tein delocalizes and acquires a different distribution
within the cell nucleus. To address the roles of the
dADD1la and b protein isoforms, we modified the levels
of the proteins independently, and overexpression of ei-
ther isoform leads to changes in the chromatin
localization of HPla, dXNP and also H3K9me3 with
differences in the expression of heterochromatin and
some euchromatin embedded genes.
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We conclude that overexpression of dADDI1 proteins
titrates the levels of heterochromatin formation proteins
leading to chromatin architecture loss, chromosomal in-
stability, and organism death. Our results are discussed
in the context of the cellular effects of dADDI1 proteins,
which are essential for global chromosome stability.

Results

ATRX expression levels in human cancers

Mutations that affect the function of ATRX have been
associated with several types of cancers, including glio-
blastoma and pancreatic cancer [20, 21] and ATRX aber-
rant expression has been recently proposed as a marker
of poor survival in soft tissue sarcomas [8]. On the con-
trary, higher levels of ATRX protein have not described
in human cancers. We decided to analyze the levels of
ATRX transcripts in a variety of human somatic cancers
using the COSMIC (Catalogue Of Somatic Mutations In
Cancer) and THPA (The Human Protein Atlas), data-
base in detail [22, 23]. This search found that ATRX is
expressed in all types of cells reviewed on THPA data-
base with high TPM (Transcripts Per Million) values,
principally in tissues like parathyroid and thyroid glands,
cerebral cortex and endometrium, the thresholds used to
categorize over- and under-expression from normal
levels is explained in the database. The protein is also
present in almost all types of human tissues [23]. Ac-
cording to the Genomic Data Commons (GDC) data-
base, which is a general database, ATRX is one of the
most frequently mutated genes associated with cancer,
alterations in its expression are present in 7.79% of the
reported cases (795/10,202 cases). Variations in gene
copy number are only reported in a low number of cases
with 1.76% (184/10473 cases) for gain and 1.59% for loss
(167/10,473) on GDC and 0.12% (7/5686 samples) for
gain and 0.81% (46/5686 samples) for loss on COSMIC,
which is a manually curated database.

Advanced filtered query on COSMIC reported 174
(overexpressing) and 39 (underexpressing) cases that had
modified levels of ATRX, corresponding to 4.45 and
0.99% of the total of cases registered (n =3910), respect-
ively. Cases with no previous history of treatment to rule
out possible secondary effects from any treatment were se-
lected, which gave us a total of 144 overexpressing and 33
under-expressing cases. Additional File 1a shows the dis-
tribution of ATRX overexpression in different types of tu-
mors like lung (19%) and breast (26%) tumors are the
most abundant type of cancers with alterations in the ex-
pression; we did not find any records of central nervous
system tumors represented in this group. The mean over-
expression revealed a fold change ranking between 3 to
5.5 in comparison to the control tissue (data not shown).
Additional File 1b shows the types of tumors associated
with a lesser amount of ATRX expression, like lung (38%),
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upper aerodigestive tract (18%) and Central Nervous Sys-
tem (CNS) with 5%. Under-expression is not correlated to
changes in the gene copy number, indicating that, as the
overexpression cases, these changes could result from
other molecular events such as gene repression or perhaps
mutations in regulatory and coding sequences. Examples
of Breast and Lung tissues from the THPA database are
shown in the Additional File 1; ATRX immunohistochem-
istry was performed with the same antibody (Santa Cruz)
in healthy breast tissue (Additional File 1c) where we can
see nuclear localization in the gland cells. Additional
Fig. 1d shows a breast cancer sample with low levels of
ATRX and in Additional File 1e and 1f high levels, we can
see high levels of ATRX protein in breast cancer samples.
Lung tissue immunostaining with the same antibody is
shown in g and h; these samples show low ATRX levels.
Additional Fig. 1i and j are lung carcinoma examples in
which ATRX is overexpressed with strong staining and
nuclear localization. These data associate ATRX overex-
pression to several types of somatic tumors, therefore
more in-depth cellular analyses of the molecular effects of
ATRX overexpression are essential to study its role as one
of the factors that may lead to the appearance or mainten-
ance of a transformed tumor phenotype.

Misexpression of dADD1 disrupts chromatin structure
Human ATRX has two important domains that cooper-
ate to exert its functions, the ADD domain, which recog-
nizes the H3K9me3 and H3K4 unmethylated histone
mark, which directs this protein to heterochromatic re-
gions, and the SNF2 domain which is necessary for the
correct H3.3 exchange by DAXX [24]. In insects, these
two domains are separated and encoded by different
genes, daddl encodes orthologues to the amino ADD
domain of ATRX and dxnp encodes proteins ortholo-
gues to the SNF2 domain [15].

The daddl gene encodes three alternative spliced iso-
forms (see Fig. le), in a previous publication we showed
that dADDla tethers HPla to the telomeres, and in a
Drosophila line that lacks the daddl gene, a set of telo-
meric retrotransposons (called the HTT array) which par-
ticipate in telomeric maintenance and are normally
silenced in somatic cells, are expressed. This led to longer
telomeres and chromosomal aberrations [16]. The fact
that we found that ATRX is overexpressed in a wide var-
iety of human cancers prompted us to study in the Dros-
ophila model what would be the molecular effects of
overexpressing dADD1 proteins since this domain directs
the protein to heterochromatin [25]. We used the UAS-
GAL4 system to modify the levels of dADD1 protein iso-
forms. First, we directed the expression of all dADD1 pro-
tein isoforms using a ubiquitous driver (Actin or Tubulin),
making genetic crosses between the flies that carried the
Actin or Tubulin drivers as described in the Methods
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Section with the UAS-dADDI lines which resulted in or-
ganism lethality (Table 1). Since we had determined in
our previous publication that the dAddla and dAddlb
protein isoforms have different activities, we overex-
pressed them individually to evaluate their contribution to
organism lethality. We achieved similar results when we
over-expressed either dADDla or dADDI1b protein iso-
forms (for a brief description of these lines please refer to
the Methods section) [16] (Table 1), and in all the cases
the organisms died at early stages of development (data
not shown).

Because the ubiquitous over-expression of all or two
of dADD1 isoforms led to organism lethality, we decided
to drive the expression of dADD1 directly to the salivary
glands using the Sgs3-GAL4 driver (as described in the
Methods section) and evaluate chromosome architecture
in polytene squashes. In wild-type salivary glands, the
chromosome shows the characteristic pattern of bands
and interbands in the chromosome, we can also see the
chromocenter (dashed box in 1la and 1a’), the telomeres
(continuous line boxes in la and 1a”) and the overall
chromosome integrity (Fig. 1la). Overexpression of
dADD1 results in a general loss of the chromatin struc-
ture (Fig. 1b), the chromocenter becomes fragile (com-
pare dashed boxes of Fig. 1a‘and b’), there is a loss of the
banding pattern in some regions at the chromosome
arms, at the telomeres (arrows and continued line boxes
in Fig. 1b and an amplified image in 1b”) and dissociated
chromosome copies.

To confirm the overexpression of dJADDI mRNAs, we
analyzed the transcript levels in salivary glands obtained
from the UAS-dADDI1;Sgs3-Gal4 genotype and com-
pared them to the wild-type salivary glands using the
primers described in [15] which are specific for every
isoform, Rp49 primers were used as control. We found
that all of the isoforms mRNA levels were two to three-
fold higher than the wild-type, compare lanes 1 and 3 in
Fig. 1c, which is similar to the fold change observed in
the tumors from the COSMIC database (data no shown).
Additionally, we used the previously described pan-
dADD1 antibody to perform a western blot from total
protein extract of salivary glands [15] and found that
dADDL1 levels were overexpressed at least three-fold in
comparison to the wild-type protein levels (compare
lanes 1 and 3 in Fig. 1d).

We evaluated changes in DNA and histones content in
both wild-type and overexpressed conditions to rule out
differences in endoreduplication cycles and chromatin
content and we did not observe any significative changes
between the wild-type and dADD1 overexpression con-
ditions (See Additional file 2a and b).

The observed phenotype of an overall loss of banding pat-
terns and chromosome compaction when we overexpress
dADDI1 was somewhat unexpected since, as mentioned
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Fig. 1 Modification of dADD1 expression levels results in chromosomal disorganization. a Polytene chromosome squash from a wild-type
organism. DNA was stained with DAPI (shown in gray), arrows point to telomeric regions, the chromocenter is shown within the dashed box a’)
magnification of the chromocenter, a") magnification of the telomeres. b Polytene chromosome squash from salivary glands in which over-
expression of dADD1 isoform was performed using the UAS-GAL4 system, as in “a” arrows point to telomeric regions and the chromocenter is in
the dashed box, b’) magnification of the chromocenter, b") magnification of a telomeric region. Scale bar 20 um. ¢ Semi-quantitative analysis of
the transcript levels of dADD1 isoforms in salivary glands. Lanes in the gel correspond to 1) wild-type, 2) H,O, 3) UAS-dadd1; Sgs3-GAL4
genotypes. Rp49 transcript was used as a control. Note that all transcripts isoforms are overexpressed (compare lanes 1 to 3). d Western blot from
total protein extracts from salivary glands where pan-dADD1 and anti-3 tubulin antibodies were used. Lanes correspond to 1) wild-type and 3)
UAS-dadd1; Sgs3-GAL4, molecular weight markers are shown on the left side of the panels. On the right side of the panels, the antibodies used
for each membrane are specified. e Schematic representation of the dADD1 protein isoforms. The ADD domain shared by all isoforms is shown
in green; a dashed line delimits the common region. MADF domains of the dADD1b and ¢ isoforms are shown in blue. dADD1a is 1199 aa long
(130 kDa), dADD1b is 1125 aa (127 kDa) and dADD1c is 979 aa (112 kDa)

Table 1 Effect of JADD1 overexpression in organism viability above, we recently reported that dADD1 participates in the
Genotype Viability @ %) silencing and compaction of the telomeric retrotransposons
/4 Tub-GAL4/+ 352372 (94)  and prevent telomeric fusions. Therefore, we expected that
/ UAS-GADDI4/+ 361/361 (100) the overexpression COLll‘d leafi to an opposite localized effect

(that is more compaction) in some areas of the chromo-
+/+; UAS-dADD1a/+ 558/558 (100) . .

somes, but this was not the case. In our previous report, we
+/+; UAS-dADD1b/+ 273/273(100)

( performed rescue experiments in a null daddI background
+HUAS-dADDT;Tub-GAL4/+ 0/361 (0) and found that HP1la was restored to the telomeric region
+/+;Tub-GAL4/UAS-dADD1a 0/558 (0) when the rescue was performed with dADD]la isoform.
+/+:Tub-GAL4/UAS-dADDTb 0/273 (0) However, we also observed that upon dADD1a overexpres-
*The number of flies gotten over the number of adult flies expected to agree Sion’ HP1la was lost from the chromocenter in a dADDla
with the healthiest class in each cross dose—dependent manner [16].
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To get further insights into the mechanisms involved in
the emergence of these phenotypes, we performed HPla
immunolocalizations in wild-type and dADD1 overexpress-
ing chromosomes. We performed all the immunolocaliza-
tion experiments to get the overexpressing and wild-type
chromosomes at the same time to avoid differences that
could be introduced by the immunohistochemistry assay.
To evaluate if there was a correlation between the loss of
banding pattern and HP1la localization we quantified the
number of chromosomes which presented a loss of banding
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pattern and divided the chromosomes into three groups ac-
cording to the severity of banding pattern loss: organized
(well-defined bands, chromocenter with HP1a signal), mod-
erately affected (still with HP1a signal in the chromocenter
but with irregularities in the banding pattern), and severely
altered (very little or no signal of HP1a in the chromocen-
ter, many defects in the pattern of banding and thickness of
the chromosome arm), examples of each phenotype and
classifications are shown in Fig. 2a. The wild-type chromo-
somes conserved the banding pattern and also the HPla

HP1a signal

a
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Fig. 2 dADD1 overexpression induces HP1a delocalization, which correlates with loss of chromosome banding pattern at the chromocenter. a
Classification of the severity of the phenotypes and the amount of HP1a signal observed in the polytene chromosomes. The first column
indicates the genotypes analyzed; the second column shows the classification of the chromosomes according to their banding pattern in
organized, moderately and severely affected (see text for a detailed explanation on the classification). Different shades of red indicate the
intensity of HP1a signal. The third column shows an example of each of these polytene squashes where DNA is evidenced by DAPI staining
(shown in gray), HP1a (red) scale bar 20 um. b Area of HP1a signal quantified with ImageJ. The number of chromosomes analyzed for each
condition is shown with “n,” an Unpaired t-test was performed to determine significance, the Area of HP1a signal is diminished in dADD1
overexpressing chromosomes (>dAdd1 vs. wt). ¢ Correlation between HP1a and loss of chromosome banding pattern. Ordinary one-way ANOVA
was performed to determine the significance, p < 0.0001****
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pericentromeric signal, and only 1.7% of the chromosomes
had the chromosome banding pattern moderately affected
upon the squashing technique; also, the vast majority
(98.3%) had a strong HP1a signal. In dADD1 overexpress-
ing chromosomes (>dADD1), only 9.7% of the chromo-
somes analyzed appeared to maintain an organized
chromatin structure, but the majority (90.3%) did not
(Fig. 2a). We quantified the area of HP1a signal at the chro-
mocenter (see methods section) and was reduced in
dADD1 overexpressing chromosomes (Fig. 2b). To evaluate
if the chromosome banding pattern was affected due to
HP1 loss, we measured the results obtained from each
genotype and HP1a signal intensity, and we observed that
indeed, chromosomes have banding pattern loss had less
HP1a bound to the chromocenter (Fig. 2c). These experi-
ments indicate that over-expression of dADDI1 in a wild-
type background results in loss of heterochromatin and
compaction mediated at least in part by HP1a loss.

HP1a is delocalized in dADD1 overexpressing cells
In the previous experiments, dADD1 overexpression results
in HP1a loss from the chromocenter (Fig. 2). We performed
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HP1a immunofluorescences in the salivary glands to evalu-
ate whether the loss of HP1a from the chromatin was a re-
sult of a change in its sub-nuclear localization.

We directed the expression of dADD1a and dADD1b or
all isoforms using the Sgs3-GAL4 driver to salivary glands
and performed HPla immunofluorescences (see add-
itional File 2¢ for specific mRNA expression of each iso-
form evaluated by RT-PCR). In wild-type salivary glands,
HP1la appears as a single focalized spot that marks the
chromocenter [26]. Figure 3a, first row, and magnified im-
ages. Almost 92% of the nuclei counted presented this
phenotype; the rest (7%) showed two foci (Fig. 3b and c).
Overexpression of dADDI1 results in the loss of the HP1a
focalized signal, 17% of the observed nuclei presented a
wild-type focal distribution, whereas 70% showed a wide
distribution in which the HP1la signal appears to be dis-
tributed in the nucleoplasm with not bright enriched foci,
see also the magnified images of the nuclei (Fig. 3a,
second-row genotype > dADDI, Fig. 3b second column)
and 13% presented the two foci phenotype.

According to these results, we can envision that the
HP1la protein present in the nucleoplasm is most likely

Fig. 3 Overexpression of dADD1 proteins changes HP1a distribution in whole salivary glands. a Salivary gland immunostaining with HP1a
antibody from wild-type (wt), UAS-dADD]1; Sgs3-GAL4 (>dAdd1), Sgs3-GAL4/UAS-dADD]1a (>dAdd1a) and Sgs3-GAL4/UAS-dADD1b (>dADD1b), HP1a
(red signal), DNA (grey signal) and merge scale bar 100 um. The right column shows a magnified image of a single nucleus with scale bar 5 um b
Percentage of nuclei with three different distributions of HP1a signal, “n” represents the number of nuclei analyzed in each genotype. Kruskal-
Wallis Test was performed to determine the significance, p < 0.0001****, indicating a scale “1" for focal, “2" for two foci and “4" for wide. ¢
Classification of HP1a (red signal) distributions found in the nuclei, scale bar 5 um
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lost during the squashing technique; this can account for
the lack of HPla protein in the polytene squashes. On
the other hand, the expression of either isoform results
in a mixture of the possible phenotypes shown in Fig. 3a,
third and fourth row, and magnified images.

In dADD1la overexpression, 48% of the chromosomes
presented a wide HP1a distribution (Fig. 3b third column
marked >dADD1a). In contrast, dADD1b overexpressing
cells exhibited close to 18% wide distribution and had the
highest percentage of two foci distribution (19%), but the
majority had a wild-type (focal) HPla distribution (63%)
(Fig. 3a, fourth row, and Fig. 3b, 4th column). Overexpres-
sion of all dADD1 isoforms had the most profound effect
in disrupting the HP1a focal signal, with almost 70% of the
observed chromosomes presenting a wide HP1a distribu-
tion. Looking at the percentages, the combined dADD1a
and dADD1b overexpression is responsible for nearly all
of the 70% of HPla wide distribution (48% plus 18% =
66%) (Fig. 3b), however dADD1a has the most marked ef-
fect on HP1a distribution, this could be a result of the re-
ported interaction between these two proteins [14, 27].

We also quantified the area of the nuclei to see if it
changed upon dADD1 overexpression, but we could not
find any significative differences when we compared it to
the control nuclei (Additional file 2d), next we measured
the intensity of the DAPI, and we did not observe any dif-
ferences. These data suggest that dADD1 overexpression
does not affect the size of the nuclei nor the amount of
DNA in polytene cells (See Additional file 2 d and e).

As mentioned before, dADDI1 protein isoforms conserve
a common region, which includes the ADD domain, the
difference between them is the presence in the carboxy-
terminal end of additional MADF domains in the
dADDI1b protein isoform which are not present in the
dADD1a isoform (Fig. 1le). Therefore, the common region
may have an essential role in disrupting HP1a foci. The
ADD domain recognizes and binds to H3K9me3 in com-
bination with H3K4 without any modification; thus, it was
possible that dADD1 overexpression could “compete”
with HP1a for binding to the H3K9me3.

H3K9me3 chromatin signal is lost upon dADD1
overexpression

We anticipated at least two possible scenarios. In the
first one, dADD1 proteins could “deplete/remove” HP1a
from the chromocenter of salivary glands directly via
protein-protein interactions. The second one could in-
volve a competition between HPla and dADDI1 for the
H3K9me3 binding site [16].

It has been widely demonstrated that H3K9me3 post-
translational modification is needed to maintain pericen-
tric heterochromatin and that this histone mark is
enriched at the chromocenter of polytene chromosomes
[28]. Any perturbation of this histone mark leads to
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HP1la loss from the chromocenter [29, 30]. Therefore,
we decided to evaluate if this mark was conserved in
dADD1 overexpressing cells.

We performed double immunostaining of H3K9me3
and HPla in polytene chromosomes from wild-type or
overexpressing dADD1 cells. Representative confocal im-
ages are shown in Fig. 4. In wild-type chromosomes, the
H3K9me3 (green) and HP1a (red) signals are enriched at
the chromocenter as previously described [28], all of the
wild-type chromosomes analyzed presented both signals
(100%) (Fig. 4a, first column, and Additional file 3a first
row). To explain the differences between the wild-type
and the overexpressing chromosomes, we quantified the
area of HP1a signal on the chromosomes and the intensity
of HP1a and H3K9me3 (as described in the methods sec-
tion). The area of the signal helped us determined the
“spreading” of the HP1a domain, and the intensity is a dir-
ect measure of the chromatin-bound HPla or H3K9me3
histone mark. When dADD]1 is overexpressed, there was
less HP1a signal, and also H3K9me3 was affected (see
Additional file 3a third row). When either dADD1la or b
protein isoforms are overexpressed, the chromatin band-
ing pattern is still maintained, but there is less HP1a signal
(Fig. 4a middle and right column and Fig. 4b), the HPla
quantified area is slightly less affected by the dADD1b
overexpression. However, this effect could be because the
majority of the chromosomes had a “split” HP1a signal (a
representative chromosome is shown in Fig. 4a, right col-
umn, and Fig. 4b “area” plot) as if the chromocenter is
more fragile and prone to “break” upon the squashing
treatment. The signal intensity of both H3K9me3 and
HP1a is diminished in the overexpression of both isoforms
(Fig. 4b, intensity plots).

Overexpression of dADDla or dADDI1b also affects
their own chromosome localization. In dADD1a overex-
pression, the signal at the chromocenter is lost, and the
banding pattern looks more defined than the wild-type,
whereas, in the case of dADDI1b overexpression, the
dADDI1 pattern looks punctuated instead of bands but
also the signal at the chromocenter is reduced
(Additional file 3b).

These results indicate that dADD1 overexpression is
not competing with HP1a to bind to its chromatin rec-
ognition site, but it could somewhat affect the chromo-
center by titrating HP1a or HP1a containing complexes.

dADD1 misexpression affects the expression of some
heterochromatic genes

Some genes embedded in heterochromatin need this
surrounding context for their correct expression and
also require the presence of HP1a [31]. Since HP1a delo-
calized from many regions upon dADD1 overexpression,
we decided to analyze if the expression of these genes
was also affected.
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Fig. 4 Overexpression of dADD1 proteins disturbs H3K9me3 signal. a Immunostaining of polytene chromosomes from wild-type, Sgs3-GAL4/UAS-
dADD]1a (>dAdd1a) and Sgs3-GAL4/UAS-dADDI1b (>dADD1b), DNA (DAPI staining shown in grey), HP1a (red signal), H3K9me3 (green signal) and
merge scale bar 20 um. b The signal area of HP1a was quantified by ImageJ as well as the intensity of HP1a and H3K9me3 signal. The "n”
represents the number of chromosomes analyzed in each genotype; an Ordinary one-way ANOVA test was performed to determine significance

p <0.05% <0.01 **, <0.001***, < 0.00071****

We used as a selection guide DamIP chromatin profil-
ing technique in Kc cells [32]. We have certainty of well-
known genes located in pericentromeric regions that
need HP1a for their proper expression in salivary glands
such as cinnamon (cin), CG7742 [33], light (It) [34], and
concertina (cta) [35] these loci are in different chromo-
somes and heterochromatic regions [32, 35]. Of others,
we decided to evaluate them because they are silenced in
salivary glands, such as kraken (Kra) and P-element som-
atic inhibitor (Psi) [36]. We also evaluated euchromatic

genes as control regions which are not controlled by ei-
ther HPla or Su(var)3-9. Using quantitative RT-PCR
(qQRT-PCR), we analyzed the transcript levels of all these
genes in wild-type, dADD1a or b overexpressing salivary
glands and also in the null daddl organisms because in
our first dADD1 report, we demonstrated the co-
localization of HPla and dADDI proteins in polytene
chromosomes, particularly at the chromocenter, but also
at some bands throughout the polytene arms and
chromosome four [15].
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Fig. 5 dADD1 overexpression results in transcriptional silencing of some genes and loss of HP1a. gRT-PCR analyses, wild-type (gray bars), null
dADD1 (aqua bars), Sgs3-GAL4/UAS-dADD1a (red bars) and Sgs3-GAL4/UAS-dADD1b (dark blue bars). Three independent biological replicates were
performed. Data are shown as expression relative to Rp49 transcript. Ordinary one-way ANOVA was executed to determine significance with P-
values (p < 0.05%, <0.01 **, <0.001*** < 0.0001**** ns, no significance). a controls, b euchromatin genes, ¢ genes regulated by Su(var3-9, d
genes regulated by HP1a, e genes regulated by Su(var)3-9 and HP1a, f pericentric genes. HP1a protein enrichment at different analyzed
promoters. Chromatin immunoprecipitation experiments were performed using the C1A9 antibody (anti-HP1a) and mouse IgG as Mock. Psi, Sgs8
and Hsp7/0 are euchromatic regions without HP1a (g and h and n); note there is no enrichment versus the mock in the wild-type condition.
Promoters of the Het-A retrotransposon (i) and Cin (j) were evaluated as telomeric and sub-telomeric regions in which HP1a is localized. Cta (k)
and Lt (I) are pericentromeric, and HP1a also regulates them. Ank is regulated by Su (var)3-9 and HP1a (m). Error bars represent standard
deviation. P-values (p < 0.05%, <0.01 **, < 0.001***, < 0.0001**** ns, no significance)

We analyzed public data in which they used a Bio-tap
tagged dADD1la for ChIP-seq experiments in S2 cells
and evaluated the presence of dADDla in the same
genes of Fig. 5. Although S2 cells are embryonic, the
position of the genes in the chromosome does not

change, and neither does constitutive heterochromatin;
therefore, we believe the ChIP-seq data helped us to get
further information on dADD1la position in other het-
erochromatic gene domains. We found that dADD]a is
not present in euchromatic genes such as Sgs8 and
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Actin, neither in Su (var)205 and Su (var)3-9 nor in
genes controlled by Su(var)3-9 such as Psi and kraken
see Additional file 5.

When we looked at genes controlled exclusively by
HP1a [37], we only found dADD1a at toy and /gs, which
are located at chromosome four, which is mainly hetero-
chromatic, whereas in cin there is not dADD1la (Add-
itional file 5).

In HP1a/Su (var)3-9 controlled genes, dADD1 is local-
ized in Ank but not in CG7742. There is also the presence
of dADD]1 in the pericentromeric genes, /t and cta (Add-
itional file 5). dADD1a is located at the promoter, but also
through the gene bodies of the analyzed genes.

For the qRT-PCR, we used Rp49 transcript for data
normalization since the transcript levels remained very
similar in the wild-type and the daddl null or daddl
overexpressing salivary glands (data not shown). All the
transcripts were analyzed in four genetic backgrounds,
wild-type (gray bars), null daddl (aqua bars), daddla
overexpression (red bars) and daddlb overexpression
(dark blue bars) (see Fig. 5). First, we analyzed the tran-
script levels of dADD1a or b (Fig. 5a top panel labeled
as “controls”). When we overexpress each isoform,
higher levels of dADDla or dADDIb transcripts were
obtained when compared to the wt as expected (Fig. 5a).
Next, we analyzed if heterochromatin maintenance
genes such as Su (var)3-9 or Su (var)205 (the gene that
encodes HP1la) transcript levels were affected, but the
transcripts remained at similar levels (Fig. 5a), suggesting
that the previously observed effects on loss of HP1a and
H3K9me3 (Figs. 3 and 4) are not due to loss of tran-
scription of these genes.

Neither euchromatic genes such as Act5C and Sgs8,
nor Su(var)3-9-regulated genes were affected (Fig. 5b,
). The only affected genes were HPla-regulated genes
such as Toy and Lgs (Fig. 5d); Su(var)3—-9/HP1la regu-
lated genes such as Ank and pericentric genes such as
Cta and light (Fig. 5f). The majority of these genes were
down-regulated in the null daddl organisms or in the
overexpression of either daddla or b isoforms. It is
worth mentioning that all of these genes also are bound
by dADD1 in S2 cells. The only two genes that showed
an over-expression either in the null daddl or daddl
overexpression genetic backgrounds were Lgs and Ank,
which were overexpressed in all genetic backgrounds
when compared to the wild-type. Another gene that re-
sulted de-regulated was hsp70; in both the null daddi
organisms and daddla overexpression the transcript was
more abundant.

The scheme in Additional file 4 shows the location of
the analyzed genes. Particularly, Lgs and Ank are located
within chromosome 4, which is highly heterochromatic
but are not pericentric or telomeric. Therefore lack of
dADD1 proteins or their overexpression, results in
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different outcomes depending on the analyzed gene and
their chromosomal localization. Down-regulation of het-
erochromatin embedded genes could be explained by
the loss of HP1a in the chromatin, which is known to be
required for the correct transcription of some of these
genes [37, 38]. To address if there were changes in HP1a
binding to these genes, we performed chromatin immu-
noprecipitation followed by quantitative PCR (ChIP-
qPCR). First, we analyzed two genes which are not regu-
lated by HP1a, Psi and Sgs8 do not show any HP1la en-
richment versus the mock condition (IgG antibody, see
Methods Section and Figs. 5 g and h), next we analyzed
a region which we know is target of HPla, the Het-A
promoter, as we can see in Fig. 5i, there is an enrich-
ment of HP1a at this region in wild-type individuals. In
dadd1 null organisms, HP1a is no longer present at this
site, coinciding with our previous publication; import-
antly, overexpression of dADD1 proteins also leads to
loss of HPla at this telomeric region. The same effect
can be seen in the light, Ank and cin regions, in the case
of light and Ank, we can see that the loss of HP1a leads
to opposite effects in gene transcription, light is down-
regulated and Ank is up-regulated, this indicates that
there is a differential role for HP1a at these heterochro-
matic sites, surprisingly, although cin loses HP1a in both
the null daddl and daddl overexpression, the transcript
is not affected (Fig. 5d and j). cta, which is also a peri-
centromeric gene and was down-regulated in all the
conditions analyzed, conserves HPla in the null daddl
organisms (Fig. 5k). Another unexpected result came
when we analyzed Hsp70Aa expression; in null daddl
organisms and dADD1la overexpression conditions, this
gene is up-regulated, and in a wild-type background,
HP1la is not present at this gene, however, in salivary
glands from organisms that lack daddl, HPla becomes
enriched at this promoter.

These results demonstrate that dADD1 proteins are
important to achieve correct levels of expression of some
genes embedded in sub-telomeric or pericentromeric
heterochromatin, genes located in chromosome four,
which is mainly heterochromatic, but also, at some eu-
chromatic loci.

Overall, our data indicate that misexpression of dADD1
(either over or under expression) has an important impact
on chromatin structure and in the localization of HPla
proteins, which leads to differences in heterochromatic
and euchromatic gene expression.

dXNP localization is altered upon dADD1 misexpression
The differences observed in gene expression are not only
due to HPla loss, so dADD1 proteins may cooperate
with other protein complexes or proteins to control gene
expression.
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Previous work from our lab identified dXNP as a
dADDI1 interactor [15]. We decided to analyze if overex-
pression of dXNP phenocopied the loss of heterochro-
matin observed upon dADDI1 overexpression. We
performed genetic crosses between Sgs3-Gal4 and UAS-
dXNP lines to direct the expression only to salivary
glands. First, we looked at HP1a distribution in complete
salivary glands. We found that HP1a focal distribution is
maintained, however, when we compare dXNP overex-
pression to wild-type salivary glands, the chromatin
seems more compacted, and the HP1la signal although
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present, is diminished, see Fig. 6a. We measured the nu-
clei area and found that it is diminished upon dXNP
overexpression (Fig. 6b). Then, we looked at polytene
chromosome spreads and analyzed HP1a and dXNP dis-
tribution. In wt chromosomes, these proteins co-
localized and we also saw telomeric localization of
dXNP, as expected, Fig. 6d first row and magnified im-
ages. Upon dXNP overexpression, the number of bands
increased, as well as the signal at certain heterochro-
matic regions such as the telomeres (Fig. 6d second
row), however, in null daddl organisms or dADDI1

presents a magnification of the telomeric regions

Fig. 6 dADD1 overexpression causes changes in dXNP binding. a Salivary gland immunostaining with HP1a antibody from wild-type (wt) and
dXNP overexpression (>dXNP) Sgs3-GAL4/UAS-dXNP. HP1a (red signal), DNA (grey signal) and merge (scale bar 100 um). In the right column a
magnification of a single nucleus is shown (scale bar 5 um). b Nucleus area quantification showing a reduction in (>XNP), wt n =341 and XNP
n =344. ¢ RT-PCR analysis of the transcript levels of dXNP in salivary glands. Lanes in the gel correspond to 1) wild-type (wt) 2) Sgs3-Gal4/UAS-
XNP (>XNP), 3) xnpz/xnps (a heteroallelic condition in which dxnp transcripts are diminished), 4) daddi?/ dadd1’ (null dadd1) and 5) UAS-dadd1;
5gs3-GAL4(>dADD1), genotypes. Rp49 transcript was used as a control; the numbers below are the bands quantification with respect to Rp49
signal intensity. d Immunostaining of polytene chromosomes from wild-type (wt), Sgs3-GAL4/UAS-XNP (>XNP), dadd1?/ dadd1? (null dAdd1) and
UAS-dADD1; Sgs3-GAL4 (>dADD1), DNA (DAPI staining shown in grey), HP1a (red signal), dXNP (cyan signal) and merge. The right column
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overexpression, the dXNP signal diminishes, and only a
few numbers of bands conserve dXNP protein signal, see
Fig. 6d last two rows. Then we analyzed the dXNP tran-
script levels and are normally expressed (compare lines
1 versus 4 and 5 in Fig. 6¢). Therefore, lack or overex-
pression of dADDI1 does not affect transcription of this
gene, only its chromatin location.

These results demonstrate that upon dADDI1 loss,
dXNP loses its wild-type chromatin localization as
fewer dXNP bands are detected in these chromosomes,
which could lead to loss of chromatin compaction.
Interestingly, upon dXNP overexpression, there seems
to be general chromatin compaction that coincides
with the presence of more dXNP bands at polytene
chromosomes. These results support the role of
dADD1 as essential proteins to maintain a correct
chromatin organization, protein localization, and gene
expression.

Discussion

Maintenance of a correct chromatin structure is central
for cell viability. During the transformation process in
cancerous cells, many genes become deregulated, chan-
ging several protein levels and allowing the cell to escape
normal controls of cell cycle and gene regulation. Cur-
rently, many association studies address the role of loss
of function mutations of many transcriptional factors
and chromatin remodelers in cancer cells, and many da-
tabases have been able to concentrate these data to
understand this important disease.

ATRX loss of function mutations has been associated
with several different cancer cells, from glioblastoma to
pancreatic cancer [21]. The number of these mutations
has grown in the past few years, and many of them affect
the domains important for the wild-type function of the
protein [39]. Although the majority of the studies have
focused on the loss of function mutations, many reports
show overexpression of ATRX in different types of can-
cer. During the transformation process of the cells, many
genes become deregulated and overexpressed, and there
is a need for a simplified model to address the roles of
the overexpression of these genes.

In this work, we report that somatic cancer cases that
have ATRX overexpression are more represented in the
databases examined than the under-expression condi-
tions. This data was unexpected since most studies in
the functions of ATRX in development come from the
loss of function mutants. However, there have also been
a few studies in which this protein has been overex-
pressed, leading to the appearance of similar phenotypes
observed in loss of function mutants [13].

Our investigations on the function of dADD1 have led
us to develop tools that help us address several questions
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on the purpose of these proteins. Additionally, the do-
mains are separated in Drosophila, and we can study the
independent roles of the ADD and the SNF2 domains of
the ATRX orthologue.

In this work, we analyzed the effects of the misexpres-
sion of one of the central ATRX domains, the ADD do-
main. This domain shares more than 52% homology
with the ADD domain of the human ATRX and also
recognizes the combination of K9me3 and unmethylated
K4 of histone H3 [14]. The daddl gene encodes three
different protein isoforms which conserve the ADD do-
main; our group has demonstrated that dADD1 proteins
are involved in the maintenance of chromosome stability
and heterochromatin by tethering HPla to the telo-
meres. Additionally, the isoforms participate in the silen-
cing of the telomeric retrotransposons, which in somatic
cells are repressed and also direct HP1la binding to the
telomeres [16]. Deregulation of this silencing and the
lack of HP1a at the telomeres leads to the appearance of
chromosomal aberrations and genome instability.

Overexpression of dADD1 proteins resulted in chro-
matin structure loss, and it caused a general decom-
paction and the dissociation of chromatin fibers
around the chromocenter (Figs. 1 and 2). These phe-
notypes were stronger when overexpression of all
dADDI1 isoforms was performed. In wild-type salivary
glands, the transcript levels of dADDI are low com-
pared to other analyzed transcripts (see Fig. 5). These
results indicate that the levels of dADDI1 in polytene
cells need to be maintained on the lower side to
achieve a correct chromatin structure. Recently, Mitzi
Kuroda’s group identified dADD1 as a strong HPla
interactor and also other factors such as the methyl-
transferases Eggless/dSETDBI1 and Su (var)3-9. These
methyltransferases participate in the formation and
maintenance of pericentric heterochromatin [39, 40].
Loss of either of these methyltransferases or a shift in
their levels affects pericentric heterochromatin H3K9
methylation and HP1a localization [39, 40]. Given that
dADD1 interacts with these histone methyltransfer-
ases, one possibility is that overexpression of dADD1
proteins breaks the stoichiometry of complexes con-
taining these proteins, affecting the methyltransferases
activity, leading to loss of the methylation mark, and
HP1la (see Figs. 2 and 4). It is also fundamental to
consider that the maintenance and propagation of
H3K9me3 also require HPla since it recruits Su
(var)3-9; therefore, disruption of HP1a from the chro-
mocenter might lead to the observed changes in
H3K9me3.

Reduction in H3K9me3 signal and HPla from the
chromocenter partially explains the loss of global chro-
matin structure observed in the polytene chromosomes.
Our group has demonstrated that dADD1 also interacts
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physically with the ATPase dXNP; this protein does not
have a DNA or chromatin binding domain. Conse-
quently, it relies on the interaction with other proteins
to reach its targets on the chromatin [41]. dXNP is im-
portant for the maintenance of beta heterochromatin
and has been shown to interact also with HP1a [42, 43].
dADD1 levels can change HPla localization, and also
affect dXNP binding to chromatin leading to a deregula-
tion of the ATPase activity and loss of chromatin struc-
ture, see Fig. 6 [43].

Also, overexpression of either isoform (Additional file 3b)
affected dADD1 chromatin binding; therefore, the model
of a complex between HP1a, dADD1, dXNP, and a meth-
yltransferase which maintain not only telomeric but peri-
centric heterochromatin is further supported by our data.

Observations have been made in which overexpressing
dXNP in the developing eye and wing causes apoptosis
through the JNK pathway [4, 44]. In other studies, over-
activation of JAK phosphorylates STAT and STAT92E
phosphorylation results in chromatin disruption and loss
of HPla stability [45]. Otherwise, reducing levels of
phosphorylated STAT92E or its loss also causes instabil-
ity in heterochromatin [46]. Both JNK and JAK-STAT
are two of the signals that play a primary role during cell
fate [47]. This data could be noteworthy for our work
because the over-expression of dADD1 proteins could
lead to apoptosis via JNK, and it is well-known that
STAT abnormal activation by phosphorylation is related
to human cancers [48]. Further studies will be needed to
clarify this point.

In the literature, there are reports of mutants that
phenocopy the chromocenter loss of organization that
we observed when we overexpress dADD1. Mutants af-
fecting H3.3 levels or a mutant that substitutes the lysine
9 for an arginine lead to a disorganization of the chro-
mocenter [48, 49].

Vertebrate ATRX is capable of interacting with the his-
tone chaperone DAXX and exchange the H3.3 variant at
different heterochromatic regions such as the telomeres
and pericentric heterochromatin [25] also, the H3.3 that is
deposited helps to maintain the levels H3K9me3 necessary
for proper heterochromatin maintenance [25, 50]. In
Drosophila, the DAXX like protein has been shown to co-
operate with ASF1 for the deposition of H3.3 and also
with dXNP at certain heterochromatic regions [51]. Thus,
it is possible that also dADD1 proteins may be cooperat-
ing with this complex to maintain heterochromatin, how-
ever to date, there are no studies on histone variant H3.3
in a null dadd1 background or overexpression condition,
but it would be a critical and interest aspect for future re-
search to thoroughly understand the cooperative roles of
these proteins.

Heterochromatic foci are needed to maintain a correct
chromatin conformation. Proteins that can disrupt these
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foci may have significant roles as drivers of disease [52,
53]. In our results, we can see that both tested dADD1
isoforms disrupt HP1a foci to different extents; however,
the effect is more pronounced when we overexpress the
“a” isoform, which has been directly co-precipitated with
HPla. The “b” isoform has additional MADF domains
which could in part contribute to other of the observed
phenotypes, it is known that in other proteins, the
MADF domains recognize repetitive rich sequences
which are also present in heterochromatic regions; still,
more experiments are required to elucidate the MADF
domains function.

It has been demonstrated that human HP1lalpha drives
phase separation in heterochromatin [54] a feature that
is conserved in the Drosophila orthologue [54, 55]. Our
results place dADD1 proteins as regulators of this HP1a
property, probably maintaining a correct local concen-
tration of HP1a oligomers at certain regions such as the
telomeres and pericentric heterochromatin. Over and
underexpression of dADD1 can disturb the concentra-
tion of HPla and affect phase transition, which could
lead to chromatin instability and alterations in gene ex-
pression [54, 55].

Our data demonstrate that dADD1 misexpression in
the salivary glands affects HP1a, Su (var)3-9, dXNP and
dADDI1 localization, a set of genes show an important
transcriptional effect, whereas other genes remain un-
affected. Pericentric genes transcription was similarly af-
fected upon dADD1 overexpression as in the null daddl
organisms (Fig. 5) and HP1a binding was also affected in
both genetic backgrounds (see Fig. 5k and 1) therefore at
these pericentromeric genes dADD1 cooperates with
HPla to maintain a correct expression. Transcription
from euchromatic genes such as Sgs8 and Act5c was not
affected; however the Hsp70Aa gene was upregulated in
the null and dADD1a overexpression conditions and this
effect seems to be independent on the presence of HP1a,
this places dADD1 proteins as regulators of this
chaperone which has also been observed to be over-
expressed in different types of cancers [56]. Another in-
teresting feature of this particular gene is that it has a
“poised” Pol 1I, so it is possible that dADD1 misexpres-
sion could also be involved in controlling this “poised”
state. It would be important to address if this or other
heat-shock proteins which maintain correct homeostasis
are also de-regulated in the human cancers in which
ATRX is overexpressed.

In Drosophila salivary gland cells, gene transcription
remains highly regulated despite the loss of HP1la foci
and a concomitant loss of chromatin architecture. Chro-
matin from salivary glands is polytenized; thus, the tran-
scriptional defects may be somehow “buffered” by other
gene copies. This buffering effect may not be conserved
in other cells and tissues as overexpression of dADD1
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using a ubiquitous driver results in organism lethality
(Table 1).

Contrary to what we observed with dADD1 overex-
pression, dXNP overexpression leads to chromatin com-
paction, evidenced by an increase of dXNP bands in
polytene chromosomes, even at the telomeric regions
and a decrease in the nucleus area (Fig. 6a and b). Also,
it was highly difficult to obtain full spread chromosomes
due to the high compaction (Fig. 6¢). The dXNP protein
lacks a DNA or chromatin binding domain, our group
and others have shown that dXNP is able to interact
with transcription factors such as DREF or chromatin-
binding proteins such as HPla. dXNP may reach chro-
matin via DREF or other factors and through the SNF2
domain promotes heterochromatinization, so an excess
of dXNP could also affect gene expression or, as has
been demonstrated, lead to cell death [45].

In the fly, this is the first study that presents the effect
mediated by overexpression of the orthologues of the
ADD and SNF2 domain of ATRX. Further investigation
will be necessary and exciting to address the impact of
dADD1 overexpression in a context in which we could
suppress lethality, to evaluate if the cells acquire charac-
teristics or phenotypes associated with cancer features.
Also, we believe that further studies to understand why
ATRX is overexpressed in the tumor cells is necessary.
At present we know that this overexpression is not
highly correlated to gene copy number loss or duplica-
tion which leads us to think that perhaps de-regulation
of proteins that act in the control region of ATRX could
be responsible for its overexpression, therefore, it would
be interesting to understand the contribution of these
factors to the transformed phenotype [57].

Conclusions

The results presented here provide new evidence that
dADD1 overexpression disrupts chromatin structure, af-
fecting the localization of chromatin binding proteins
such as HPla, dXNP and H3K9me3 inducing chromo-
somal instability and organism death. Also, our group
recently described dADD1 as a negative regulator of the
expression of telomeric retrotransposons; however, in
this study, we demonstrate dADD1 proteins are also re-
quired for correct heterochromatic and euchromatic
gene transcription. Further genetic and biochemical
characterization of dADD1 isoforms is necessary to
understand their roles in the maintenance of chromatin
stability and heterochromatic gene regulation.

Methods

Search on public data bases

Clinical relevance of mutation on ATRX was revised
on the NCBI Genomic DATA Commons (GDC,
https://portal.gdc.cancer.gov/) [58]. GDC is a general
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collecting portal that includes all cancer genomics
studies data that the users are updating. Transcrip-
tome expression pattern of ATRX on normal and can-
cer human samples were explored on the Human
Protein Atlas (THPA, https://www.proteinatlas.org/,
[58, 59] specialized proteome database and the manu-
ally curated Catalogue of Somatic Mutation in Cancer
(COSMIC, https://cancer.sanger.ac.uk/cosmic, [41]
last accessed at 18 February of 2019. Advanced search
on COSMIC was filtered using the criteria of “Gene
Expression (mRNA)” “over/under-expressed.” We
downloaded each case, verified the full report and cor-
roborated common samples between the Human Pro-
tein Atlas (THPA) and COSMIC databases. We
selected the cases that do no report previous history of
treatment (to avoid differences in expression due to
chemical or irradiation treatments) and that had full
available expression data.

Fly stocks and genetic crosses

The wild-type flies used in this study were w''*, Fly stocks
were maintained at 25°C with standard food. All stocks
were outcrossed with w''’%; Sp/CyO; TM6B, Th'/MKRS
flies. UAS-dADDI (ID 200280 Kyoto stock center) were
crossed to GAL4 drivers Tub-GAL4 (ID 5138), Act5C-
GAL4 (ID 4414), Sgs3-GAL4 (ID 6870). His2Av-RFP (ID
BL23651), UAS-XNP (ID BL 26645), an2 (ID BL 26643)
and Xnp® (ID BL 26644) were obtained from the Bloom-
ington Drosophila Stock Center NIH P400D018537. At
least 100 flies were examined for each genotype. The gener-
ation of transgenic lines over-expressing of each isoform is
explained in [16] Briefly, to generate the transgenic lines to
conditionally direct the expression of dADD1 isoforms, the
¢DNA encoding either the A or B isoforms, was cloned into
the pUAST vector carrying four UAS sequences [59]. Plas-
mid DNAs were sent to the Bestgene Company to obtain
the transgenic UAS-dADDIa or UAS-dADDIb lines. Lines
harboring insertions into the third chromosome were saved
and balanced. The dadd 1’ null allele was generously pro-
vided by Dr. Mitzi Kuroda and has been described in [14].

Immunostaining of polytene chromosomes, salivary
glands, and signal quantifications.

Immunostaining of polytene chromosomes was per-
formed as described in [41] with a modification in the
spreading procedure with Lacto-acetic acid solution [60].
All controls and tested genotypes were processed at the
same time to avoid variations in the immunohistochemis-
try procedures. Anti-HPla (C1A9 from DSHB) antibody
was used at 1:1000, anti-pandADD]1 [15] and Anti-Histone
H3K9me3 were used 1:50 (Abcam 8898) and anti-dXNP
was used 1:10. Salivary gland immunohistochemistry was
performed as described in [61]. Secondary antibodies
Alexa fluor 488 or 568 (Invitrogen) were used at 1:300 and
1:100. Images were taken on a confocal laser scanning
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microscope (Olympus FV1000) with a 60x and 20x object-
ive at the Laboratorio Nacional de Microscopia Avanzada
(LNMA, UNAM). Images were processed using Image].
For polytene chromosomes, the intensity of the signal of
HPla or H3K9me3 was measured with Image] only by
selecting the chromocenter and taking into account only
the red or green signal in combination with the DNA sig-
nal (in blue) to eliminate the possible background.

Western blot

Third instar wandering larvae were rinsed in ice-cold PBS
1X; 10 pairs of salivary glands were dissected from each
analyzed genotype. Samples were boiled in Laemmli buf-
fer, and proteins were separated in an 8% acrylamide/bis-
acrylamide denaturing gels. Detection of the proteins was
then carried out as previously described [15]. Anti-B-
Tubulin (E7 from DSHB) antibody was used at 1:3000,
and anti-pandADD1 was used as described before [15].

Real-time RT-PCR assay

RNA was obtained using the Trizol reagent (Invitrogen)
from 10 third instar larvae salivary glands. 1 mg of total
RNA was converted to cDNA using reverse transcriptase
enzyme and oligo-dT (Invitrogen). Rp49 was used as a
control for these experiments. The primers used for
dAddl, a, b and Rp49 transcripts were the same as [15].
Other primer sequences are as follows (5'-3"):

Name Forward Reverse
Su (var)3-  GTGCGCTTCAAGAACGAACT  GCGGCCTTTTGGCAATTACT
9
Su (var)205 GGGCAAGAAAATCG GGCCATTATTGTCGGAGGCA
ACAACCC
Act5C GGTTGCAGCTTTAGTGGTCG SSCACAGTATGGGAGACA
5gs8 TGCTCGTTGTCGCCGTC GCCGCTCAAGACCCTCCATA
Psi TCCAGGGAAAGAACGACGAA  CGCTCCAGATTGCTGGTTGA
Kraken CGGAACTTTCGCCAGAGACAA  CTATCCGGCGAATCAGGCAT
Toy CGTTGCGGAACGAACATCAT  CATCGTTGCAATCGGTTGTG
Lgs GTACCACAACAGCAAACCCC  TGGGCTTGGTCGCCTACTTT
Cin ACACGGTACAAAAGACCGCC  TCCACTTGCACTACGCAATCT
CGr742 ATGGCCAAGTGGAACGAACT  AATCCTCTGGCACTGAACCG
Ank TTTCGTTCTTACGTGCTGCTC  TGTGCAAAGGGGTGAATCCT
Cta ACGCGGCTTTGAGGAGTAC GACTAGCTACCACAATATCC
Lt TTTGAGGAGGCAATGGAACTT  CAGCCAGGCCGTCA
TAAAGA

Real-time PCR was performed as in [16]. Reactions
were set up in duplicates, and the LightCycler Fast Start
DNA Master SYBR Green 1 was used (Roche). Real-time
quantitative PCR was performed by using a LightCycler
1.5 Instrument by Roche. PCR conditions were 95 °C for
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10 min, followed by 40 cycles at 95 °C for 10s, alignment
temperature for 10s, and 72°C for 18s. The alignment
temperature was 65—60 °C. The threshold cycle (Ct) was
used for assessing relative levels of respect to the house-
keeping gene Rp49. The relative levels on mutant geno-
types were compared to the corresponding levels on the
wild-type strain to obtain the fold difference using the
formula 2-AACT = [(CT gene of interest — CT internal
control) sample A - (CT gene of interest - CT internal
control) sample B] previously reported for relative tran-
script quantification [62]. Quantification of transcript
abundance was measured with technical duplicates and
three independent biological replicates were analyzed.

Chromatin immunoprecipitation, qPCR, and data analyses
Chromatin immunoprecipitation from salivary glands
was performed as [16] using Het-A primers. Data were
expressed as % Input = 100*log2(dCt normalized ChIP),
where dCt normalized ChIP = Ct sample — [Ct input*In-
put dilution factor)]. Two independent biological experi-
ments were performed each with three technical
replicates.

Statistical analysis

All the graphs and statistical analyses were performed
with GraphPad Prism 6. Data assuming normality and
homogeneity of variance were analyzed with one-way
ANOVA. Non-parametric data were evaluated with one-
way ANOVA on ranks. Statistical significance was set at
(p <0.05% <0.01 **, <0.001***, < 0.0001****). For data on
the amount of DNA and Area of HPla signal between
two populations, an Unpaired t-test was performed.
Kruskal-Wallis test was used to analyze data from HP1la
distribution in salivary glands.

Data analysis

Previously reported ChIP-seq data for S2 cells were ob-
tained from Gene Expression Omnibus (GEO) database.
GSM1363103, GSM1363104, GSM136105 and
GSM136106 raw data from dADD1 (CG8290) [14]. Se-
quences were mapped to the dmé reference genome using
bowtie2 v 2.3.4.1 [63]. PCR duplicates were removed with
samtools v1.7-2 [64]. Peak calling was conducted utilizing
MACS v2.1.1.1 [65], requiring peaks to have a P-value of
le-10. All genomics intersections were conducted with
bedtools v.2.26 [66], peaks were called with the input con-
trol and visualized with the IGV genome browser [67].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512860-020-00257-2.

Additional file 1. Distribution of cases by cancer type expressed as a
percentage with a) ATRX overexpression and b) ATRX underexpression.
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Databases last accessed on February 18, 2019. C) Healthy breast sample
tissue (Patient id: 3544) from a 45 years old female patient showing ATRX
immunohistochemistry, d) Breast duct carcinoma sample (Patient id:
1874) from an 80-year-old patient. e) Breast duct carcinoma sample (Pa-
tient id: 4193) from a 43-year-old patient with a high signal of ATRX. f)
Lobular carcinoma sample (Patient id: 4789) from a 49-year-old patient
with a high signal of ATRX. g) Healthy Lung sample tissue (Patient id:
1678) from a 57-years-old female patient showing ATRX immunohisto-
chemistry, h) Adenocarcinoma from female 51 years old (Patient id: 2041)
showing low signal of ATRX, i) Squamous cell carcinoma from Male, 64
years old (Patient id:4090), j) Squamous cell carcinoma from Male, 72
years old (Patient id:4896) with high signal of ATRX. The immunohisto-
chemistry was performed with the same antibody sc-15,408 from Santa
Cruz Biotechnology. Image credit: Human Protein Atlas.

Additional file 2 The amount of DNA and chromatin does not change
during dADD1 overexpression. a) DNA quantification in salivary glands
over-expressing all the isoforms. An unpaired t-test was performed to de-
termine significance. No significant differences were found. b) H2Av-RFP
visualization of salivary glands with an H2Av-RFP transgenic line (red sig-
nal) the amount of chromatin between wild-type and over-expression of
dADD?1 does not change H2Av-RFP signal intensity. ¢) Transcript analyzes
by RT-PCR lane 1) Sgs3-GAL4, lane 2) UAS-dADDIa, lane 3) UAS-dADDI®b,
lane 4) Sgs3-GAL4/UAS-dADD1a and lane 5) Sgs3-GAL4/UAS-dADDI1b. rp49
transcript was used as a control. Parameters of area (d) and intensity (e)
of wild-type and overexpression conditions were quantified. Ordinary
one-way ANOVA was performed to determine significance. No significant
differences were found. For each genotype we counted the number of
nuclei wt n =303, UAS-dADD1; Sgs3-GAL4 n =307, Sgs3-GAL4/UAS-
dADD1a, n =296, Sgs3-GAL4/UAS-dADD1b n = 219. The quantification
was made with ImageJ.

Additional file 3 Overexpression of all dADD1 isoforms disturbs
H3K9me3 and dADD1 signal. a) Immunostaining of polytene
chromosomes from wild-type, and over-expressing dADD1 a and b pro-
teins, DNA (grey signal), HP1a (red signal), H3K9me3 (green) and Merge
scale bar 20 um. b) Immunostaining of polytene chromosomes from
wild-type and over-expressing dADD1 proteins. Genotype: Sgs3-GAL4/
UAS-dADD1a and Sgs3-GAL4/UAS-dADD1b, DNA (grey signal), pan-dAdd1
(green), HP1a (red signal) and Merge scale bar 20 um.

Additional file 4 Schematic representation of Drosophila polytene
chromosomes and the location of the transcripts analyzed in Fig. 5. The
numbers below each chromosome correspond to cytological map
locations. Genes targeted by HP1a are shown in red, genes targeted by
Su (var)3-9 are shown in green and in yellow, the genes that are
regulated by both proteins. Euchromatic genes are represented with blue
lines. A black circle represents the chromocenter.

Additional file 5 Localization of dADD1a protein in the analyzed genes.
dADD1a (pink peaks) is located principally at the promoter, and through
the gene bodies in all the pericentric genes (cta and It). Also, at Ank
controlled by HP1a/Su (var)3-9. dADD1a is not present in euchromatic
genes such as Sgs8, Actin and Hsp70Aa neither in Su (var)205 and Su
(var)3-9 nor in genes controlled by Su (var)3-9 such as Psi and kraken or
HPla exclusively controlled genes as toy or lgs.

Additional file 6 Raw data.
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A cross-sectional report on melasma ‘E
among Hispanic patients: Evaluating :
the role of oral tranexamic acid

versus oral tranexamic acid plus
hydroquinone

To the Editor: Oral tranexamic acid (TA) has been
described as a game changer as a solo agent in
the treatment for refractory moderate to severe
melasma.’ Its therapeutic mechanism has been
postulated to address the vascular component in
melasma. However, optimal dose, duration, and
studies on depigmenting creams are limited.” A
retrospective treatment outcome analysis, at a single
center over a 1-year period (June 2018 to June 2019),
of patients with melasma receiving oral TA
650 mg daily = hydroquinone (HQ) 4% cream was

Research Letters 1457

performed. This report describes the main clinical
characteristics and impact on patients’ quality of life
(QOL). The primary outcome was the modified
Melasma Area and Severity Index (mMASID) score,
and impact on QOL was assessed using the Spanish
Melasma on Quality of Life questionnaire
(Sp-MELASQOL). Patients were evaluated to exclude
the risk of thrombosis. The mMASI was calculated by
2 dermatologists blinded to treatment groups.
Pearson correlation, paired ¢ test, and unpaired
I-test with Welch’s correction were used. A P value
of less than .05 was considered statistically
significant.

Fifty-three patients’ charts with sufficient
documentation on progress and the degree of
improvement at weeks 8 and 20 were included.
The main background clinical characteristics are
summarized in Table I. Twenty-seven patients
(50.94%) received oral TA 650 mg daily (mean
baseline mMASI score, 8.25), and 26 (49.05%)
received oral TA 650 mg daily plus HQ 4% cream
(mean baseline mMASI score, 8.20). At week 20 of
treatment, there was a 46% reduction in mMASI score
in the TA group versus 61% in the TA plus HQ 4%
cream group; this difference was significant
(P =.048). Mild adverse effects to TA were reported
in 7 patients. Notably, there was a 49% reduction in
the Sp-MELASQOL score in the combined group
compared with 29% with oral TA alone. The overall
clinical response rate observed aligns with that
reported in previous studies. Zhu et al,” in a
randomized study, reported no = significant
differences in the MASI and melanin index among
500; 750; 1,000; or 1,500 mg oral TA. Del Rosario
et al,” in a randomized study of 39 patients taking
250 mg TA twice daily, reported a 49% reduction in
mMASI score compared with 18% in the control
placebo group. To our knowledge, this is the first
treatment outcome analysis among Hispanic
patients. Our data indicated that combined therapy
appears superior to oral TA alone. Padhi and
Pradhan reported a more significant improvement
in MASI score with oral TA 250 mg twice daily in
conjunction with a triple combination depigmented
cream compared with the triple combination alone,
and Karn et al,” in a prospective randomized
controlled trial, found a significantly higher clinical
improvement with oral TA 250 mg twice daily
combined with topical HQ versus topical HQ alone.
Our data support the use of oral TA plus HQ 4% as a
combined therapy for moderate to severe melasma
with better clinical and QOL results.

lleana E. Arreola Jauregui, MD,”" Gabriel Huerta
Rivera, MD," Manuel Soria Orozco, MD," Silvia
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Table 1. Background clinical parameters and
treatment outcomes (N = 53)

Characteristics Value
Sex, n (%)
Male 2 (3.77)
Female 51 (96.22)
Skin phototype
I 2 (3.77)
I 22 (41.50)
v 24 (45.28)
\Y; 5(9.43)
Age at onset, y
Mean = SD 335 =82
Minimum, maximum 17, 50
Years of melasma before starting oral TA
Mean = SD 11.03 * 84
Minimum, maximum 1, 36
Clinical parameters
Main affection, n (%)
Centrofacial 28 (52.83)
Malar 19 (35.84)
Mandibular 6 (11.32)
Melasma Severity Score, n (%)
Mild (mMASI of 2.7-4.9) 5(9.43)
Moderate (mMASI of 5-7.2) 20 (37.73)
Severe (MMASI of 7.3 or more) 28 (52.83)
Treatment outcomes mMASI  Sp-MELASQOL
Group: 650 mg TA daily
Baseline 8.25 36.88
Week 8 6.51 —
Week 20 4.4 26.2
Group: 650 mg TA + HQ 4% daily
Baseline 8.20 32.80
Week 8 557 —
Week 20 3.12 16.69
Adverse effects to TA (n =7), n
Breast pain 4
Abdominal pain/inflammation 1
Arthralgias 1
1

Hypo-oligomenorrhea

HQ, Hydroquinone; mMASI, Modified Melasma Area and Severity
Index; Sp-MELASQOL, Spanish-language Melasma Quality of life;
TA, tranexamic acid.
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Characterizing index keratinocytic W‘
carcinomas in commercially insured :
adults younger than age 50 years in

the United States

To the Editor: More than 3 million people are affected
by keratinocyte carcinomas (KCs) in the United
States, an often-cited estimate from Medicare claims
and population survey data for patients 65 years old
and older." However, less is known about KCs in
younger populations. In this retrospective cohort
study, we used health administrative claims data to
characterize index KC in commercially insured
adults aged 18 to 50 years.

We interrogated the IBM MarketScan Commercial
Database, a claims database containing 20 to 40
million US employees (2011-2017), using a previ-
ously validated algorithm” pairing International
Classification of Diseases diagnosis codes with
Current Procedural Terminology procedural codes
to identify index KC. Enrollees (aged 18-50 inclusive)
with 12-months continuous enrollment prior to their
index service date were captured. Enrollees with any
prior malignancy history of the lip or skin;
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Abstract: Understanding the packaging of DNA into chromatin has become a crucial aspect in the
study of gene regulatory mechanisms. Heterochromatin establishment and maintenance dynamics
have emerged as some of the main features involved in genome stability, cellular development,
and diseases. The most extensively studied heterochromatin protein is HP1a. This protein has two
main domains, namely the chromoshadow and the chromodomain, separated by a hinge region.
Over the years, several works have taken on the task of identifying HP1a partners using different
strategies. In this review, we focus on describing these interactions and the possible complexes
and subcomplexes associated with this critical protein. Characterization of these complexes will
help us to clearly understand the implications of the interactions of HPla in heterochromatin
maintenance, heterochromatin dynamics, and heterochromatin’s direct relationship to gene regulation
and chromatin organization.

Keywords: heterochromatin; HP1a; genome stability

1. Introduction

Chromatin is a complex of DNA and associated proteins in which the genetic material is packed
in the interior of the nucleus of eukaryotic cells [1]. To organize this highly compact structure,
two categories of proteins are needed: histones [2] and accessory proteins, such as chromatin regulators
and histone-modifying proteins. Both kinds of proteins participate in maintaining the structure of
chromatin and regulating gene expression [3]. The primary unit of chromatin is the nucleosome [4],
which is formed by an octamer of histones, with two copies of histones H2A, H2B, H3, and H4
(also called the canonical or core histones) [4]. The histone H1 has been referred to as a “linker” because
a single copy is positioned on the DNA between each nucleosome [5]. Deciphering the procedures that
control chromatin packaging has become a significant issue in understanding developmental programs
and disease states.

There are two primary types of chromatin in the nucleus: heterochromatin and euchromatin [6].
Heterochromatin is abundant in compacted, highly condensed, silenced, and repetitious sequences
found near centromeric and telomeric locations. By contrast, euchromatin includes the majority of
transcriptionally active genes [7]. Through staining different types of cells, Emil Heitz conceived the
term “heterochromatin” more than 90 years ago, observing retention of this more compact structure
throughout the cell cycle [8]. These core heterochromatic structures have become an essential area of
study because of their role in gene silencing [9].

In all eukaryotes, constitutive heterochromatin is established early in development. During the
1960s, satellite sequences were identified, sequenced, and mapped to pericentromeric and telomeric
regions of metaphase chromosomes located at the nuclear periphery of interphase cells [10]. With the
development of automatic sequencing over the decades that followed, studies on vertebrates have
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determined that the genome is rich in repetitive sequences that, for example, account for more than
50% of the human genome. There are many types of these repetitive elements: some are composed of
retrotransposon sequences, others of long and short interspersed elements known as LINEs, SINEs,
Alu sequences, in addition to minor and major satellite sequences. These sequences need to be
silenced to avoid chromosome instability, and several mechanisms cooperate toward maintaining this
silencing. These mechanisms include DNA methylation, histone post-transcriptional modifications,
histone deacetylation, binding of chromatin proteins, and non-coding RNA and RNA interference
pathways [11-13]. Embryonic stem cells have, in general, less heterochromatin than differentiated
cells. This characteristic confers plasticity. As differentiation advances, cells gain heterochromatin.
Disruption of any of these heterochromatin maintenance mechanisms leads to chromosome instability
and can sometimes lead to diseases such as cancer.

The mechanisms of heterochromatin formation and maintenance have been highly conserved
throughout the evolution of eukaryotic cells, and understanding these mechanisms using less complex
animal models has helped us to advance understanding in this important field.

Based on cytological criteria, one-third of the Drosophila melanogaster genome, including the
telomeres, pericentric regions, and chromosome 4, is considered as the heterochromatin [14].
As development and differentiation progress, regions regarded as heterochromatin become more
abundant as differentiated cells undergo heterochromatinization to promote gene repression and prevent
inappropriate gene expression. One mechanism for achieving this is for cells to anchor chromatin to
the nuclear lamina resulting in gene inactivation [15]; alternatively, the heterochromatin/euchromatin
borders may be defined [16], for example, by changing the profile of chromatin as differentiation
progresses, i.e., as stem cells differentiate into the mature cell type [17].

The primary mechanism used to maintain differential expression patterns is the silencing of
genes, which involves packaging them in structures inaccessible to DNA-binding proteins [18].
The silencing of a specific gene or chromosomal region requires covalent modification by enzymes
or complexes harboring subunits that recognize these modifications and facilitate their physical
association with histones [19] and their extension throughout the chromatin fiber, creating a compacted
structure (heterochromatin) which is generally believed to be inaccessible to transcription-promoting
factors [20]. Heterochromatinization then becomes one of the primary mechanisms used to silence
chromosomal regions.

In 1930, experiments using X-ray treatment of flies have shown that genes that were translocated
from euchromatic regions to the vicinity of pericentric heterochromatin, acquired a motley pattern of
expression [21]. This effect, which is caused by the repressive properties of heterochromatin, was called
position effect variegation (PEV) and has been exploited from the 1980s onward for the systematic
examination of factors that regulate heterochromatin formation. One of the proteins identified through
this screening is heterochromatin protein 1 (HP1). It is a highly conserved protein [22] that was
initially discovered in Drosophila by the group of Grigliatti in a study in which the authors found more
than 50 loci that acted as suppressors of PEV. The authors identified that the protein encoded by the
Su(var)2-5 locus works as a dosage-dependent modifier of PEV [23]. Since then, various studies have
shown that this protein is essential for the establishment and maintenance of heterochromatin.

HP1 proteins are conserved in a variety of organisms, including fission yeast (as Swi6 and
Chp2) [24,25] and also vertebrates such as amphibians (e.g., frog (xHP1x and xHP1y)) [26], birds
(e.g., chicken (HP1x, HP1$, and HP1y)) [27], and mammals (such as mice (HP1e, HP13, and HP1vy)) [28].
Various functions have been described for each member of the family throughout the life cycle of
a cell: heterochromatin formation and maintenance, gene silencing, telomere capping, DNA repair,
and control of gene expression [14]. Mutations that affect HP1 protein activities have a significant
impact on organism development. For example, in Drosophila, null mutants for HP1a are lethal at the
embryonic stage [29]. Although the HP1 isoforms are very similar structurally, they have different
functions, and null mutants for HP1a cannot be rescued by HP1b or HP1c. Thus, HP1 proteins have
been revealed to interact with a wide variety of proteins, forming different complexes [30-32].
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In this review, we present a general overview of HP1 proteins, their conserved domains, and their
interactions with other proteins. We focus mainly on HP1a to provide a layered view of its interactions
as well as their possible impacts on functions and heterochromatin maintenance.

2. Functions of Conserved HP1a Domains

HP1a has two highly conserved domains, the N-terminal chromodomain (CHD) that is located
in numerous chromosomal proteins [18] and a C-terminal chromoshadow domain (CSD), which are
separated by a hinge region of variable length (Hin). The CHD is found in many chromosomal
proteins whose primary function is in the maintenance of chromatin structure and gene regulation [33].
The specificity of the CHD for certain modified histone residues is one of the features that direct the
binding of these proteins to specific regions in the chromatin [34,35]. HP1 proteins specifically bind to
dimethylated and trimethylated H3K9 (H3K9me2 and H3K9me3) through their CHD. This binding of
this histone mark to CHD occurs via the region GIn5 to Ser10. These amino acids form a 3-sheet that
aligns, antiparallel, with two [3-sheets that are formed by the regions Glu23 to Val26 and Asn60 and
Asp62 in the chromodomain, thus creating a structure of three (3-sheets in the form of a sandwich [36]
(Figure 1). The HP1a CHD also interacts with the tail of the linker histone H1.4 that is methylated
at lysine 26, resulting in greater compaction of chromatin [37]. HP1 has been considered as a sign of
repression because it is mainly found in silenced chromatin. Any null mutations in Su(var)2-5 (HP1a
coding gene) and the replacement of H3K9 with arginine (H3K9R) to block HP1a binding are lethal to
the organism [38—40]. In Drosophila HP1a, a single amino acid substitution within the CHD (V26M)
is present in the Su(var)2-5%? allele; for this allele, heterozygous flies show the suppression of gene
silencing by heterochromatin [38]. Furthermore, a significant reduction of HP1a occupancy near the
centromeres and a decrease in survival until the third larval stage have been shown in flies that have
anull allele of Su(var)2-5 and are trans-heterozygous for Su(var)2-5%? [41]. In agreement with these
results, the crucial role of V26 in forming the hydrophobic pocket of CHD that binds to H3K9me has
been demonstrated through crystallographic studies [36]. Thus, the CHD is essential for the whole
protein to target this heterochromatin mark, and a simple amino acid substitution can be lethal to
the organism.

Figure 1. The crystal structure of the CHD (left) and CSD (right) of HP1a. (a) The left image is a
representation of the chromodomain (blue ribbons) of HP1 complexed with histone H3K9me3 from
Drosophila (red ribbon mark with red arrow). The CHD (69 aa in length), is made up of three 3-sheet
antiparallel chains flanked by an «-helix on the C-terminal. The histone tail (16 aa) inserts as a 3-strand,
completing the 3-sandwich architecture of the CHD. (b) On the right side is the CSD with the C-terminal
region (rainbow ribbons) of HP1a from Drosophila. The CSD (87 aa) is a dimeric domain and consists of
three antiparallel 3-sheet chains flanked by two oa-helices. The blue bracket represents the interaction
site of the PxVxL peptide. Images were created with the PDB (Protein Data Bank) ID 1KNE [36],
3P7] [42], and NGL Viewer [43].

The second domain shares identity with the amino acid sequence of the CHD and was thus named
the chromoshadow domain (CSD) [44]. A function critical for the formation of heterochromatin is
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preserved within this domain [45], which facilitates the dimerization of HP1 proteins and also directs
interactions with other proteins that carry the conserved pentapeptide motif, PxVxL (x = any amino
acid) (Table 1) [46,47]. The structure of the CSD is roughly similar to that of the CHD (three (3-sheets
packed against two «-helices) [48]. For example, a single amino acid replacement inside the CSD
(I161E) prevents the dimerization of mouse HP1p [33]. The absence of dimerization also triggers
the loss of contact with nuclear factors carrying PxVxL motifs as well as non-PxVxL partners [49,50].
By contrast, a single amino acid replacement elsewhere in the CSD (W170A) of mouse HP13 does not
preclude dimerization but disturbs interactions with PxVxL partner proteins [33]. Consequently, the
binding to PxVxL proteins and the conditions for HP1 dimerization can be eliminated independently.

Table 1. Proteins or factors in mammals and Drosophila that were revealed as directly bound with the
known domains of HP1a/HP1«.

Protein or Cellular

Component Organism Methodology References
CHD
Methylated H3K9 Drosophila IF, FAITC, NMR [51]
H2Av Drosophila IF, tagIP, rPD, [52]
RplI215 Drosophila IP, WB, rPD [7,53]
Nuclear envelope Mouse IF, BA [54]
H3 Mouse IP, FW, rPD [31,55]
H1 Mouse PD, FW [55]
Methylated H3K9 Mouse rPD [56]
Methylated H3K9 Human rPD, SPRA [57]
CTIP2 Human rPD, IP [58,59]
Methylated H1.4K26 Human BD, IP, rPD, IF [31,37]
DNMT1 Human rPD [60]
CSD
Hip/HP4 Drosophila Y2H, taglP, rPD, IF, tag-WB [61,62]
AF10/Alh Drosophila transPD [42,63]
Su(var)3-7 Drosophila Y2H, IP, IF, WB [64,65]
PIWI Drosophila Y2H, IP, IF, NMR, Y2H [42,66,67]
Kdm4A Drosophila transIP, tag-WB, MW, WB, fingerprinting, MS [68-70]
Ssp Drosophila transPD, WB, IP, tandem affinity technology, tagIP, 153,71]
tag-WB
Su(var)3-9 Drosophila transPD, At'ffg(e:r}mii ;Zgﬁérﬁgg-wﬁ taglP, [53,68,70,72,73]
IP, At, Y2H, NMR, FAITC, PP, taglP, fingerprinting,
Su(var)2-HP2 Drosophila co-sedimentation, molecular weight, molecular [42,68,70,74,75]
sieving, MS
XNP/dATRX Drosophila transIP, transPD, MS, IF, WB [68,76-78]
HP6 Drosophila IP, WB, transPD, tag-WB [79]
egg Drosophila transIP, fingerprinting, rPD [53,68]
G9a Drosophila IP, WB, rPD [53]
ova Drosophila 1P, Y2H [80]
HP1-BP84 Mouse Y2H [81]
TIF1x Mouse Y2H, rPD [50,81,82]
CAF-1 p150 Mouse Y2H, rPD, IF, GFC, NMR [33,83]
mSNF23 Mouse Y2H [50]
KAP1/TIER Mouse IP, rPD, IF, SPRA, GFC [50,55,83]
H4 Mouse In vitro cross-linking [31]
MeCP2 Mouse tagIP [84]
KAP1/TIFB Human Y2H, IP, rPD, IF, GFC [83,85]
SP100 Human Y2H, rPD, transPD, IF [86]
Polycomb Human IP, rPD, IF [33]
ATRX Human Y2H, IE, rPD [85,87]
CAF-1 p150 Human PD [50]
Ku70 Human Y2H, IP, rPD [88]
TAF130 Human Y2H, exPD, transPD [89]
Ki-67 Human Y2H, exPD, IF, ChIP [90]
BRG1 Human IP, rPD, TransPD, IF [91]
SUV39H1 Human rPD, Y2H [49]
NIPBL/hScc2 Human PD [85,92]
HP1-BP74 Human PD [85]
LBR (Lamin B receptor) Human rPD, Y2H, IP [85,93]
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Table 1. Cont.

Protein or Cellular

Component Organism Methodology References
CSD
Sgol Human Y2H, MS. IP [92,94]
POGZ Human Y2H, MS [92]
BARD1 Human traglP, transPD [95]
KDM2A Human IP, transPD, IF [96]
LRIF1 Human IP, transPD [97]
Haspin Human traglP, rPD [98]
MacroH2A1.2 Human IP, transPD [99]
Hinge
HP-BP74 Hl1-like Mouse Y2H, FW, rPD [55,81]
MITR, HDAC4/5 Mouse 1P, rPD [100]
Combination of Domains
ORC1-6 Drosophila taglP CHD, CSD [30]
. proximity ligation assay, IF, IP, WB, transPD,
Mcm10 Drosophila tag-WB, Y2H CHD, CSD [101,102]
SuUR Drosophila Y2H, rPD, transPD, WB, IF, MS, tagIl, Hin + CSD [68,93]
fingerprinting
Caf1-180 Drosophila transPD, tag-WB, WB, transIP, fingerprinting, IP Hin + CSD [68,103]
Cav/HOAP Drosophila taglP, IF, IP, exPD Hin + CSD [79,104-107]
Parp-2 Mouse rPD Hin + CSD [108]
TIf13 Mouse rPD Hin + CSD [108]
ARFL5 Human Y2H, rPD CHD + CSD [109]
INCENP Human Y2H, tranPD Hin + CSD [94,110]

Methodology: BA, binding assays; ChIP, chromatin immunoprecipitation; IP, co-immunoprecipitation using
extract; exPD, pull-down assay using extracts; FAITC, fluorescence anisotropy, isothermal titration calorimetry; FW,
far-western analysis; IF, immunofluorescence co-localization; rPD, pull-down assay using recombinant proteins;
tragIP, immunoprecipitation with in-vitro translated protein; transPD, pull-down assay using in-vitro translated
protein; SPRA, surface plasmon resonance analysis; Y2H, yeast two-hybrid assay; WB, western blot; NMR, nuclear
magnetic resonance; PP, predetermined participant; tag-WB, western blot assay performed when specific antibodies
for the protein of interest are not available; At, autoradiography; fingerprinting, peptide mass fingerprinting;
MS, identification by mass spectrometry; BiFC, bimolecular fluorescence complementation.

At first, the hinge region was thought of as being only a linker region [111] because it is the region
corresponding to the greatest amino acid variability within HP1 proteins. Moreover, other studies
have suggested that its structure is flexible and disorganized [56,57,112,113]. However, the hinge
region has been found to contribute to facilitating specific interactions [26,42,47,114,115] and is also
highly receptive to subsequent post-translation modifications, especially phosphorylation [112,116,117].
Furthermore, changes within this region were shown to alter the location, interactions, and function of
HP1 proteins, thus making it a critical control region in the regulation of HP1 proteins [117-119].

Both the CHD and the CSD have been the focus of extensive structural analyses [33,36,48],
which have determined that each domain forms a hydrophobic pocket. Recently, using cryogenic
electron microscopy, Machida et al. reported the three-dimensional structure of a complex
containing dinucleosomes with H3K9me3 modification and human HP1 isoforms. In these structures,
two H3K9me3 nucleosomes are joined by a symmetric HP1 dimer (for example, an « with an «).
The linker DNA between the nucleosomes does not interact directly with HP1, thereby allowing the
nucleosome to be remodeled by ATP-utilizing chromatin assembly factor (ACF) [120]. This is an
important observation because it changes the view of heterochromatin from being stable and rigid
regions to regions that can also be highly malleable and where diverse cellular mechanisms, such as
DNA repair or transcription, can take place.

Just as the CHD is preserved within the protein, the proteins of the HP1 family have been conserved
throughout evolution. Most eukaryotes have three primary genes encoding variants of HP1 proteins
with different functions. Humans have three principal isoforms of HP1 (referred to as HP1«, HP1(3,
and HP1vy) [121]. Drosophila also expresses three primary isoforms of HP1, encoded by different genes
(HP1a, HP1b, and HP1c), which are ubiquitously expressed in adult fly [122] (Figure 2a). Flies also
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have two germline-specific isoforms, HP1d (Rhino) and HP1e. Rhino is expressed in the ovaries and
involved in transposon silencing in the germline via piRNA clusters [123]. HP1e is expressed in the
testes and is essential for paternal chromosome segregation through embryonic mitosis [122].
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Figure 2. HP1 is preserved during evolution. (a) Maximum likelihood phylogenetic analysis of the
HP1 protein information of the containing proteins as computed by PhyML. The amino acid sequences
were analyzed from the following organisms: Tetrahymena thermophila, Schizosaccharomyces pombe,
Neurospora crassa, Arabidopsis thaliana, Oryza sativa, Caenorhabditis elegans, Aedes aegypti, Drosophila
melanogaster, Xenopus tropicalis, Anolis carolinensis, Danio rerio, Gallus gallus, Mus musculus, and Homo
sapiens. (b) Diagram of HP1 proteins in Drosophila and humans. The chromodomain is shown in
magenta, and the chromoshadow is in rose. The molecular weight is indicated to the left, with the
amino acid localization of the domains displayed below each protein.

Regarding their functions, the paralogs of this family show considerable differences in location.
The Drosophila HP1a and mammalian HP1 e are predominantly localized to heterochromatin [47,55,62,124].
HP1b (both Drosophila and mammalian) is present in heterochromatin and euchromatin, whereas HP1c
localizes to euchromatin and yields gene-specific contributions to transcriptional regulation [125].
Given these differences in location, it seems that these paralogs can form different complexes or interact
at various places in chromatin.

Although HP1 proteins share high similarity with respect to both their amino acid sequences and
their comprising domains, they present differences in the disposition of these domains [44], with many
such differences observed between Drosophila paralogs [126]. For example, the HP1a CHD is located
between amino acids 20 and 80, whereas in HP1b and ¢, the CHD domain is located almost at the
beginning of the protein. The hinge region is shorter in HP1b and ¢ compared to HP1la and is the
least conserved region among all Drosophila homologs [127]. The hinge region connecting the two
main domains seems to enable the CHD and CSD to move independently of each other in the native
protein [33].

Further, in vitro studies have shown that phosphorylation of the most N-terminal portion of HP1x
inhibits DNA binding but promotes phase separation by creating subcompartments where the same
protein can be located in chromatin with distinct grades of compaction [128]. This N-terminal part is
almost entirely absent in 3 and vy (see Figure 2b). Lastly, in the C-terminal part after the CSD domain,
HP1a has three amino acids. By comparison, HP1b and HP1c each have a C-terminal extension region
(CTE) with a length of 85 and 96 amino acids, respectively. Analysis of these CTE sequences did not
reveal any similarities either between them or with any reported domains, and further studies of their
contribution to the function of these proteins will be of great importance [53].

Although the CHDs of all three HP1 proteins are involved in the recognition and binding
of H3K9me2/3, they do not bind with the same affinity. In competition experiments to test the
binding affinity to the trimethylation mark, HP1c always presented the lowest affinity; later, it was
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confirmed that this mark is not recognized by HP1c in vivo [53]. The overexpression of HP1b causes
pericentromeric heterochromatin decompaction accompanied by a reduction in binding of HP1a to
H3K9me?2, suggesting that the presence of HP1b prevents the function of HP1a in heterochromatin [129].
Moreover, when the N-terminal and hinge regions of HP1« are exchanged into HP1f3, chimeric protein
droplets are formed [128]. This competition leads to differences in the paralog location, and a gradient
is observed in which HP1a or « is found in heterochromatic regions characterized by potent DNA
compaction and phase separation activities. This is followed by HP1b or {3 in areas where there is
a change from heterochromatin to euchromatin, whereby the enrichment of HP1b or 3 works as a
bridge, allowing for the recruitment of gene activators which contribute to maintaining open chromatin
states. Finally, HP1c or y are found in euchromatin areas with entirely different partners [71,125,130].
This process requires different interactors, and the different variables may contribute to dissolving the
phases [128]. In the following sections, we focus our attention on the described interactions with HP1a
to better understand how these interactions regulate heterochromatic domains.

3. HP1a Conserved Domains Direct Specific Protein Interactions

In addition to histone recognition, interactions with non-histone chromosomal proteins might
serve as an additional mechanism for association between HP1a and chromatin. In Table 1, we detail
the direct HP1 interactors revealed in humans, mice, and flies using different methods, such as yeast
two-hybrid and pull-down assays. In some cases, the interactions have been confirmed through other
indirect methods, such as IP, WB, and IF. In 2014, Alekseyenko et al. performed BioTAP-labeling of the
HP1a protein and described new HP1a-binding proteins in addition to RNAs [68]. To characterize the
organization and regulation of heterochromatin, Swenson et al. isolated some previously known HP1a
interactors as well as others that were completely new. The authors also showed the distribution and
dynamic localization patterns during the cell cycle of some interaction partners [70]. In Table 2, we list
the HP1a interactors in Drosophila melanogaster—not necessarily direct interactors—for which the exact
domain(s) of interaction within HP1a have not been characterized.

Table 2. HP1la interactors in Drosophila for which the interaction domains within HP1a have not
been identified.

Cellu{)::?(l);(;ronen ¢ Methodology Reference
Arpb6 IF [131,132]
E(bx) WB [133]
Napl WB [133]

Su(var) 3-3 IP, WB, transIP, fingerprinting [68,134]
POF IF [135,136]
Ndc80 translP, fingerprinting [137]
HP5 MS, I, WB, [68,70,138]
Pep 1P, WB [7]
moi transPD, tag-WB [107]
ACF transPD [130]
Dpl IP, WB, [7]
vig 1P, WB [139]
vig2 IP, WB, rPD [139]
Hmt4-20 IF [62]
dred tandem affinity purification, multidimensional protein (71]
identification technology, WB
ver transPD, tag-WB [140]
HP1c transPD, WB [53,71]
Atg8a PA [138]
CG11474 PA [138]
Atf-2 1P, WB [141]
qin transIP, WB, IP, tag-WB [142]
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Table 2. Cont.
Protein or Methodology Reference
Cellular Component
mu?2 transIP, WB, Y2H, IP, tag-WB, transPD [143]
CG15356 FAITC, PP [42]
inj transIP, WB [144]
SMC5 transIP, WB [144]
Hrb87F transIP, WB [7,145]
Hrb98DE transIP, WB [145]
bon 1P, WB [73]
fru 1P, WB [73]
eyg IP, WB, transIP [146]
Hers cosedimentation, WB, IP [73]
woc FAITC, PP [75]
H1 rPD, WB, tagIP [147,148]
Su(var)2-10 1P, At', Y2H, NMR, FAITC, PP, t.ransIP, fingerprigtir}g, [42,68,74,75]
cosedimentation, molecular weight, molecular sieving
Lhr Y2H, transIP, WB, IP, fingerprinting, tag-WB [68,149-151]
Hmr IP, WB, tag-WB, transIP, fingerprinting [68,149,150]
STAT92E IP, rPD, IF, transPD, tag-WB [152,153]
MED26 1P, WB, ATC [154]
MED17 1P, WB [154]
Incenp translP, fingerprinting [68]
borr translP, fingerprinting [68]
HIPP1 transIP, WB, fingerprinting [68]
CAP transIP, fingerprinting [68]
SMC1 translP, fingerprinting [68]
Yeti transPD, tag-WB [155]
Mau2 translP, fingerprinting [68]
Nipped-B translP, fingerprinting [68]
vitd translP, fingerprinting [68]
Odj translP, fingerprinting, Y2H, MS [68,70,156,157]
vers translP, fingerprinting [68]
HP1b translP, fingerprinting, rPD [53,62,68]
dADD1 transIP, tag-WB, fingerprinting, WB, MS [68,70,78]
tea transIP, fingerprinting [68]
sle translP, fingerprinting [68]
CG43736 translP, fingerprinting [68]
E(var)3-9 transIP, fingerprinting [68]
CG1815 translP, fingerprinting [68]
NSD transIP, fingerprinting [68]
CG7692 transIP, fingerprinting, MS [68,70]
CG1737 transIP, fingerprinting [68]
CG30403 translP, fingerprinting [68]
Jra IP, WB, transIP, MS [158]
Rrp6 coimmunoprecipitation, tag-WB, transIP, WB [159]
Pc 1P, WB [160]
Su(z)12 1P, WB [160]
E(z) 1P, WB [160]
HipHop transPD, WB, IP, chromatograi/}[elv technology, molecular sieving, [105,106]
CG8108 translP, fingerprinting, MS [68,70]
Sse translIP, tag-WB, transPD, WB [161]
Hsc70-3 MS [70]
BTub56D MS [70]
Chde64 MS [70]
Hsp83 MS [70]
Act5C MS [70]
rictor

translP, fingerprinting

[162]
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Table 2. Cont.

Protein or

Cellular Component Methodology Reference
Tsr MS [70]
dmt Y2H, transIP, MS [163]
DNApol-£255 proximity ligation assay, fluorescence microscopy [101]
Gnfl IP, WB, proximity ligation assay, fluorescence microscopy [101]
Ubx IF, BiFC [164]
abd-A IF, BiFC [164]
sov transIP, fingerprinting [68,165]

H3 exPD, FAITC, FW, NMR, PP [45’?12’;3’71’
bbx Y2H [157]
tj Y2H [157]

Methodology: IP, co-immunoprecipitation using extract; exPD, pull-down assay using extracts; FAITC, fluorescence
anisotropy isothermal titration calorimetry; FW, far-Western analysis; IF, immunofluorescence co-localization; rPD,
pull-down assay using recombinant proteins; transPD, pull-down assay using in-vitro translated protein; Y2H, yeast
two-hybrid assay; WB, western blot; PA, predictive algorithms; NMR, nuclear magnetic resonance; PP, predetermined
participant; GI, genetic interference; tag-WB, western blot assay performed when specific antibodies for the protein
of interest are not available; At, autoradiography; fingerprinting, peptide mass fingerprinting; MS, identification by
mass spectrometry; BiFC, bimolecular fluorescence complementation.

To identify putative direct HP1a interactors among those presented in Table 2, we searched for the
PxVxL motif, a pentapeptide known to bind between the CSD dimer interface formed through the C
termini of HP1 [33,47,166-168]. The following proteins contain this motif (Figure 3): Dp1, CG15356,
Eyg, Woc, Su (var) 2-10, STAT92E, MED26, Vtd, dADD1, CG43736, DNApol-£255, Gnfl, and Sov.

—— Vud
-_——————— Woc
a - Su(var)2-10
STAT92E

— = Eyg
Dpt

——a CG 43736

——&—— CG15356
—— ——— Gnfl PxVxL
——————— MED26
& ADD1

0 500 1000 1500 2000 2500 3000

aa

—————— —— STAT92E
tea

Rrp6
b Rictor
Qin
— CG1815
——= 0Odj
E(var)3-9
~— MED26
—— Fru
————————————a— HIPP1 L V I_
Hmr %
——=  Ap6
———————————— Gnfl
—_——  Ad aa
0 250 500 750 1000 1250 1500 1750 2000
—_—— - Woc
———— tea
C ———&——— Su(var)3-3

—a—— Pof
—a— Act5C
————————=a— bon
————————— Rictor CxVxL

e . CG1815
Sov

Fru
— e mu2
Acf

0 500 1000 1500 2000 2500 3000 aa

Figure 3. Representation of proteins that have a possible motif for interaction with HP1a from Table 2.
(a) The proteins connected to the motif PxVxL and the location of the motif within the amino acid
sequence. (b) Illustration of the proteins with the LxVXL motif and the location of the motif within
the amino acid sequence. (c) Illustration of the proteins with the CxVxL motif and the location of the
motif within the amino acid sequence. The bottom bar indicates the position of the amino acids within
the proteins. Proteins that present more than one motif are repeated, and the motif is represented as a
yellow box.
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Other motifs can also bind to the HP1 CSD domain. These are known as degenerate motifs,
which retain similar characteristics to the classical PxVxL pentamer; some of them have conserved
V and L residues, such as LxVxL and CxVxL [96,168,169]. The following proteins were found to
contain the LxVXL motif: Arp6, ACF, Qin, Fru, Su (var) 2-10, Hmr, STAT92E, MED26, HIPP1, Odj, Tea,
CG43736, E (var) 3-9, CG1815, Rrpé, Rictor, and Gnfl.

We also searched for and found the degenerate motif CxVxL [76] in the following proteins: Su(var)
3-3, POF, ACF, mu2, Bon, Fru, Woc, Tea, CG1815, Rictor, and Sov.

Furthermore, some proteins harbor more than one motif (represented as a yellow box; Figure 3),
including WOC (without children), which encodes a transcription factor with zinc fingers and
an AT-hook domain for sequence-specific DNA binding. WOC is involved in telomere capping
and transcriptional regulation, and was also found to be co-immunoprecipitated and show
immunofluorescent co-localization with HP1b and ¢ [75,125]. Additionally, the signal transducer and
activator of the transcription protein at 92E (Stat92E), which encodes a transcription factor that shuttles
between the cytosol and nucleus and functions in the JAK/STAT pathway [153], presented one PxVxL
motif and one LxVxL motif. These motifs can accommodate several interaction options—for example,
an interaction with both HP1a and HP1b or ¢, or even an interaction with other proteins.

Gene ontology analysis revealed that all proteins from Figure 3 are chromatin proteins and that
no other processes were enriched (data not shown). Moreover, 69% of proteins (9 of 13) from Table 1,
with known direct binding to CSD, were found to have the PxVxL or similar motifs. However, only 35%
of proteins (30 of 86) presented in Table 2 were found to have the PxVxL or similar motifs. This analysis
indicates that many proteins from Table 2 could interact with HP1a indirectly (i.e., by association
with other direct interactors or via RNAs [68,113]. Another possibility is that proteins from Table 2
lacking PxVxL or similar motifs may interact with HP1a directly, but via unknown motifs. In addition,
some proteins appear to have more than one possible motif for binding, which may give more weight
to the theory that they can bind in different complexes—i.e., if one site is occupied, the other can
be used, depending on the partners with which they are associated, thus representing another level
of regulation.

Although many of the proteins described here harbor the HPla-binding domain (Figure 3),
this domain is not necessarily the only feature required to establish an interaction with HP1a; binding
with other residues may be required to form a stable interaction. Therefore, it will be important to
analyze the +1 and —1 positions of the PxVxL motif, where V is position 0. These amino acids could
also intervene in different ways to facilitate protein binding. Furthermore, it will be essential to identify
whether different degenerate motifs have different affinities, i.e., CxVxL or LxVxL, since we found
several proteins that contain more than one domain for binding with HP1a.

4. HP1a Interaction with Insulator and Architectural Proteins

Insulators were first defined as regulatory elements that maintain the correct separation of different
gene domains, thereby preventing enhancer-promoter communication and/or blocking the expansion
of heterochromatin silencing. They also mediate intra- and interchromosomal interactions, which are
involved in the large-scale organization of the genome [170,171].

Since the 1980s, it has been known that there are DNA sequences that delimit and isolate a region
of chromatin in the Drosophila heat shock locus [172,173]. Since then, many of these sequences and
the factors that bind to them have been characterized [174,175]. CTCF (CCCTC binding factor) was
initially identified as a repressor capable of binding to promoters in chicken and mammalian MYC
genes [176]. CTCF was later shown to have an insulator function because it indirectly regulates gene
expression by preventing binding between promoters and enhancers or nearby silencers, thus avoiding
the inappropriate activation or silencing of certain genes [177]. Recent advances in Hi-C technique have
shown that CTCF can mediate the interactions between the boundaries of topologically associating
domains (TADs) resulting in the formation of chromatin loops [178]. It should be noted that not all
TADs are flanked by CTCF [179].
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Although it is not known exactly how CTCF assists in loop formation, a “loop extrusion” model
has been proposed. This model suggests that cohesin, which is composed of SMC proteins (structural
maintenance of chromosomes) and Rad21 (which is an ortholog of Drosophila verthandi (vtd)) are
directed to the chromatin with the help of the NIPBL protein. Together they “pull” the DNA strand
until the cohesin ring is blocked with CTCEF [180]. It is currently unclear whether the same mechanism
operates in Drosophila. However, ChlIP-seq experiments have identified several architectural proteins
(APs) which are co-localized with CTCF at several sites in the genome.

APs are characterized by promoting contacts between regulatory elements through the formation
of loops; thus, they have a role in determining the organization and architecture of chromatin [181,182].
Furthermore, it has been shown that APs can contribute to the establishment of TADs [183]. Some of them
include suppressor of hairy-wing (Su(Hw)) [184], dCTCEF, the D. melanogaster ortholog of mammalian
CCCTC-binding factor [185], Boundary Element Associated Factors (BEAF-32A and B) [183], GAGA
Associated Factor (GAF) [186], and Zeste-white 5 (Zw5) [187]. Others that have recently been identified
include Elba (made up of 3 proteins), Elbal, Elba2, and Elba3 [188], Pita, the zinc-finger protein
interacting with CP190 (ZIPIC) [181], Clamp [189], and Ibf-1 and 2 [190].

Typically, the proteins bound to the insulator sequences are necessary but not sufficient for the
activity of insulators. Several cofactors are also required to establish physical contacts and anchor them
to nuclear structures. In Drosophila, proteins such as the modifier of mdg4 (Mod (mdg4)) [191,192] and
centrosomal protein of 190kDa (CP190) [193]; cohesins (like Rad21/Vtd); and condensins (like Cap-H2)
are present in different combinations in all types of insulators and fulfill these functions [194].

A protein which interacts with HPla and has a possible role in insulator function is HIPP1
(HP1 and insulator partner protein 1) [68]. Our bioinformatic analysis has shown that HIPP1 could
directly associate with HP1a via a PxVxL-related motif (Figure 3b). This protein has a crotonase-fold
domain, which makes it a homolog of the human protein chromodomain Y-like (CDYL). In vertebrates,
this protein is involved in negatively regulating crotonylation, a modification associated with active
promoters [195-197]. The function of this protein during development is not essential [198]. Its location
is mainly pericentric, but it also binds to several euchromatin regions and interacts with AP proteins
such as Su(Hw), Mod(mdg4), and CP190 [199]. HIPP1 functions stabilize the interactions between
CP190 and the Su(Hw)-dependent complex [200]. In this article, we include HIPP1 as a possible
architectural protein in Table 3, although this function has not yet been fully demonstrated. We found
that the degenerate motif of binding with HP1a (Figure 3b) is located at the most terminal part of the
protein. The degenerate motif begins at amino acid 752, and the crotonase domain extends from amino
acid 675 to 778. This suggests that HIPP1 interactions with HP1a could affect (negatively or positively)
its crotonase activity to some extent. Moreover, the crotonase domain seems to have a role in the
interaction of HIPP1 with Su (Hw). Presently, there are no data on whether crotonase activity could be
affected by interactions with these proteins. This is an important question to address experimentally in
the future.

Since HIPP1 contains possible motifs for direct interactions with HP1a, we examined whether
such motifs are also present in other APs. The results are summarized in Table 3. The cohesin complex
is an important factor in maintaining the structure of chromosomes. In mammals, the cohesin complex
co-localizes with CTCF throughout the genome. In many of these sites, CTCF performs its function of
enhancer-blocking [201,202]. In Drosophila, there is no co-localization observed between CTCF and the
cohesin complex [203], but cohesins do co-localize with other APs, such as CP190 [193]. Through a
ChIP-chip analysis, it was determined that Nipped-B and cohesins are located preferably in active sites
and are absent from the silenced sites [204].

The Rad21 homolog in Drosophila is known as Vtd which is a cohesin subunit involved in the ring
formation of the cohesion complex. According to our analysis, Vtd has a PxVxL motif responsible
for a possible direct binding with HP1a (Figure 3a). HP1la also interacts with the Nip-b protein,
which topologically loads the cohesin ring complex onto the chromosomes. The existence of the
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Drosophila ortholog of NIPBL was also confirmed using mass spectrometry, but we could not find a
motif in this protein that may be involved in direct binding to HP1a (Table 3).

Table 3. Architectural proteins of Drosophila and motifs for possible interaction with HP1a protein.

Protein PxVxL CxVxL LxVxL
CTCF
Su(Hw)
BEAF-32

pita
ZIPIC
Ibfl
Ibf2
Mod(mdg4)
CP190
Cap-H2 X
Elbal
Elba2
Elba3 X
Shep
Zw5s X

Clamp
GAF X
Nip-b
Vitd X
SA X
Smcl
Smc2 X
Smc3
HIPP1 X

The Cap-H2 protein has an LxVxL binding motif beginning at 159 aa (N-terminal); also, in Stromalin
(SA), this domain is present in the middle of the protein, and the same domain was found in Smc2 in the
C-terminal. In Elba3, the canonical binding site, PxVxL, is found at 156 aa and for GAF, this canonical
motif is present in the N-terminal. Finally, Zwb5 has a putative binding domain, CxVxL, at 449 aa,
the most C-terminal part of the protein (Table 3). This opens the door to possible interactions of HP1a
with architectural complexes which, in the future, would be interesting to address experimentally.

To better understand whether HP1a is co-localized with APs, we analyzed previously published
modENCODE chromatin immunoprecipitation (ChIP-seq) data in Drosophila for the region spanning
Abd-A and Abd-B loci (Figure 4). This region has very complicated regulation, and the insulator
function is essential for the correct expression of genes within this region [205-207] such that the active
or silenced state of one domain does not extend to an adjacent one. ChIP assays detected the presence
of APs such as CP190 or CTCE, not only at the border elements but also at the promoters of genes such
as Abd-b [203,208,209]. The interactions between protein insulators, on the one hand, manage to form
loops that leave out entire domains. On the other hand, elements in the domain are brought in close
contact with the gene promoter, thereby mediating correct gene expression [210-212].
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Figure 4. The HP1a and HIPP1 proteins co-localize at homeotic genes along with the AP. The HP1a
and HIPP1 proteins co-localize at the Fub insulator (the first violet box) in the Abd-a gene along with
CP190, Su (Hw), CTCF, and Mod (mdg4), and Ibf 1 and 2. From the previously published ChIP data on
52 cells, we find HP1a (dark red), HIPP1 (pink), and some architecture proteins (purple). The adjacent
insulators Mcp and Fab8 do not co-localize with HP1a (center and right violet boxes). The regions with
insulators are marked with dotted arrows inside a violet shadow. At the bottom are the Abd-a and
Abd-b genes and their locations; the reference in kilobases.

As shown in Figure 4, both HP1a (dark red) and HIPP1 (pink) are present at the Fub insulator
where APs, such as CP190, Su (Hw), CTCF, and Mod (mdg4) are also observed (the violet box where
the Fub insulator region is present). Other known insulators are Mcp and Fab8 (highlighted in the
middle and right violet boxes) [213], where APs can be observed but do not co-localize with HP1a.
Moreover, not all architectural proteins are present in all the insulator loci at the same time. The Abd-b
gene is silenced in S2 cells, and HP1a appears enriched at the Abd-b promoter and is flanked by APs.

For the architectural proteins with available ChIP-seq data, we analyzed the percentage of peaks
that co-localized with HPla peaks genome-wide and estimated the significance of co-localization
using the permutation test at a confidence of 95% (Figure S1). The co-localization between peaks of
HP1a and HIPP1reaches 42% (p-value 0.0181), followed by Su (Hw) (28%, p-value 0.0001), CP190 (26%,
p-value 0.0001), Mod (mdg4) (24%, p-value 0.0001), GAF (16%, p-value 0.0001). Although 20% of HP1a
peaks co-localize with CTCF peaks, this co-localization was not statistically significant (p-value 0.4221),
the same case was observed for Zwb5 (13%, p-value 0.0001, z-score-3.876).

The HP1a CSD domain potentially mediates all the interactions with proteins that were evaluated.
This indicates that binding possibly occurs with homodimers or heterodimers of HP1a at specific
regions of chromatin. The regions where we assessed the presence of architectural proteins were
not constitutive heterochromatin; rather, they represent islands of facultative heterochromatin in the
euchromatin. Thus, a disruption of heterochromatin may take place, where HP1a dimers cannot
be formed. Subsequently, the binding of HP1a with HMTases could be impaired, which would
prevent the spreading of heterochromatinization. Chromatin insulators are essential components of
genome architecture across eukaryotes [214,215]. It seems plausible that HIPP1, Vtd, Nip-b, and HP1a
cooperate to maintain the insulating complexes and define edges of loops, thereby facilitating the
correct separation of heterochromatin and euchromatin.

5. HP1a Interaction Partners in Silenced Chromatin

Constitutive heterochromatin represents a substantial fraction of eukaryotic genomes; it plays an
important role in the maintenance of genome stability and silencing of repetitive elements. Nonetheless,
further studies are needed to fully understand its formation and maintenance throughout development
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and cell differentiation. Thorough localization studies of HP1a in Drosophila and mammals have shown
that HP1a proteins associate with regions of constitutive heterochromatin around the centromeres and
at the telomeres which are rich in repetitive DNA sequences. For example, in polytene chromosomes
of Drosophila, mainly the chromocenter (i.e., regions of pericentric chromatin) and the telomeres are
stained with HP1 antibodies [22].

Constitutive heterochromatin is established early in development. In Drosophila, it starts during
MBT (in cycle 13) [216,217]. The proposed model involves a complex that contains a methyltransferase
(Eggless/SetDB1) of histone H3 lysine 9 and HP1a. The histone mark H3K9me (di or tri methylated)
acts as a binding site for HP1a, which binds through its CHD to these chromatin marks, possibly
with the involvement of other stabilizing interactions [51,56,57]. It is known that HP1a crosslinks
nucleosomes which form condensed heterochromatic structures. For example, in yeast, HP1a also
strengthens the association of the HMTase SUV39H1 to chromatin [49]. SUV39H1 methylates nearby
unmethylated H3 tails at lysine 9 via its SET domain, creating new H3K9me-binding sites for HP1a.
Thus, this three-component system could explain the spreading and maintenance of heterochromatic
gene silencing [218,219]. The structures may then be further stabilized through interactions with
additional heterochromatic factors. This interaction is preserved in both mammals and Drosophila
(see Table 1) [49,72,73].

Several groups have carried out chromosomal rearrangement experiments where a euchromatic
gene was translocated to a heterochromatic environment and, as a result of being present in this
environment, became silenced with the help of several factors, mainly HP1a [38,220,221]. Subsequently,
experiments were carried out to direct HPla to euchromatin regions, such as region 31 of the
Drosophila 2L arm. Three of the four studied genes within this region were silenced by HP1a and the
methyltransferase Su(var)3-9 [222]. These studies demonstrated HP1a to be an essential protein that
promotes heterochromatin formation and gene silencing.

Different methyltransferases can work in conjunction with HPla. For example, in null HP1
mutants, localization of Su(var)3-9 is no longer limited to the chromocenter but spreads across
the chromosomes [72]. Studies using mutants suggest that there is a sequential order in which
interactions are established [223]. Another member of this complex is the zinc-finger protein Su (var)
3-7, which appears to function as an effector downstream of Su (var) 3-9 and HP1a. This protein has
heterochromatic localization, very similar to that of HP1a on polytene chromosomes in pericentric
regions and on chromosome 4 [64]. In addition to decreasing the dose of this protein, it reduces
PEV [224]. Increasing the quantity of the product of Su (var) 3-7 prompts heterochromatin extension and
epigenetic gene silencing [225]. The formation of heterochromatin is a critical developmental process.
Su (var) 3-3, whose homolog in mammals is LSD1, removes H3K4me1/2 marks in early embryonic
development. This led to the establishment of a balance between demethylase and methyltransferase
Su (var) 3-9, contributing to the maintenance of heterochromatic domains [134].

The heterochromatin-euchromatin borders have previously been described cytologically [226,227]
and, later, with ChIP-array analysis of genome distribution of H3K9me2 mark, and were named the
“epigenomic borders” [16]. Interestingly, the epigenomic borders varied in different cell lines or tissues
studied which lead authors to propose that additional mechanisms besides sequence-specific binding
can establish these borders [16]. To identify the borders of pericentric heterochromatin domains more
precisely, we analyzed publicly available ChIP-seq profiles in S2 cells for HP1a, along with Su (var) 3-9,
Su (var) 3-7, and H3K9me3 (Figure 5, see also Material and Methods). We examined a section near
the chromocenter (the black circle at the top of thde schematic representation). A clear enrichment
of HP1a along with the other examined proteins and histone marks is seen in the pericentromeric
region highlighted with a red rectangle. Further from the centromere (7.3 Mb), this enrichment sharply
declines thus indicating the border between heterochromatin and euchromatin. APs such as CTCF and
CP190 are clearly enriched just after the border in the euchromatin which is consistent with the function
of these proteins to keep chromatin domains isolated from each other [170,181,208,209,228,229] and
of CP190 to mark active promoters in Drosophila [193]. Therefore, APs may play a role in defining
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this border. Thus, HP1a can cooperate with other factors at these epigenomic borders to maintain
a correct chromatin structure. Interestingly, H3K9 acetylation is still present within the beginning
of constitutive heterochromatin, co-localizing with CP190 and some CTCF peaks. These bivalent
signatures may facilitate pericentromeric gene transcription, as was observed for some genes [230].
Throughout the chromosome, other HP1a sites co-localize with H3K9ac (blue shaded box, Figure 5).
The HP1a enrichment sets the epigenomic border for 2R chromosome arm at 7.3 Mb position, while the
epigenomic border described in [16] was set at 7.4 Mb (highlighted red square in Figure 5).
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Figure 5. HP1a, together with other proteins, delimits epigenomic borders. Previously published ChIP
data on S2 cells were used, where we see HP1a (dark red), Su(var) 3-9 (light red), Su(var) 3-7 (orange),
H3k9me3 mark (brown), H3k%ac (green), CTCF, and CP190 (purple). The regions with a pericentric
border are marked with a red rectangle according to Riddle et al. The co-localization of HP1a with
H3K9ac mark is shaded in blue.

Another interactor of HP1a is dADD1 [68]. dADDI1 is an ortholog of the N-terminal domain of
mammalian ATRX protein [78] and has a motif for interaction with HP1a in the most N-terminal portion
(54 aa) (Figure 3a). This is also found within a region conserved between the three isoforms encoded
by this gene. We observed that the dADD1-a isoform is the only isoform that immunoprecipitated
together with HP1a [78]. Although the other isoforms have the ability to associate and therefore
be immunoprecipitated, this was not observed for any of the conditions we have evaluated so far.
Rescue experiments in a null dadd1 background demonstrated that HP1a was restored to the telomeric
region when the rescue was performed with dADD1a [231] but not with dADD1b. However, we also
observed that upon dADD1a overexpression, HP1a was lost from the chromocenter in a dADD1a
dose-dependent manner. When dADD]1 proteins have higher than wild-type levels, the polytene
chromosomes become decompacted and lose their banding pattern. The HP1a protein and H3K9me3
mark delocalize and acquire a different distribution within the cell nucleus [232].

These results show that dADD1 proteins are regulators of HP1a, likely maintaining the correct
local concentration of HPla oligomers at certain regions, such as the telomeres and pericentric
heterochromatin. The over- and underexpression of dADD1 can disturb the concentration of HP1a
and likely affect phase transition, which could lead to chromatin instability and alterations in gene
expression [232].

Moreover, it has been demonstrated that human HPlx promotes phase separation of
heterochromatin from euchromatin [128], which is also exhibited by the Drosophila ortholog [128,233].
The HP1 proteins possibly involved in orchestrating these separations and play an important role
in defining their possible environments and interactions. For example, HP1a could be enriched at
heterochromatin regions together with a methyltransferase (as with dADD1), forming gel-type droplets
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with a specific environment. Interestingly, dADD1a possesses intrinsically disordered regions in the
C-terminal region (650-696, 716-763, 791-1069, 1112-1132, and 1154-1199 aa) that can contribute to
phase separation [234].

The contribution of HP1la to the maintenance of telomeric heterochromatin works via two
main functions: as part of the CAP along with proteins such as HOAP (cav) [106,107] and the
repression of telomeric retrotransposons in cooperation with piRNAs [235]. Notably, HP1a localization
at this heterochromatic site does not depend on its chromodomain but rather on its interaction
with dADD1a in somatic cells [231]. The interaction of HPla and dADD] at the telomeric region
seems to be conserved because ATRX also co-localizes with HP1x at the telomeres in human cells.
HP1a’s functions at telomeres seem to depend on the interactions of different proteins and even
RNAs. In mammalian embryonic stem cells, ATRX (Alpha-Thalassemia with mental Retardation
X-related) [236] has been shown to complex with TRIM28 and SETDB1 recruited by H3K9me3 in
retrotransposon regions [237,238]. We have described the interaction of the helicase part of ATRX
(XNP) together with the ADD domain (AADD1) in Drosophila in conjunction with HP1a. Furthermore,
Kuroda’s laboratory was able to immunoprecipitate EGG/dSETDB1 and the Bonus protein (Trim28
homolog) together with dADD1 [68]. These proteins could form a complex and perform a similar
function to their mammalian counterparts at retrotransposon regions in Drosophila.

6. HP1a Interaction Partners in Euchromatin

It is well known that HP1a does not only localize to regions of constitutive heterochromatin.
A fraction of HP1a is also present within euchromatic regions of the chromosomes. For example,
in polytene chromosomes of Drosophila, HP1a is found at about 200 sites within the chromosome
arms [14,127]. Moreover, using DamID technique numerous HP1a binding regions within euchromatic
parts of Drosophila chromosome arms from various non-polytene tissues were revealed [15,17,239,240].
This points to the repressive action of HP1 within euchromatin, an interpretation supported by studies
demonstrating the recruitment of HP1a by different transcriptional repressors [81,82] and the reported
upregulation of some HP1-bound genes in euchromatin upon mutation of HP1a in Drosophila [222].

Numerous experimental data demonstrate that HP1 by itself can induce heterochromatic structures
and may, in fact, directly stimulate gene silencing within euchromatin. When HP1 binds to the
euchromatin regions of Drosophila chromosomes through an ectopic binding domain, this process is
almost always sufficient to enable the establishment of heterochromatin and silence neighboring reporter
genes [241]. Furthermore, redirecting HP1x or HP1la through a GAL/lacR system to euchromatic
regions in mammalian or Drosophila cells causes local condensation of higher-order chromatin structure
and gene repression [3]. These experiments suggest that HP1 could indeed play a role in gene repression
within euchromatic regions of chromosomes. The participation of HP1 in the regulation of euchromatic
regions is even more complex and goes beyond its well-established role in gene silencing.

Unexpectedly, at some euchromatic loci, HP1 association clearly corresponds to the elevated gene
expression. For example, HP1a is recruited to some of the ecdysone-induced or heat shock-induced
puffs of Drosophila polytene chromosomes, generated due to strong decondensation of chromatin linked
to gene activation [242], implying the modulating role of HP1a in their expression. The association
of HP1 with such sites seems to be RNA-dependent since HP1 association with Hsp70 heat shock
locus is only observed in the presence of RNA [242]. We also observed dADD1 enrichment at the
Hsp70 locus under native conditions [232] (Figure 6). When heat shock is induced, this area becomes
free of nucleosomes, the poised RNA pol Il begins to elongate which results in rapid activation of
transcription [243]. Another group also analyzed the presence of Xnp (the helicase part that completes
the mammalian ortholog ATRX) at this locus along with Hira and the H3.3 histone variant. The authors
proposed that Xnp could recognize nucleosome-free sites and work to avoid transcriptional problems
or defects in subsequent DNA repair [244]. Many questions remain to be answered regarding the role
of these proteins at this locus. For example, whether they strengthen the ability of HP1a to maintain a
silenced state or if their presence is necessary to promote rapid transcription upon cell insult.
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Figure 6. HP1a and dADDI1 proteins co-localize at the Hsp70 locus. Previously published ChIP-seq data
on S2 cells were used, where we see HP1a (dark red), dADD1 (salmon) HP1a, Su (var) 3-9 (light red),
Su (var) 3-7 (orange), H3k9me3 mark (brown), and H3k9%ac (green). At the bottom are the gene Hsp70
Aa (blue box) and its location, with the reference in kilobases.

Furthermore, some genes located within pericentric heterochromatin require a heterochromatic
environment for their normal expression. The mutations of HP1a reduce the expression of light and
rolled genes, the first to be described [245]. These genes are essential for the organism and reside
naturally in heterochromatin blocks on chromosome 2. Later studies observed that a complex of HP1la
and Su(var)3-9 generates very compact chromatin in these blocks [246].

High-resolution mapping of the HP1a-binding sites in Drosophila shows that HP1 is excluded
from the promoter and is restricted to the transcribed regions of actively expressed genes [135,239].
Furthermore, HP1a depletion causes downregulation of a subset of active genes [247]. The interaction
of HP1 with RNA may mediate the association of HP1 at euchromatic regions within the genome.
HP1a interactions with RNA, most likely in collaboration with other interactions, recruit HP1a to
these sites, where it plays a role in the promotion of gene expression [7]. This is supported by studies
indicating that the section of HP1a responsible for RNA binding is the hinge [26].

It has been observed that HP1b and HPI1c isoforms are more localized in the euchromatic
chromosome arms than HP1a [47,222,248,249]. Lee et al. have shown that all HP1 isoforms interact
with the phosphorylated at serine 2 or 5 RNA pol II, but do so with different affinities [53]. Various
localization patterns of HP1 isoforms on chromosomes may be mediated by different complexes in
which these isoforms are involved (Figure 7).
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Figure 7. Putative HP1a complexes at different chromatin regions. Schematic representation of distinct
complexes formed with HP1a.
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7. Future Directions

Although there have been detailed genetic and biochemical studies of HP1’s roles in
heterochromatin establishment and maintenance, its position at euchromatic regions and in association
with RNA has not been thoroughly characterized. Valuable studies have shed light on the multiple
proteins that interact with HP1a. In this extended review, we addressed whether the proteins found
in association with HP1a could bear putative motifs that allow direct interaction with HP1 proteins.
The identification of HP1a interactors at different chromatin regions is essential to understand the
different roles of these protein complexes. We found that among the reported interactors, only a handful
conserve motifs for CSD domain interactions (Figure 3). Experimental studies to test if these motifs
function in vivo in binding to CSD would be of great importance and could extend our understanding
of the biological significance of the interactions.

We also raise the possibility of HP1 interactions with architectural proteins. Indeed, we found
that several architectural proteins harbor conserved putative HP1-interacting motifs (Table 3). Further
experimentation will be required to understand the role of HP1a in conjunction with architectural
proteins and their possible cooperation in the organization of chromatin structure [71].

Very recently, it has been shown that pericentric heterochromatin also establishes well-defined
territories through contact with different proteins via the H3K9me2 mark. Most importantly,
the maintenance of these territories and the established pericentromeric contacts also influence
active genome regions. The protein complexes associated with these domains could also have an
essential role in the formation of higher-order chromatin structures [250].

8. Materials and Methods

Protein domain structure illustration

The search for possible motifs for interaction with HP1a in protein sequences and the representation
of the location of the domain were executed using Python 2.7. The obtained data are presented in
Figure 3 and Table 3.

Alignments and phylogenetic inference analyses

Multiple protein sequence alignments were performed using MUSCLE [251]. Maximum likelihood
phylogenetic analysis was computed by PhyML [252] using a Dayhoff matrix as a substitution model
with 100 bootstraps. The tree was edited using FigTree with the protein domain architecture information
of chromodomain and chromoshadow of the containing proteins as predicted by ScanProsite [253].
The data are presented in Figure 2.

ChlIP-seq analyses and data visualization

All datasets used in this study were retrieved as processed data from the GEO Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) and shown in Supplementary Material Table S1 [254,255]. ChIP-seq
data were visualized using the Integrative Genome Browser [256]. Values from all ChIP-seq datasets
represent log2 enrichment values, except in the case of Pol II and H3K27ac, where the values are the
combined counts of fragment centers for all replicates.

The percentage of co-localizing peaks between HP1a and the architectural proteins was obtained
with the R Bioconductor package. To select the epigenomic borders, the global height of HP1a ChIP-seq
peaks summit was measured along the genome. The median height was obtained, this provided
a value of 0.9 arbitrary units (a.u.). Chromosome 2R peaks were analyzed every 0.5 Mb from the
centromere to the telomere. The median of HP1a peaks near the chromocenter has a value of 3.12 a.u.,
and it extends to approximately 7 Mb, where it changes to 1.4 a.u. and then decays to 0.5 a.u. When the
value decayed below the global median, the edge was marked. Importantly, Su (var) 3-9 and H3K9me3
peaks presented a similar behavior. Genomic coordinates were converted from dm3 to dmé6 using
FlyBase [257]. The epigenomic boundary set with HP1a was at 7.3Mb whereas in Riddle et al. [16] it
was at 7.4 Mb in chromosome 2R. All the coordinates are from the reference genome dmé6. Data obtained
with these tools are presented in Figures 4-6 and S1.
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SUMMARY:
This protocol aims to visualize heterochromatin aggregates in Drosophila polytene cells.

ABSTRACT:

Visualization of heterochromatin aggregates by immunostaining can be challenging. Many
mammalian components of chromatin are conserved In Drosophila melanogaster; therefore, it is
an excellent model to study heterochromatin formation and maintenance. Polytenized cells, such
as the ones found in salivary glands of third instar D. melanogaster larvae, provide an excellent
tool to observe the chromatin amplified nearly a thousand times and have allowed researchers
to study changes in the distribution of heterochromatin in the nucleus. Although the observation
of heterochromatin components can be carried out directly in polytene chromosome
preparations, the localization of some proteins can be altered by the severity of the treatment.
Therefore, the direct visualization of heterochromatin in cells complements this type of study. In
this protocol, we describe the immunostaining techniques used for this tissue, the use of
secondary fluorescent antibodies, and confocal microscopy to observe with greater precision and
detail these heterochromatin aggregates.

INTRODUCTION:

Since the early studies of Emil Heitz !, heterochromatin has been considered an important
regulator of cellular processes such as gene expression, meiotic and mitotic separation of
chromosomes, and the maintenance of genome stability 2.

Heterochromatin is mainly divided into two types, constitutive heterochromatin, which
characteristically defines repetitive sequences and transposable elements and is present at
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specific chromosome sites such as the telomeres and centromeres. This type of heterochromatin
is mainly defined epigenetically by specific histone marks such as the di or tri-methylation of
lysine 9 of histone H3 (H3K9me3) and the binding of the Heterochromatin protein 1a (HP1a) >®.
On the other hand, facultative heterochromatin localizes through the chromosome's arms and
consists mainly of developmentally silenced genes ”8. Immunostaining of heterochromatin blocks
in metaphase cells, or the observation of heterochromatin aggregates in interphase cells, has led
much light in understanding the formation and function of heterochromatic regions °.

The use of Drosophila as a model system has allowed the development of essential tools to study
heterochromatin without the use of electron microscopy 1°. Since the description of position
effect variegation and the discovery of heterochromatin-associated proteins such as HP1a, and
histone post-translational modifications, many groups developed several immunohistochemical
techniques that allow visualization of these heterochromatic regions %12,

These techniques are based on the use of specific antibodies that recognize heterochromatin-
associated proteins or histone marks, for every cell type and antibody, the fixation and
permeabilization conditions must be determined empirically. Also, conditions may vary if
additional mechanical processes such as squashing techniques are used. In this protocol, we
describe the use of Drosophila salivary glands to study heterochromatic foci, salivary glands have
polytenized cells that contain more than 1000 copies of the genome thus providing an amplified
view of most of the chromatin features, with the exception of satellite DNA and some
heterochromatic regions which are under replicated, nevertheless, heterochromatin regions are
easily visualized in polytene chromosome preparations, but sometimes the squashing techniques
may disrupt characteristic chromatin-bound complexes or the chromatin architecture, therefore,
immunolocalization of proteins in whole salivary gland tissue can surpass these undesired effects.
We have used this protocol to detect several chromatin bound proteins, and we have
demonstrated that using this protocol combined with mutant Drosophila stocks can be useful to
study heterochromatin disruption 2.

PROTOCOL:

1. Third instar larvae culture: To optimize the 3° instar larvae culture, first collect 5-to-10-
day old adults and place 50 (25 males and 25 females) in a broad neck bottle of standard
media for a 1 Liter of Medium: 100 grams of yeast, 100 grams of unrefined whole cane sugar,
16 grams of Agar, 10 ml of propionic acid and 14 grams of gelatin. Dissolve all ingredients
except the yeast in 800 ml of tap water and then dissolve the yeast. Autoclave immediately
for 30 minutes. Afterward, let the media cool down to 60 Celsius degrees and add propionic
acid, final concentration 0.01%, let the bottle stand until gelatin is formed.

1.1 Place the bottle with the flies in a controlled temperature incubator at 25 Celsius
degrees until the number of eggs laid is 50 (approximately 12 hours for the wild-type strain).
After the incubation time is over, remove the adults and transfer them to a new bottle to
repeat the procedure. Let the embryos grow at 18° C for 72 hours (if you want to know more
about Drosophila stock maintenance conditions, see Tennessen & Thymmel) 23



2. Larvae collection: For larvae collection makes sure choose the wandering larvae which do
not have everted spiracles. After the eversion of the spiracles, the larva enters the prepupal
stage, while retaining excellent polytene chromosomes suitable for analysis. Only after 12
hours do the cells of the salivary gland begin to prepare for programmed cell death4,

2.1 Take fifteen 3°instar larvae and put them in a watch glass to wash them, then transfer
them to an ice-cold saline solution or PBS (PBS 1L 1x: 137 mM NaCl, 2.7 mM KCl, 10mM Na;HPQg,
2 mM KH;POs, adjust pH 7.4).

2.2 Dissect 15 to 30 pairs of salivary glands (NOTE: or as many as possible in 30 minutes)
in cold PBS with protease inhibitors under the stereoscopic microscope. Transfer the salivary
glands to a 1.5ml Eppendorf tube with ice-cold PBS.

2.3 Wash once with 1 ml PBS plus protease inhibitors (NOTE: wait for the tissue to reach
the bottom of the tube). After the wash removes the PBS with a 1000ul pipette taking care not
to touch the tissue. Alternatively, dissect the salivary glands in 5ml of PBS to eliminate the need
for this washing step and proceed to step number 3 by transferring the salivary glands to 0.5ml
of the Ruvkun fixing buffer described below.

3. Salivary gland tissue fixation: After removing the PBS from the last step, directly add 0.5 ml of
1X Ruvkun fixing buffer, plus 50% methanol (add 0.5 ml of methanol) plus 2% formaldehyde and
incubate for 2 hours at 4 Celsius degrees with mild rotation (Ruvkun 2x solution: 160mM KCl,
40mM NacCl, 20mM EGTA, 30mM PIPES pH 7.4).

4. Salivary gland tissue wash: Carry out one 5-minute rotation wash with Tris/Triton buffer (100
mM tris pH 7.4, 1% Triton X-100 and 1 mM EDTA) adding 1ml. (NOTE: wait for the tissue to reach
the bottom of the tube).

5. Permeabilization step: Incubate the salivary glands in 1 ml Tris/Triton X-100 (the same as
above). For some proteins it might be necessary to add 1% B-mercaptoethanol. Incubate for 2
hours at 37 ° C with mild shaking (300 rpm).

6. Preservation step (optional): In case you do not proceed immediately to the incubation with
the antibody, the tissue can be preserved as follows: Wash with 1 ml BOs buffer (0.01 M H3BOs3
pH 9.2 + 0.01 M NaOH) and then incubate in BO3 / 10 mM DTT at 37 ° C with mild shaking (300
rpm) for 15 minutes. At the end of the incubation period, perform a wash with 1 ml of BO3 buffer
alone (NOTE: wait for the tissue to reach the bottom of the tube Add 1ml of PBS. You can preserve
the tissue in this solution at 4 degrees Celsius for up to 48 hours and then proceed with the next
step. This step is particularly helpful when you are working with different mutant strains which
may present a delayed life cycle, so you can perform the immunodetection at the same time
along with the controls.

7. Tissue blocking step: Incubate the salivary glands in 1 ml of buffer B (PBS + 0.1% BSA + 0.5%
Triton X-100 + 1 mM EDTA) for 2 hours at room temperature with rotation.

8. Immunostaining: Remove all buffer B and add buffer A (buffer B with 1% BSA) plus antibody of
interest (we use the HP1a C1A9c (concentrated antibody) from Hybridoma Bank up to 1:3000,



when using the C1A9s (supernatant) we have tried from 1:100to a 1:500 dilution and any dilution
between this rank works well) overnight at 4°C with rotation. At this point it is important that the
shaking does not raise bubbles which might damage the antibody.

9. Immunostaining washing step: Give 3 x 15-minute washes with buffer B under stirring at room
temperature using 1 ml each time. The glands are transferred to buffer B together with the
secondary antibody coupled to a fluorophore for 2 hours under rotation at 4°C (secondary
antibody Alexa fluor 568 Invitrogen were used 1:3000). At this step, it is important to cover the
tube with aluminum paper foil to protect the secondary antibody from the light.

10. Carry out 2 x 15-minute wash at room temperature while rotation with 1ml of Buffer B.

11. Incubate with a DNA marker such as Sytox (take 2ul of stock 5 mM and dissolved in 1 ml of
Buffer B) or Hoechst (take 1pul of stock 10 mg/mL and dissolved in 1 ml of Buffer B) for 10 minutes
at room temperature with rotation.

12. Carry out one wash with Buffer B and once with PBS, each wash lasting 10 minutes while
rotating at room temperature (NOTE: remember to protect it from the light).

13. Finally, mount the salivary glands on a slide, making a pool with a coverslip. Put the salivary
glands in the middle of the pool and cover with AF1 citifluor to avoid the formation of bubbles
extending the viscous liquid all over the place, then seal all the sides with clear nail polish.
Observe under a fluorescence or confocal microscope. If the sample is not going to be observed
on the same day, store from light at 4°C.

14. GraphPad Prism 6 was used to generate all graphs and statistical analyses. The data from
HP1a distribution in salivary glands was analyzed using the Kruskal-Wallis test. Statistical
significance was set at (p < 0.05*, < 0.01 **, < 0.001***, < 0.0001****),

REPRESENTATIVE RESULTS:

Representative results of HP1a immunostaining in Drosophila salivary glands are shown in Figure
1. A positive result is to observe one focal point (a) (heterochromatic aggregate or condensate).
A negative result is no signal or a dispersed signal. Sometimes a double signal can be observed,
that is, with a double point (c), but it usually occurs in smaller quantities.

To analyze the data, they can be represented as bar graphs, comparing the distribution of HP1a
with different mutant backgrounds. For example, in Figure 2 we can see that 98% of the nuclei
present distribution of one point, 2% of two foci in wt. In the mutant, the proportion change, and
the presence of two foci increase to 40%.

Figure 3 shows representative H3k9me3 immunostaining results in Drosophila salivary glands.
Observing one focal point (b) is a favorable result (heterochromatic aggregate or condensate). A
double or triple signal in (c), can be seen on rare occasions, but only in small quantities.



FIGURE AND TABLE LEGENDS:

Figure 1. Representative confocal microscopy image from salivary gland immunostaining with
HP1a antibody from wild type (wt). a) DNA (cyan signal), HP1a (magenta signal), and merge scale
bar 100 um. In immunostaining for HP1a, a nucleus with a focal point is marked with a white
arrow and a nucleus with two foci with a dotted line box. The right column shows a magnified
image of a single nucleus with scale bar 5 um b) focal distribution, c) two foci distribution. Both
nuclei are marked with a white dashed line.

Figure 2. Examples result from counting nuclei distribution with HP1a immunostaining. The first
bar represents the counting of the wild-type nuclei (wt), as in Figure 1. The second bar represents
a mutant.

Figure 3. Representative confocal microscopy image from salivary gland immunostaining with
H3K9me3 antibody from wild type (wt). a) DNA (cyan signal), H3K9me3 (magenta signal) and
merge scale bar 100 um. In immunostaining for H3K9me3.The right column shows a magnified
image of a single nucleus with scale bar 5 um b) a nucleus with a focal distribution, c) three foci
distribution. Both nuclei are marked with a white dashed line.

DISCUSSION:

The cellular function of eukaryotic organisms can define the 3D structure within the nucleus,
which is supported by interactions between different proteins with chromatin and various
molecules including RNA. In the last three years, the biological condensates that have had
relevance, including heterochromatin have taken a fundamental role in the determination of the
phase separation promoting the distinct nuclear spatial organization of active and repressive
chromatin 16718,

Heterochromatin is essential to preserve cell functions and identity. Previously it was thought
that these dense areas were not transcribed, but now that we have more powerful technologies
and we can see that it is not only transcribed but also a fundamental process to maintain the
scaffold of the nucleus and are sensitive to developmental or pathological processes %1°.
Besides, certain genes embedded in pericentric heterochromatin need a heterochromatic
environment to function properly. HP1a mutations reduce the expression of the light and rolled
genes, which were the first to be discovered *°. These genes are essential for the organism's
survival and are found in heterochromatin blocks. As a result, despite its ability to induce
silencing, this peculiar genome component has the potential to be very dynamic. 2° In a complex
balance between chromatin-bound and diffuse types that can be controlled by various biological
contexts, heterochromatin-associated proteins such as HPla also exist. It was also recently
suggested that phase-separation properties are shown by the assembly of heterochromatin
condensates 2422,

There are several papers in which the authors carried out whole-mount immunostaining of
Drosophila salivary gland nuclei using different and sometimes simpler protocols?324, In this case
we adapted a protocol first described in C. elegans #°, and subsequently used in Drosophila
salivary glands by several groups 272° and combined it with the use of confocal microscopy and



mutant organisms. This protocol also allows to visualize different types of proteins, including
transcription factors such as XPD, XPB and TBP?’, but also heterochromatin bound proteins such
as HP1a and histone marks such as H3K9me3, which positions it as a protocol for broad use in
this tissue. It also presents the advantage that the tissue can be stored at an intermediate step
without affecting polytene chromosome banding.

This protocol is reliable and cost-effective due to the use of a specific antibody to view the HP1a
protein. The critical step in this protocol is to avoid losing the glands during washes and waiting
for the tissue to bottom out. The advantage of using salivary glands is that you easily get a 3D
view of the nucleus and its conformation, in contrast to the polytene chromosome technique
which requires a mechanical disruption of the cell and can damage the chromatin. While
performing this protocol, you should take special care during the washing steps, if not carefully
performed, the tissue will break, and you will not be able to obtain high quality images.

If it is desired to evaluate the importance of the lack of binding of RNA to the regions or proteins
that are being observed, it is necessary to add a wash with Buffer C and add 100 uM of RNAse.
This wash should be carried out for one hour at 37 °C as previously described. Washing should
be done before the step where you add molecules to observe the DNA (between steps 10 and
11).

Confocal microscopy may not seem like a very new methodology to address questions of
heterochromatin condensates 2>:39, but it has been extremely useful to identify delocalization of
the HP1a protein in Drosophila nuclei, which suggests severe problems in chromatin structure
that can be evaluated with other techniques more thoroughly. Despite its limitation, and
combined with high-resolution microscopy it can be used as a first approach to apply novel
techniques to clarify the biological activity that modulates heterochromatin condensate
assembly, control, and functions3!. Some of these new methodologies that focus on the
molecular and biophysical interactions between heterochromatin, RNA, and heterochromatin-
associated proteins are gathered from this set of methods to test heterochromatin condensates.
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